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Abstract: This paper deals with a multi-agent system which supports the designer in solving complex
design tasks. The behaviour of design agents is modelled by sets of grammar rules. Each agent uses a
graph grammar or a shape grammar and a database of facts concerning the subtask it is responsible for.
The course of the design process is determined by the interaction between specialised agents. Space
layouts of designs are represented by attributed graphs encoding both topological structures and
semantic properties of solutions. The agents work in parallel on the common graph, independently
generating layouts of different design components while specified node labels evoke agents using
shape grammars. The agents’ cooperation allows them to combine a form-oriented approach with a
functional-structural one in the design process, where the agents generate the general 3D form of the
object based on design requirements together with the space layout based on the functional aspects
of the solution. Based on the given design criteria, the agents search for admissible solutions within
the design space that constitutes their operating environment. The proposed approach is illustrated
by the example of designing kindergarten facilities.
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1. Introduction

This paper deals with a multi-agent system that supports the designer in solving
complex design tasks. The concept of grammar-based intelligent agents being generative
subsystems that control the multi-functional design process is used. Intelligent agents com-
municate with each other and autonomously control the development of design subtasks.
The behaviour of the design agents is modelled by sets of grammar rules. Each agent uses
a graph grammar or a shape grammar and a database of facts concerning the subtask it
is responsible for. Agents solving subproblems of the same kind (i.e., designing different
buildings or layouts on different floors) work according to the same grammar. The course
of the design process is determined by the interaction between cooperating agents.

The growing interest in MAS research is due to their ability to solve problems that may
be too large for a centralised single agent, to ensure reliability, and to tolerate uncertain
data and knowledge. Multi-agent systems (MASs) provide a good solution for distributed
control in different types of applications [1].

In all agent systems, which are combined with the generative power of grammars,
agents implement grammar rules of the same type, which are either shape or graph
grammar rules. As in practical design applications, different parts of solutions can have
different characteristics, so agents need to have different task-specific knowledge and
play different, specific roles. Therefore, in the presented approach, where designing of
educational facilities is concerned, agents use two different types of grammars, both shape
and graph grammars.

In this paper, the proposed approach is applied to the conceptual stage of designing
3D forms of buildings and layouts of spaces in educational facilities. Educational facilities
are composed of many different components (i.e., various types of ground spaces and
buildings with different zones) the design of which should be based on various functional,
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organisational, and aesthetic requirements. Thus, designing such a facility requires inte-
grating a form-oriented approach with a functional-structural one. The cooperation of
specialised agents allows them to generate the structure of the whole grounds design and at
the same time incorporate the generic 3D form of the buildings while maintaining various
requirements and diverse aspects of the design process.

As various elements of educational facilities have different characteristics, it is desired
to design them independently only with occasional cooperation when common elements
are being processed or common resources are considered [2]. The manager agent generates
the arrangement of the whole facility’s grounds to be compatible with the given criteria
and invokes agents to design various ground spaces and buildings with their floor layouts.
Space layouts of ground designs are represented by attributed graphs describing both
topological structures and semantic properties of solutions. The graph grammar-based
agents work in parallel on the common graph, independently generating layouts of dif-
ferent design components like sports facilities, playgrounds, and recreational areas while
specified graph node labels representing buildings evoke agents using shape grammars.
The agents designing the space arrangements use graph grammars [3] to transform graphs
representing design projects, while parametric shape grammars [4] are used by agents to
create forms of buildings composed of cuboids. Once the generic form of a building design
is created, the graph grammar-based agents generate floor layouts. The agents’ grammars
jointly generate a set of graphs representing design task solutions with properties specified
by graph attributes. The special set of graph node labels, which allow for the activation
of different agents working on different parts of the graph [5], ensure that no two agents
work at the same time on the same part of the design. Based on the given design crite-
ria, the agents search for admissible solutions in the design space that constitutes their
operating environment.

