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 SUMMARY

The Multi-Modal Interface for Man Machine Interaction with Knowledge Based Systems
(MMI2) project† is developing an advanced human computer interface to support co-operative
dialogue between users and knowledge based systems. The interface supports natural
language, command language, graphical display, direct manipulation and gesture. Several
tools are incorporated to allow the graphical visualisation of the state of the knowledge base,
its suggested designs for local area computer networks, and interactive charts and graphs. The
mechanism for designing and presenting these visualisations which also supports the
interaction of the graphical mode with other modes is described in this paper.

1. INTRODUCTION TO THE MMI2 SYSTEM

Human-human dialogues allow both participants in a conversation to change topic and take
control of the dialogue using rules which guide the transfer of control and make it apparent who is in
control at any time. Human-human consultations also have a discernible structure that is not a simple
sequence of questions and answers, but includes openings and closings to subdialogues and changes
of topic. In such conversations both parties have a view of this developing structure and co-operate to
move it to a conclusion. Further, to support many technical human conversations verbal language is
used, not alone but in conjunction with graphical representations appropriate to the topic of the
conversation which are pointed at and referred to by both parties (for example, when discussing a route
across London a map of underground railway stations may be used which represents the links between
them).

The objective of the Multi-Modal Interface for Man Machine Interaction with Knowledge
Based Systems (MMI2) project is to develop a demonstrator of a highly interactive interface for
Knowledge Based Systems (KBS) which will facilitate co-operative dialogue using mixed graphical
and natural language modes and which will allow KBS to be developed that support the richer aspects
of human dialogue rather than the conventional sequential question and answer structure of expert
systems. In the demonstrator the KBS guides users through the design of computer networks, making
suggestions and criticisms as though it were a well informed consultant. The MMI2 interface allows
the user and the system to ask questions and make replies in natural language (in English, French or
Spanish), a command language or through graphical interaction using direct manipulation or gesture.
Users are able to interrupt the system by asking questions of the system instead of merely replying to
questions. The system will be able to justify its reasoning and elaborate on those justifications if
required (see (24 and 23) for reviews of similar systems).

Users can input a building structure diagrammatically; locate specific items of computer

†. The MMI2 project has seven European consortium members. The partners are: BIM, (Prime
Contractor), ADR/ CRISS, Ecole des Mines de Saint-Etienne, INRIA, ISS, Rutherford Appleton
Laboratory, University of Leeds.
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Figure 1: Typical Screen Layout of the MMI2 system in use

network equipment on the plan by manipulating icons; specify requirements for network load and
usage in natural language; ask the system to complete the design which will be presented graphically;
enquire about the design and have the answers presented as charts or tables; or enquire about the
reasoning process behind the design and receive natural language replies tailored to the system’s model
of their knowledge and goals. In such applications a tight link is required between the graphical and
textual interactions, and these must be mapped onto an underlying KBS which produces replies and
explanations. The screen appearance of the MMI2 system is shown in Figure 1.

In order to support multi-modal communication the architecture of the MMI2 system is
divided into three layers: the bottom layer represents the application KBS; the middle layer manages
the dialogue between the user and the system; and the top layer incorporates the individual modes. The
overall architecture of the MMI2 system has been described elsewhere (8) and will not be reviewed
here. This paper will focus on the mode layer and refer to the Dialogue Controller (DC) and the User
Modelling module(UM) in the dialogue management layer.

The processes required for dialogue management, as with the modes themselves are allocated
to modular experts in the overall MMI2 architecture. The interaction of these experts is governed by a
coordinating Dialogue Controller, and the communication between them uses a common language to
represent the semantics required for all modes, which is termed the Common Meaning Representation
(CMR). This language is required to be a maximally expressive formalism for the internal
representation of the semantic content of dialogue utterances in whatever mode. It is a typed first order
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logic using promiscuous reification of events and relations (after 13). The interaction between the
dialogue management components and the underlying application KBS uses an application specific
language which would be specified for each application.

The DC receives packets of CMR from the input modes and acts on them by drawing on an
existing model of the task, communication plans and the application KBS. It then produces packets of
CMR which are sent back to the mode layer for presentation to the user.To produce a relevant
explanation tailored to the user, the DC and the modes must have knowledge of the user’s goals, beliefs
and preferences which are represented in the UM.