In the presented approach, in one agent-based system, different types of grammars
are combined. The agents of the system use two types of grammars and operate on both
graphs and shapes at the same time. Thus, the proposed multi-agent system allows for
a flexible approach to the design of complex facilities with different component parts.
When requirements are added during the design process, the system can be equipped with
additional agents, which can use various types of grammars. This supports the generation
of alternative facility models with various arrangements of spaces, which can be easily
adapted to suit different needs by changing the design requirements. Generating design
alternatives expands the designers” way of thinking and increases their creativity. The
presented approach is illustrated by the example of designing kindergarten facilities.

The main contribution of this paper consists of defining a multi-agent system capable
of designing educational facilities with the help of grammars of different types. The
inclusion of different types of grammars, a method of intercommunication between agents
and common control, are also the authors’ contributions introduced in this paper. Due to
the specific characteristics of the problem of educational facilities design, which usually
combine different types of elements, including both building designs and exterior designs,
we believe that the proposed MAS can achieve this purpose as multi-agent systems are
well-suited for solving problems that involve many perspectives and require integration of
different techniques.

The paper is organised in the following way: In the Section 2, a literature review is
presented, briefly summarising the research in agent systems related to design problems
and in grammar and rule-based systems. In Section 3, the structure of the design system
based on many agents is described and the main definitions are introduced. Section 4
presents the way in which the designs are represented in the multi-agent system proposed
in the paper. In Section 5, grammars used as the rule systems for design agents are defined
and examples of such grammars in the context of educational facility design are depicted.
In Section 6, a design of kindergarten facilities with the use of a multi-agent system and
the agents’ grammars described in the previous sections is presented. In Section 7, a
brief discussion of the results is presented and is followed by the conclusions drawn
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from the research as well as an indication of the possible ways of further development of
this research.

2. Related Work

Multi-agent systems have been applied to various problems, including market simu-
lation, monitoring, system diagnosis, and remedial actions [6]. An MAS designed for the
organisation of agents acting in dynamic and uncertain environments where it is required
to enable improvisation by sharing knowledge and adapting behaviour, is presented in [7].

Nowadays, agent technology determines the new paradigm in computer-aided engi-
neering. Multi-agent systems have been proposed in many engineering fields like customer
service management [8], collaborative intelligent manufacturing [9,10], distributed con-
trol [11,12], distributed production [13], supply chain management [14], and industrial
applications [15]. They are less frequently used in the area of engineering the design of
products [16,17], where important decisions concerning the options of design solutions
have a great impact on the quality of the design process. The application of a multi-agent
system supporting the decision-making process in design for recycling is described in [18].
In [19], a multi-agent system is used for product design and manufacturing. It shows
that multi-agent systems play an important role in developing and analysing models of
interactivity in design.

When the system is decomposed into individual agents’ tasks, it can be treated as an
optimisation problem with constraints upon the decision variables [20], where the system
performance greatly depends on the decisions made by the interacting agents working on
the basis of local information and with limited communication capabilities. Agents turn
out to be effective in optimisation problems like flexible job shop scheduling [21] or traffic
light coordination [22].

As among the main characteristics of agent systems are adaptability and flexibility, they
are well-suited to deal with the dynamic nature of design which is particularly important
in conceptual design stages. A multi-agent system called ADEA (Agents-based Design
Activity Analysis) for modeling, simulating, and analysing design activity is proposed
in [23]. The design space is modelled as a network of design parameter agents. The agents
of the ADEA platform formalise the necessary design roles, characterising the design
activity as well as the relationship between design parameters in the design space. Despite
their advantages, multi-agent systems are scarcely used for urban and architectural design.

On the other hand, various types of grammars, especially shape and graph grammars,
are widely used in engineering and architectural design [24,25]. Therefore, certain types
of grammars are combined with agent-based systems in order to obtain effective design
tools [26]. Grammatical models of multi-agent systems modeling eco-systems are described
in [27]. A graph grammar-based multi-agent system supporting the design of house estates
is presented in [28]. In [29], a shape grammar-based multi-agent system for designing
inner hood panels is proposed. In this system, each shape grammar rule is associated with
one instantiation agent that controls the application of this rule. The multi-agent shape
grammar system which automatically generates product form designs compatible with user
preferences is described in [30]. Different rules of a vehicle shape grammar are assigned
to several system agents. Each agent selects a shape grammar rule to implement and
chooses parameters on the basis of a preference function. An architecture of a multi-agent
rule-based system for supporting urban and architectural design is presented in [31]. In
this architecture, each agent explores a part of a solution using its own shape grammar.

In the proposed approach, the multi-agent system is applied to the architectural design
problem which includes parts with different characteristics. Therefore, although each agent
explores a part of a solution using its grammar, the types of these grammars can be different.

3. A Multi-Agent Design System Structure

In practical applications, where solution parts have different characteristics, different
agents with specific roles and knowledge can be effectively used.
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Design task

Database
of solution

The proposed multi-agent system, which supports the design of educational facilities,
consists of a manager agent and several task-specific grammar-based agents acting simulta-
neously and performing different subtasks by communicating through a common message
buffer. The manager controls the design process and maintains all necessary information
such as constraints, currently created designs, completed designs, and allowable agent
interactions. The task-specific agents are each responsible for a separate part of the design
and return their solutions to the manager. The overall design solutions are handled by a
single manager agent, whose role is similar to that of the human design team manager [32].

At the beginning of the design process, the designer formulates a set of design re-
quirements on the basis of a given design task and environmental conditions. These
requirements, together with legal norms and standards, constitute the design criteria for
a given project and are passed on to the manager agent. The constraints handled by the
manager and sent to the invoked agents correspond to the requirements determining the
designer’s preferences, like the number of playgrounds or the existence of a parking lot.
They are stored as the values of graph attributes and constrain the use of grammar rules
by agents. The constraints provided by the manager agent also allow for specifying the
parameters of shapes in shape grammar rules. As the agents can apply only rules which
comply with the imposed restrictions, the generated solutions always fulfill the design
criteria. If some constraints cannot be met, the solutions are not created. The information
flow within the system is shown in Figure 1.

Multi-agent design system

Playground area
agents
agents

Recreation area
agents

Building
agents
Floor

layout
agents

Facility
manager agent

Figure 1. Information flow in the proposed multi-agent system.

The exchange of messages between agents in the system is developed based on a table
architecture. Every message sent in the system has a specific type and associated data.
There are two types of message templates: In the first type, a message consists of a special
label, called a communication label, and a set of variables with values determining the
parameters for the grammars of the invoked agents, like the number of building floors,
areas, sizes, and the orientation of spaces. The second template type is in the form of a
graph generated by an agent.

A system of agents is situated within an environment understood here as a design
space composed of all possible designs in which the design process takes place. On the
basis of the given design task and specified design criteria, admissible design solutions are
searched for in the design space. The grammar-based multi-agent system, which supports
the design process, can be defined formally as follows:

Definition 1. A grammar-based multi-agent design system MADS is a tuple MADS = (Env, Mp,
AgQ1,. . ., Agn), where:

1. Envis an environment in the form of a design space.
2. Mp is a message buffer used by agents.
3. Ag1,..., Agn are grammar-based design agents.
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The distinguished facility manager agent is responsible for designing the arrangement
of the whole ground. Layouts of the facility can be composed of six types of spaces intended
for a kindergarten building, yard, playgrounds, recreational areas, sports facilities, and
parking lots. The manager agent delegates tasks to the agents responsible for designing the
areas created by him. The number and types of areas are specified in the design criteria.
The manager agent also activates the agent responsible for generating a building form.
Once this form is created, the agents designing the building floor layouts are activated.

All of the design agents, except for the agents designing the building forms, are
equipped with graph grammars generating attributed graph representations of design
solutions and task-oriented databases which together represent their local knowledge. The
behaviour of the agents designing buildings is controlled by parametric shape grammars.
Grammar rules encode the structural aspects of possible solutions, while values of graph
node attributes correspond to the design requirements. Thus, the agent invoked for a node
with a specified label knows the requirements related to his subtask.

The agents work in parallel on the common graph, independently generating layouts
of different design components. Each type of agent is responsible for one design subtask
and works on an independent part of the common graph representing a design. Each one
of them is associated with a single grammar consisting of rules for designing a particular
part of a facility. Several parts of a graph being generated can be developed by agents
associated with the same grammar. Eventually, the manager agent combines the designs
generated by all of the agents and places the obtained solution in the database. The created
solutions can be visualised using a given interpretation together with the building forms.