The content of the User Model and other domain dependent parts of the interface were derived
by Wizard of Oz studies (see 12) of potential users and through the knowledge acquisition for the
underlying knowledge based system. When the project is completed, not only is a toolkit to be
produced so that the interface may be ported to other domains, but also a development method
incorporating these techniques for acquiring the required domain knowledge.

2. THE MODE LAYER IN MMI2

The mode layer of the MMI2 is illustrated in Figure 2. This shows that the DC communicates
with the Interface Expert (IE) through CMR packets. The role of the IE here is simply to provide a
buffer to store system output and deal it out to the relevant mode when it is available; or to store user
input until the DC is ready to read it. User input is received by the IE in the form of CMR packets from
the Command Language mode (CL), Natural Language mode (NL), Gesture mode or graphics mode
through the Graphics Manager. System output can be passed to either the NL or graphics modes, the
CL and Gesture modes are not used for system output.

The CL and NL modes both translate user input into CMR. The NL mode also translates CMR
into natural language. In both cases the user directly interacts with a simple text editor style input tool
which stores the user’s input until a carriage return is pressed before passing it to the mode. Similarly,
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the tool formats system output and presents it once the NL mode has produced natural language strings.
Graphical interaction is handled in two layers. The outer layer consists of a series of interactive

tools which visualise information using different conventions. Each of these individual tools has its
own data structures which must be created from the CMR by the Graphics Manager layer below them.

The Gesture mode operates by catching the events from the mouse on the windows of any of
the graphical tools when the user has selected gesture as the mode to use from the menu on a tool. The
gesture mode recognises hand drawn gestures (such as editing symbols) by correlating the pattern of
features in the event stream with a pre-stored library of up to 50 gestures for each application. Neither
a larger library, nor a neural net approach (see (21)) are used since gesture is not the only mode of
interaction and is only used when it is most convenient. Studies of potential users have shown that this
set size is sufficient for the applications investigated. Once a gesture is recognised, the arguments to
the gesture (e.g. MOVE with arguments Machine1and Room2) are requested from the tool on which
the gesture was drawn using the screen co-ordinates of each argument and the semantic selection
restrictions on the argument as cues.

The Graphical components of the mode layer will now be described in more detail in the
remainder of the paper.

3. GRAPHICS TOOLS AND THE GRAPHICS MANAGER

The graphics manager translates CMR into the data structures required by each of the graphics
tools, and translates the output from the graphics tools produced when the user acts on them into CMR.
The DC decides which mode to use to present information to the user on the basis of the effectiveness
and efficiency of a mode to convey the information or request. When the graphics mode is chosen, the
graphics manager must then decide which graphics tool to use to visualise the information and convert
the logical CMR representation into that required for the chosen tool. The tools so far available allow
information to be presented as building or network diagrams, as pie charts, histograms, tables, line
graphs or scatterplots, or as hierarchies.These visualisation tools all allow the presentation of
information but also allow the user to directly manipulate the representations; for example, users can
move the values shown on bar charts to produce CMR packets which are sent to the DC to alter the
state of the KBS.

The next section describes in detail the internal structure of the tool for displaying three
dimensional models of buildings superimposed with network diagrams. The facilities provided by the
graphics manager to support the interaction of graphical and natural language modes are described
here.

The core set of operations which can be performed on the graphical tools are to select, move,
add and delete objects. These operations can be performed by the user on the graphics tools and by the
graphics manager on a tool. The tool which displays computer networks also allows the objects to be
linked together, have links removed, and the identity of all the objects, or of the object at a specific
location queried by the system. The graph and table tools also allow the values of objects to be set by
the user and the system. This set of operations is sufficient to allow the logical CMR from the DC to
be converted into actions on the tools by the Graphics Manager, and for the user actions to be recoded
as a series of terms in CMR formulae. The variables used for objects in the graphics tools are different
from those used in the CMR so a table is maintained in the Graphics Manager to map between these.