The basic steps of the design process for the proposed multi-agent system are as follows:

1.  The graph grammars for agents responsible for designing different types of outdoor
spaces and building floor layouts are created.

2. The shape grammar for the agent responsible for designing the building form is created.

3.  The templates of messages and communication labels corresponding to the labels of
the initial elements of the grammars created in steps 1 and 2 are defined.

4. The graph grammar for the manager agent, which allows him to invoke task-specific
agents, is created, taking into consideration the specified set of communication labels.

5. The manager agent reads the design requirements specified by the designer for a
given kindergarten design task.

6.  The manager agent invokes other agents, passing them the parameters for their tasks.

7. The manager agent combines the solutions generated by all of the agents and puts the
obtained one into the database of solutions.

8.  Steps 5-7 are repeated a predefined number of times.

9.  The generated solutions are presented to the designer.

4. Design Representations in a Multi-Agent Design System

A design agent is a computational entity capable of acting autonomously in order
to satisfy the requirements of the assigned design task. Each agent has a diverse goal to
achieve. It has the ability to modify the design and exchange information with other agents.
It takes decisions about design actions on the basis of its knowledge. In the perception
process, it reads the message and stores the attributes describing the design requirements,
like the number of rooms needed. In the decision-making process, the agent selects an
action to be taken in the next step. It either sends a message, if the solution being generated
is completed or does not satisfy the required conditions, or selects a grammar rule and
applies it as a new design step. The agent decision-making process is based on its local
knowledge, consisting of a grammar and a task-oriented database.

Let I denote a set of the agent’s internal states composed of the content of long-term
and short-term memory. A formal definition of a grammar-based design agent is as follows.
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Definition 2. A grammar-based design agent is a tuple Ag = (I, A, Ky, 7T, x), where:

1. Iisaset of the agent’s internal states.

2. Aisa set of possible actions.

3. Ky is a domain knowledge consisting of a grammar and a task-specific database.

4. 7 Mp — I is the perception function, which changes the agent’s state depending on the
content of the message buffer.

5. x:Ix Ky — Ais the decision-making function, which specifies the action to be taken based on
the internal state and the domain knowledge.

Layouts of kindergarten facilities are internally represented in the form of labelled
and attributed hierarchical graphs [33], which encode both the topological structures and
semantic properties of educational facilities. Nodes of these graphs represent different types
of spaces, which are denoted by specified node labels. Moreover, nodes have attributes
specifying properties of represented spaces such as the length, width, area, orientation or
required equipment. Graph edges represent spatial relations between areas. In each graph
node representing a component of the given object, subordinate nodes and edges, which
describe the inner structure of that component, can be nested. Thus, hierarchical graphs
allow for expressing hierarchical dependencies between different parts of objects.

Let )" be a set of graph labels and At be a set of node attributes.

Definition 3. A hierarchical attributed labelled graph H is a system H = (V, E, s, t, lab, atr,
par), where:

V and E are disjoint finite sets of nodes and edges.

s, t: E — V are functions assigning source and target nodes to edges, respectively.

lab: V U E — )" is a node and edge labelling function.

atr: V — 24 is a node attributing function.

par: VUE — V U{L}is a parent assigning function (symbol L indicates that a given node
or edge has no parent), specified in such a way that no edge or node can be its own ancestor.

G LN

In our approach, all of the design agents, except for the agents designing building
forms, are equipped with graph grammars generating attributed graph representations of
specified areas. They work in parallel, deriving the common graph and independently gen-
erating layouts of different design parts. The agents” behaviour is controlled by grammar
rules which transform generated graphs or shapes.

Ground layouts of kindergarten facilities consist of various arrangements of required
areas. Each layout can be composed of six possible types of areas representing spaces
intended for a kindergarten building, yard, playgrounds, recreational areas, sports facilities,
and parking lots. At first, the manager agent generates an initial non-hierarchical graph
representing a ground layout. If the specified requirements are fulfilled by this layout,
the agent activates other agents which start from the initial nodes with communication
labels and apply grammar rules to generate graphs representing the layouts of particular
areas. The returned graphs are located in the respective nodes of the initial graph, which
becomes a hierarchical one. Two possible layouts of kindergarten facilities with the graphs
representing them are presented in Figure 2. The labels Building, Playground, Recreation, and
Sport activate the agents designing the areas with specific purposes. The layout presented
in Figure 2b contains two areas labelled Playground, as one of them is intended for younger
children, while the second one is for older children. If at the beginning of the design there
is a requirement for two playgrounds, only the layout from Figure 2b meets this condition.
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Playground Playground
Recreation Building
Recreation
Building
Sport
Parking vard Playground
Yard

Figure 2. Two layouts of the facility and their graph representations.

5. Agents” Grammars

All of the design agents, apart from the one generating a building form, are equipped
with graph grammars generating graphs representing structures of various education
facility areas. These grammars operate on graphs that are not hierarchical. The successive
design actions are performed by applying grammar rules chosen by design agents. In this
way, the design agents control the design process, driving it towards solutions that are
compatible with the design criteria.

Let us denote by Ly a set of attributed graphs and define 7: Ly — {TRUE, FALSE} as a
design predicate. A graph grammar is composed of a set of graph nodes with terminal and
non-terminal labels, a set of rules, an embedding transformation, and an axiom being its
initial graph.

Definition 4. A graph grammar G is a system G = (}_, P, C, X), where:
1. Y =Y N UXrisaset of non-terminal and terminal graph labels.
2. Pisasetof rules of the form p = (1, r, 7r), where:
- lisan attributed graph containing at least one node with a non-terminal label and r is an

attributed graph.
- mis adesign predicate determining the rule applicability.

»

C is an embedding transformation.
4. Xis an initial graph, called an axiom.

The application of the rule p to a graph H consists of substituting r for a graph
isomorphic with | and replacing its connections with the edges coming to nodes of r,
according to the embedding transformation defined for this rule in C. In our approach,
neighborhood-controlled embedding (NCE) graph grammars [34] are used. It means that a
graph [ contains only one node and embedding is specified by a binary relation on a set
of node labels and a set of nodes of r. For each pair (x, i) € C, where x is a node of r and
u is anode label, an edge (x, y) is added between x and each node y labelled by u, which
is incident with the removed node. An agent can select the grammar rules leading to the
design having the required properties by checking the conditions imposed on the values
of graph attributes expressed by 7r. During the application of the rule, the values of the
attributes of r are established on the basis of the values of attributes of I.
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p1,p2

v1

Playground

n: area(v1) > 50m?,

c={

p3,p4

v2 v2 v2
Boards vi

Six selected rules of an NCE graph grammar generating layouts with various arrange-
ments of playground facilities are presented in Figure 3. Non-terminal labels of nodes start
with a capital letter, while terminal labels are written in lower case letters. The area of
the spaces and the material used for the different types of beddings are specified by the
graph attributes. The rules pI and p2 generate arrangements of areas with beddings filled
with grass (nodes labelled by Lawn), rubber mat (Rubber), synthetic grass (Synthetic), and
areas to be planted with trees (Trees). The first rule can be applied when the value of the
attribute area of the node v1 is greater than 50 m?. Rules p3 and p4 generate arrangements
of sandpits, carousels, and outdoor boards located on the synthetic grass, while rules p5
and p6 generate arrangements of swings, activity towers, and spring rockers located on
rubber mats. For clarity, the embedding transformation is depicted only for rules p3 and p4.

Rubber @ @ @

n: area(v1) <= 50m’,

c=¢

pP>,p6

v @ v4 v3
@ v4 @ @

m: TRUE, n: TRUE,
C ={(v2, Trees), (v3, Trees), (v3, Rubber), C ={(v2, Trees), (v2, Rubber), (v3, Rubber), (v4, Rubber),
(v2, Lawn), (v3, Lawn), (v4, Lawn)} (v2, Lawn), (v3, Lawn), (v4, Lawn)}

Figure 3. Selected rules of an NCE graph grammar generating layouts of a playground.