Users can perform actions in each tool which: select menus; are interpreted as gestures; act to
change the appearance of the tool used (e.g. changing the fillings of graph bars or other presentation
features); or which are communication actions that must be encoded in CMR for the dialogue
management system. Actions which are not communication actions do not result in CMR since they
are not communicating with the KBS. However, they do result in changes to the UM which stores such
preferences. In these cases direct calls are made to the UM to store that a preference for a particular
presentation style is preferred by that user for that class of visualisation within the task being
performed. Whenever a graphical tool presents information the Graphics Manager always reads the
UM to determine the relevant preferences, which will either be those set by the user explicitly, or those



Esprit Conference 1991

5

inherited from a stereotype to which the user belongs.
Communication actions include the selection of an item as a referent for a natural or command

language operation, or the explicit creation or adjustment of information presented; for example, a user
may type the natural language command “move [select]this workstation [select] here.”or the request
“What is the disk capacity of [multiple selection] these”. When users make communication actions the
graphics manager will construct a CMR representation for the action and pass it to the DC, this may
result in the DC returning a CMR packet to be displayed. Similarly, users can ask for information in
another mode which may result in a CMR packet being sent to the Graphics Manager for graphical
presentation. In either case, when the Graphics Manager receives a CMR packet from the DC it will
decide if it can be displayed as network diagram, hierarchy or graph (it is intended to also include tools
to present set relationships using Venn diagrams although this is not yet implemented).The Graphics
Manager will then dynamically design the data structure for the chosen visualisation tool, and then call
that tool to render the image. If none of these, it determines if it can be represented as a change in the
state of an existing representation. If it is unable to determine a way of presenting the information it
will return the CMR packet to the DC with amendments as to why it failed to present it. This will result
in the DC choosing another mode to present the information. The details of the design method are too
lengthy to describe here, although they are available from the authors.

In addition to translating user actions on the graphical tools into CMR and presenting CMR
through the graphical tools, the third role of the graphics manager is to support the use of graphical
referents and descriptions in natural language. Each of these forms of reference is ultimately resolved
by the processes used to resolve reference in natural language. Three classes of support are offered
which enable the interaction of modes by constraining the set of possible referents in the natural
language component.

Firstly, non-ostensive deixis - the indication of a natural language referent in the context of the
utterance without pointing, e.g. “move the fileserver” where there may be two but only one is shown
on the screen (this would be anaphoric reference if it were not visible on the screen but had been
mentioned in the dialogue). Non-ostensive deixis is resolved in MMI2 by the Graphics Expert
constantly updating a list of possible discourse referents which are visible on the screen in CMR terms.
This is used by the DC to disambiguate whether a textual referent should be chosen from its list of
previously mentioned textual referents (anaphoric referents), or the current list of possible non-
ostensive deictic referents. The DC has direct access to this list at all times.

Secondly, reference in natural language to objects by their graphical features. The resolution
of referents from definite descriptions of domain objects by their graphical features requires that the
graphical features of objects be available to the natural language referent resolution mechanism as well
as the real world features. For example, in a discourse about the performance of local area network
which is displayed diagrammatically, one workstation is shown as a purple icon. A user intending to
remove this machine from the network could type any of:

1) remove the Stellar workstation
 2) remove the purple workstation
 3) remove the purple icon.
All of these use natural language descriptions of the intended item. The first uses a domain

description, and the third uses a graphical description. The second is ambiguous as to whether the
workstation in the world is purple or the icon representing the workstation is purple. All of these
require processes which identify linguistic referents to operate, but the second two require that those
processes have access to descriptions of the graphical representation of the domain objects.

Thirdly, natural language references to graphical spatial relationships. This is an extension of
the previous problem where the definite reference is not merely in terms of the graphical description
of the object but includes spatial relationships in the graphical display. In the same example of a
displayed network, the user could ask to “remove the top workstation” or “remove the left
workstation”. In both these cases the spatial relation is ambiguously one in the domain or in the
graphical representation. For example, “the top workstation” could be that on the uppermost floor of
the building or that on the upper edge of the displayed diagram. This ambiguity must be resolved by



Esprit Conference 1991

6

the processes which identify linguistic referents using the context of the utterance, or by asking the
user to disambiguate the example explicitly. However, in order to appreciate the ambiguity these
processes must have access to a representation of the spatial geometry of the domain and of the user’s
perception of the machine representation. It is intended to address both of these issues in the MMI2
project although no resolution is currently available. Both problems could be overcome if users
identified referents by selecting graphical representations with the mouse, but this may not be the
preferred method. As with other aspects of “naturalness” in the interface, this will require studies of
users performance preferences as these systems develop. A further description of these issues is given
in (27).

4. THE NETWORK TOOL

In this section, we will present the interactive keyboard tool for the input of building maps and
of network diagrams. The main aims of the Network Diagram are:

To allow users to draw buildings and networks either by free hand drawing or by means of
graphical tools described below. In this first version, we have decided to restrict the drawing to
only one building with only one floor. The user can draw separately a building and a network
which will be represented by two distinct planar maps. However, we must establish some links
between buildings and networks: for example, a machine is inside one room, a cable skirts around
walls, etc.... For this purpose, we have developed some functions which attach attributes to the data
structures.