The agent designing a recreation area uses a graph grammar generating graphs repre-
senting various arrangements of trees, flower beds, shrubs, paths, benches, brooks, bridges,
and stones. For a graph representing a recreation area arrangement, which is nested in a
node labelled Recreation, and a visualisation of this arrangement see Figure 7.

An agent which generates a building form is equipped with a shape grammar gen-
erating 3D forms composed of parameterized cuboids. This agent selects the rules of the
grammar and the parameters of cuboids on the basis of the requirements concerning a
design building, like the number of floors and their areas.

Definition 5. A shape grammar G is a system G = (M, S, R, 1), where:

1.  Misa set of markers.

2. Sisaset of basic shapes called terminal shape elements, S N M = @.

3. Risafinite set of shape rules of the form © — ¥, where ® and Y are shapes whose components
belong to S or M, and © must contain a marker.

4. Iis an initial shape containing element ©, such that 3© — ¥ € R.
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The application of the rule r to a generated shape K consists of finding a fragment of K
isomorphic with ® such that 37: @ — ¥ € R (with an exact correspondence between the
basic shapes and markers of ® and the replaced fragment), finding a geometric transfor-
mation allowing to map © to the replaced fragment (scaling, rotation, translation, mirror
reflection, and their combinations), applying the same transformation to the shape ¥ of the
right side of the rule 7, and replacing the part corresponding to ® with the transformed Y.

In the parametric shape grammar, new shapes are created by assigning specific values
to the parameters of basic shapes. Parameters can describe the size, location, and orientation
of objects. In parametric rules, some object parameters may not have a specific value, which
allows for the definition of many similar rules with one generalised rule. Assigning
specified values to the parameters gives a specific rule. Each parameter can have a defined
range, relationships can be defined between the parameters, and dependencies between
the parameters of shapes of both sides of a rule can be established.

Four selected rules of a shape grammar generating 3D forms of kindergarten buildings
are shown in Figure 4. The parameters of new shapes added by rules specify that they
cannot be longer, wider, or deeper than the shapes of the left-hand sides, the angle of
rotation of the new shape relative to the existing one should be in range [0°, 90°], and the
protrusion should be between zero and half the length of the existing shape. The parameter
ranges are shown for rules p3 and p4. In Figure 5, two building forms generated by the
specialised agent using the shape grammar from Figure 4 are shown.

pl p2
s o=
P31 P s1
s2 s3 52 s3
_, @ —
o TS I
I(s2) = I(s1), w(s2) = w(s1), d(s2) = d(s1), I(s2) = I(s1), w(s2) = w(s1), d(s2) = d(s1),
I(s3) <= I(s1), w(s3) <= w(s1), d(s3) <= d(s1), I(s3) <= I(s1), w(s3) <= w(s1), d(s3) <= d(s1),
0 <= a(s3) <= 90 pri(s3) <= I(s2)

Figure 4. Selected rules of a shape grammar generating 3D forms of kindergarten buildings. S1
denotes shapes of the rule left-hand sides, while s2 and s3 denote shapes of the rule right-hand sides.

Figure 5. Two building forms generated by the agent using the shape grammar.

Once the form of a building is generated, the outlines of its floors are created as the
intersection of this form with planes at given heights. Then relations between different
floors, which describe the location of stairs and lifts, are specified. The obtained 2D shapes,
together with functional aspects of solutions, like the location of stairs, the number and
types of rooms, become a starting point for agents generating floor layouts.

A visualisation of the layout of the kindergarten facilities shown in Figure 2b is
presented in Figure 6a. A 3D view of these grounds with a building form with two floors
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entrance)

hall

| dining | s

room |

generated by the agent using its shape grammar is shown in Figure 6b. One of the possible
floor layouts of the ground floor of the kindergarten building, which is generated by
the agent specialised for this task (activated by the label GroundFloor) with the use of a
graph grammar, is shown in Figure 6c. It is composed of an entrance hall, cloakroom, hall,
playroom, dining room, kitchen, and a bathroom. A 3D view of this floor is presented in
Figure 6d.

Playground

o

Recreation

L

T N wm

Figure 6. (a) A view of kindergarten grounds; (b) a 3D view of these grounds; (c) a detailed view of
the ground floor; (d) a 3D view of the ground floor.

6. Designing of Educational Facilities Using Different Types of Agents’ Grammars

The main goal of the considered design task is to provide a well-organised space for
the educational facility with suitably arranged, different purpose zones and a building
model with arranged floor layouts.

Educational facilities, on one hand, are similar to other architectural designs, but they
have some distinctive characteristics. The main feature of such facilities is the fact that
they usually combine different types of elements, including both building designs and
exterior designs. In contrast to an apartment or office building, the exterior design has
its own specific requirements that are strongly correlated with the building requirements.
Moreover, there is a very high diversity of exterior elements that can be used. Another
important characteristic is the diversity of the target users and thus, their requirements.
The design has to take into account the age of the users, ranging from very young children
to teachers of different ages, kindergarten caregivers, and parents. While accessibility for
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users of different abilities is nowadays expected in all buildings, the educational facilitates
add another layer in this aspect. Depending on the target group age, different types of
playground components have to be placed. Moreover, with integrated facilities becoming
more and more widespread, children with special mobility needs have to be considered.
Making such facilities as inclusive as possible requires special types of design objects placed
in an appropriate way.

The design of an object composed of various components can be performed by different
agents that each possess their own types of grammars. Each agent works independently on
its own part of a design, but it can also call other agents which are able to solve particular
design subproblems. Such triggering is performed using a specified set of labels.

LetL={l;...1,},L C Y be aset of communication labels, where each [/; invokes one
agent which starts the generation of a subtask solution from an attributed node labelled by
I;. With each label /;, a set of variables with values determining the design requirements
is associated. These values are assigned to attributes of the graph node with label ; in
the agent’s perception process. The values of attributes associated with the label Building
specify parameters controlling the generation in the shape grammar. It should be noted
that agents, which solve similar subproblems, can work using the same grammar. Such
agents are referred to as agents of the same type. Each type of agent has its own activating
communication label and, therefore, the number of communication labels equals to the
number of different grammars used by agents of the system.

At the beginning of the design process, on the basis of functional requirements and
constraints concerning the educational facilities and specified by the designer, the manager
agent using its graph grammar generates an initial graph which represents the arrangement
of required areas. Some nodes of this graph are labelled by elements of L. These elements
determine the agents which will be activated to work simultaneously on the solution. The
set L consists of the labels Building, Playground, Recreation, Sport, GroundFloor, and Floor. The
values of the node attributes in this graph correspond to the design requirements related to
the individual areas.

Each agent has a database of facts concerning the subtask it is responsible for
(i-e., architectural norms, available plants, and equipment). Starting from the node with
the communication label, the agent performs the derivation process using grammar rules.
After each step of derivation, it evaluates the obtained partial solution with respect to the
given requirements and facts contained in its knowledge database. On this basis, it selects
the grammar rule which is to be applied in the next step. When the graph labelled only by
terminal labels is generated, an agent sends it to the message buffer and the manager agent
nests it into the graph node labelled by the element that activated the agent. The agent
generating a building form sends the information about the number of floors in the design.
Then the manager agent nests the graph composed of the node labelled GroundFloor and the
required number of nodes labelled Floor in the graph node labelled Building. The nesting
operation causes the initial graph generated by the manager agent to become hierarchical.
The labels GroundFloor and Floor activate the agents that design layouts of the ground and
other floors of the building using their graph grammars.

Graphs corresponding to a subtask solution generated by agents are located as sub-
graphs in nodes of the initial graph generated by the manager agent. Once the building
form is generated by an agent, which uses a shape grammar, the subgraph consisting of as
many nodes as the building has floors is placed in the node labelled Building. Eventually,
the manager agent combines the designs generated by all of the agents into one solution
and sends it together with the building forms to the database of solutions. The created
graphs can be visualised using a given interpretation, which assigns geometrical objects to
graph nodes.