To make the pre-processing of the drawing (sampling, adjusting, erasure elimination)
To deduce the semantics of drawings from the planar map data structures.
To develop some functions allowing communication between Network Diagram and the other

modules (for example: to move a machine from one room to another, using either natural language
or command language or gesture).

4.1 - THE GRAPHICAL INTERFACE

The Network Diagram interface contains three windows (see figure 3):

Icon window

Drawing window
Command window

Get infos
Move object
Link
Unlink
Delete object
Planar map
Put shaft

Menu

Figure 3: The graphic interface
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A drawing window, where we can introduce building plans and install networks. In this
window, we can display either a building or a network or both. Insertions of line-drawings may be
done with a mouse in the same way one would use pencil and rubber. However, some tools are
provided to help the user to introduce plans.

A command window, with a command menu, a cable menu, buttons, drawing tools and
parameters. Some items of the command menu are used to communicate directly with the
application; the two last items allow user to switch between graphical and gestural modes. The first
range of buttons contains useful commands (Quit, New,...), and the second one allows user to
display either a building or a network or both. The cable menu is used to specify the cable type.
The user may modify textually the default values of Sampling and Adjusting parameters (which
will be defined in section 4.5.2.1).

An icon window, which is displayed when the user makes the input of the network, contains
some icons representing computers, disks, taps and terminators.

4.2 - THE USE OF THIS INTERFACE

The input of building and network plans is made in two stages.

1) Input of building plans

The user draws the building map with the mouse (see figure 4). When the unrefined drawing
is judged satisfactory enough, the user starts actually the planar map construction by selecting in
the menu the item “planar map”. The building map is returned in an embellished form where line-
segments have been sampled, adjusted and erasures eliminated (see figure 5). The sampling and
adjusting parameters (samplD, samplA, adjusA) may have been previously updated by the user.
The line-segments obtained in this way are interpreted as being walls; in the same way, the faces
of the map are assumed to be rooms. The system incrementally attaches identifiers to these rooms
and walls during the planar map construction. After the planar map has been constructed, some
operations on the objects are available:

 deletion of one or several walls. First, the walls to be deleted have to be selected; these walls
are then highlighted. The deletion command can now be activated from the menu. This deletion
automatically involves the reconstruction of the planar map. In fact, an improvement of the current
version will be done to allow incremental updating of the planar map data structure (cf section
4.4.2):

walls insertion: this operation acts in the same way than the previous one. However, planar
map reconstruction is done only on the user’s request.

 technical shaft installation: if technical shafts have to be installed along the walls, the user
must select these walls and activate the “put shaft” item. The shafts are then displayed using a
special texture (see figure 6).

Displaying information: the user can get information about an object by activating the “get
info” item.

For convenience, rooms identifiers are displayed in the bottom left corner of each room (see
figure 6).

2) Input of network plans

There are two ways to make the input of the plan of the network: in the first one (see figure 6),
the user draws the plans of the network on a window in the background of which the plans of the
building are displayed with dotted lines (BUILD NET button). This allows the user to put
machines and cables according to the location of rooms and walls. In the second one, the user
draws the network plans on an empty window (NET button).



Esprit Conference 1991

8

In fact, buildings and networks are represented by two distinct planar maps and the graphic
tool should provide automatically links between these two data structures, so the location of network
objects is important. That is the reason for which the first way we suggest is preferable. The second
way is useful when the user has to modify a known network.

Let us now explain the use of this tool. First, the user installs cables which must be inside the
building; then, he puts objects like computers, disks, taps, terminators... These objects must also be
inside rooms (see figure 6). Let us notice that taps and terminators locations must be as near as possible
of cable locations. Indeed, when the system constructs the planar map, it adjusts tap and terminator
locations by projecting their coordinates on the nearest cable. Now, the user may connect computers
and disks, computers and taps. For these purpose, he must select the two objects to be connected and
activate the “link” item, which creates a physical link between them. Finally, the user constructs the
network planar map (see figure 7). Several available operations on network objects are described
below: moving of an object; displaying information; deletion of an object; modification of the cable
type; connection between two objects; disconnection of two objects. When the user is satisfied, he
must inform the rest of the system about the end of the operations by activating the “Done” item. At
this point the data structure is read and passed to the Graphics Manager which translates it into CMR.