A hierarchical graph, which is a result of nesting a graph representing a recreation area
generated by one of the agents in a node labelled Recreation, and nesting a two-node graph
representing two floors of the building shown in Figure 6b, with the form generated by the
other agent, in a node labelled Building of a graph from Figure 2c, is shown in Figure 7a.
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Recreation Building

Figure 7. (a) A hierarchical graph generated by the manager agent by combining agents’ solutions;
(b) a recreation area arrangement.

A visualisation of a solution which consists of a two-story building, a facility layout
with two playgrounds, a recreation area, and a yard is shown in Figure 8. In the top-right
panels (number 2) different parts of the solution, like the building with the grounds, facility
layout, recreation area, sports area, or building floor layouts, can be visualised. In the
bottom-right panel (number 3) the area which can be currently modified by the designer
is shown. The presented playground is composed of a tower with a slide, rocket, swings,
springboard, and a seesaw. In panel number 1, the hierarchy of all possible components
that can be placed in the playground is listed.
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Figure 8. A visualisation of a generated solution.
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After the predefined number of solutions is generated, they are shown to the designer
for evaluation. It should be noted that agents generate only solutions which are compatible
with the initial requirements, but they are only suggestions. The final decision about the best
solution must be made by the designer who takes into account such aspects as functionality,
aesthetics, price, and suitability for the user. When the designer wants to generate modified
designs, he can use agents with different values of attributes specifying requirements.

7. Discussion

The approach presented in this paper is based on the multi-agent approach to solving
design problems. Each agent is controlled by a formal rule system (a grammar) which
describes all possible actions a given agent can perform. By separating the grammars
among agents instead of using a single set of rules, the system is capable of incorporating
additional rule sets when needed. It makes it very easy to add other types of equipment to
the design as well as change the types of facilities to be designed. Moreover, the system
may be easily adapted to a required type of design by selecting appropriate agents from
the set of all available and thus limiting the complexity of the system. It should be noted
that the presented approach is general enough to be also applicable in other design tasks,
like, for example, designing house estates.

The method proposed has two main drawbacks, the first one is the need to design
the grammar for each new agent, although this can be addressed by either using a visual
grammar designer or allowing for the use of a language for rule defining, for example, an
adaptation of the RuleMI or JSON rule engine. Another problem that may appear is related
to the communication between agents. As in the proposed approach a message buffer
is used, for each new agent, a set of messages has to be defined and messages accepted
by other agents have to be appropriately adjusted. Both problems, while not trivial, can
be addressed.

For evaluation purposes, designs generated by the proposed multi-agent design
system were compared to the existing designs of kindergarten facilities. The comparison
showed that the generated solutions resemble real ones reaching the level of human-made
designs. Such a subjective evaluation method enables an intuitive assessment of generated
results from a human perspective.

8. Conclusions

In this paper, a new approach to a distributed design with the use of many agents
which can be controlled by various types of grammars is presented. A graph-based multi-
agent design system supports the conceptual stage of designing building forms, layouts,
and the arrangement of spaces in educational facilities. The actions of each agent are
defined by one grammar, either a graph grammar or a shape grammar. Cooperating
agents simultaneously perform different design subtasks, while communication between
them is realised by a set of specified communication labels and a message buffer. The
main advantage of such an approach is the possibility of adding specialised agents with
appropriate grammars when different types of spaces are to be designed.

The obtained solutions, which consist of the proposed forms of buildings and layouts
of facilities areas, that can be interpreted as designs, are evaluated by the designer. On the
basis of this evaluation, the grammars of agents can be modified in order to generate more
satisfying solutions. By changing grammar rules or adding some new ones, the agents can
be adapted to the changing requirements of the design task.

Thus, defining a multi-agent system capable of designing educational facilities with
the help of grammars of different types, introducing a method of intercommunication
between them, and common control are the authors’ contribution to the research domain
introduced in this paper.

In the future, we intend to extend this approach by incorporating agents equipped with
non-visual descriptive grammars. Such agents could compute quantitative or qualitative
information about designs generated by other agents, estimate the costs of buildings, the
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planned gardens or playgrounds, and evaluate the accessibility of needed plants and
equipment. In the present version of the system, the agents cooperate but they do not
negotiate with each other. In the future, we would like the agents to have more influence
on the other agents” decisions.
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