Figure 4: the unrefined drawing Figure 5: the drawing after the construction of
the planar map

Figure 6: network objects Figure 7: construction of the planar map
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4.3 - THE DESIGN OF THE NETWORK TOOL

The objectives of this tool were: to depict the topology of buildings and networks; to depict
the geometry of buildings and networks; to give to the user a freehand tool for graphic input and
manipulations; to allow the deduction of the semantics of the input For the realization of this tool, three
problems were to be solved:

1) What data structures to chose in order to represent both topology and geometry of the
drawing?

Among solutions which have been taken into account, there was the dynamic data structure
describing plane configurations studied in (20) and the extended quadtree as defined in (3). These data
structures seemed to be interesting, but they appeared to be less good than that of planar map which
we define here.

If X is a set of points and E a subset of XxX, a graph G = (X, E) is said to be planar if it has a
representation in the plane such that two distinct edges intersect only on a point. A planar map is a
plane representation of a planar graph. Such a data structure is made up of two parts: a local planar
map, inspired by the Winged-Edge Structure from (4) or the Doubly Connected Edge List from (19),
which represents the topology of the drawing and a global planar map, which represents its geometry.
This data structure will be described in detail in section 4.4.

2) A freehand input leads to erasures or malformations.
 It is so essential to expect a process allowing to delete the maximum of erasures and burrs

before the construction of the planar map. Furthermore, from a user point of view, it is pleasant to be
returned a well built drawing without taking care over his own drawing.

3) Semantic deduction. The general solution to this problem has been described in the previous
section.

4.4 - PLANAR MAPS

Much work have been done on planar maps, studying methods for combining them (10, 16, 9,
25, 17]) and applying them (11).These studies focus on two facts: firstly, dividing the topological and
geometrical sides of a drawing; secondly, the consistency of these two sides. The data structure is
generic and not limited to this application.

The construction of a planar map requires the computation of points of interaction between
edges. Our first implementation used Bentley-Ottmann algorithm to compute the planar map. This
method was not incremental and the map had to be recomputed each time a new segment was added.
We have also studied a method to build a data structure to support incremental insertion or deletion of
segments in a planar map, dynamically computing new intersections and updating the data structure.

In this section, we will first present some definitions of planar maps. Then, we will present a
non-incremental method to construct a planar map where we will outline the Bentley-Ottmann
algorithm and some problems linked to numerical accuracy which we encountered. Finally, we will
discuss a method to incrementally build a planar map.

4.4.1 - SOME DEFINITIONS

- Map and dart
A map is a 3-uple, G = (B,σ,α) where
- B is a finite, non empty set of darts; a dart will be graphically represented either by an oriented
edge or by an half-edge. Notice that, intuitively, a dart defines a vertex.
- σ is an involution on B without fixed points: ∀b ∈B, σ2(b) = b andσ(b) ≠b
-α is a permutation on B.

Nota bene: we will denote Aτ* the orbit {τp(b) / b∈A, p≥0, A⊆ B}. It is the set of darts included
in B attainable from those of A with the help of τ.
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- Edge and vertex
Let G = (B,σ,α) be a map.
a = bσ* = {b, σ(b)} where b∈ B is called anedgeof G. Darts b andσ(b) are calledopposite.
s = b a* = {b,α(b), α2(b),...,αk-1(b)}, where k is the smallest integer such thatαk(b)=b, is called a

vertex of G. Darts b andα(b) are said to be adjacent.
- Boundary

We calldir ect boundary (resp. backward boundary) the set {b1i, bi2,..., bin} from G where
∀k, ∃j: bik= α-1ο σ(bij) (resp.α ο σ(bij)).

In the following of this report, the term boundary will name a direct boundary.
A boundary traversed clockwise is said to beouter; otherwise, it is said inner.

- x-order
The lexicographical order of points in the plane will be called x-order. This order is total (see figure
8).

- y-order
Let us consider a sweep-line, parallel to the y-axis. Edges crossed by this sweep-line are said to be

active. The set of active edges can be totally ordered by increasing ordinate of their point of intersection
with the sweep-line. This order will be calledy-order. Of course, both the y-orderand the set of active
edges depend on the abscissa of the sweep-line (see figure 11).

- α-order
A total order, calledα-order, may be defined on the darts incident to a vertex x: the half straight
line which bears any dart makes an angleα (0 ≤α≤2 π) with the vertical half straight line coming
down from x. Darts are ordered according to angle α (see figure 9).

- Birth and death edges
An edge is born at its smallest vertex according to the x-order; it dies at its greatest one.

- Birth, life and death vertices
A vertex S is said to be abirth  (resp. a death) vertex if all the edges converging to this vertex are birth (resp.
death) edges (see figure10 (a)). It is said to be a life vertex if there are both edges which are born or which
die in this vertex (see figure 10(b)).

- Dangling, boundary, connecting, final, isolated edges
.An edge a = {b,σ(b)} is said to bedangling if darts b and σ(b) belong to the same boundary (see figure
11). It is said to be aboundary one if it is not dangling.
. An edge a = {b,σ(b)} is said to be a connecting one if it is dangling, ifσ(b) ≠ b and ifα(σ(b)) ≠ σ(b) (see
figure 4).
. An edge a = {b,σ(b)} is a final one if it is dangling, if α(b)≠ b and if (α(σ(b))=σ(b)) or ((b) = b and α(σ(b)≠
σ(b)) (see figure 11) andisolated if it is dangling, ifα(b) = b and ifσ(b) = b (see figure 11).

4.4.2 - NON-INCREMENTAL CONSTRUCTION OF THE PLANAR MAP DA TA
STRUCTURE

The planar map data structure is built in three stages: initialization, construction of the local-
PM and construction of the global-PM.

4.4.2.1 - INITIALIZA TION OF THE PLANAR MAP DA TA STRUCTURE

The first time, we build a data structure associated to each vertex by traversing the list of initial
points. The data structure for vertices is a doubly-connected list where the vertices are totally ordered
according to the x-order. Between two consecutive vertices, another data structure is built to represent
the edge having these vertices for ends. Each edge contains a 2-dimensional array representing the two
darts of the edge.

In this stage, we don’t take into account possible intersections between edges. So, in a second
stage, we will have to find intersections between edges. During the construction of the planar map data
structure, we have admitted to join vertices which lie inside a circle with given radius. Thus, a vertex
will be created only once.

Each dart points to the next dart according to theα-order. Furthermore, the last dart of a vertex
points to the first one of the same vertex. The α-order is so defined by a circular list of darts. The
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number of edges incident to a vertex is not limited, although finite of course. Furthermore, it is possible
to label vertices, edges, darts and boundaries with informations linked to the aimed application (for
example, a color, a texture, a name...).

4.4.2.2 - CONSTRUCTION OF THE LOCAL-PM

From the data structure obtained during the initialization stage, the construction of the local-
PM consists in the computation of intersection points between initial edges and the updating of the data
structure, by adding new vertices associated to the points of intersection and by replacing each edge
holding a point of intersection by two new edges.

 During this stage, some kinds of erasures may be removed. For example, two edges with the
same birth (resp. death) vertex and with the same direction can be merged in only one edge. To find
points of intersection between N edges, the simplest method consists in checking the intersections
between all the pairs of edges. But this method is not impressive: its complexity is O(N2). So, we chose
to use Bentley-Ottmann algorithm (6), which has a better complexity.

This algorithm uses a vertical sweep-line, moving from left to right. Its principles are based
on the following two remarks: first, the only useful sweep-lines are those which go through a vertex or
a point of intersection already known. Modifications for y-order are made by removing death edges
and by inserting birth edges, which become active. Secondly, two edges may intersect if and only if
there exists a position of the sweep-line for which they are consecutive.

For the complexity analysis of Bentley-Ottmann algorithm, let us call N the number of initial
edges and K the number of intersections. In the worst case, K = (N (N-1)/2) = O(N2). In this case,
Bentley-Ottmann algorithm has a running time O(N2), like the naive algorithm. Otherwise, the running
time of the algorithm is O((N+K) log N).

We must notice that some problems arise when this algorithm runs, due to numerical
inaccuracy inherent to floating point arithmetic. Unlike other algorithms where numerical errors
remain local, there is propagation of these errors in Bentley-Ottmann algorithm. Michelucci studied
the effect of numerical inaccuracy on some methods for the computation of points of intersection
between two edges. He showed that consequences are more serious for Bentley-Ottmann algorithm.

s2

s1

s3

s4

s5

s6

sweep-line

Figure 8: x-order, y-order and sweep-line Figure 9:α−order

S S S

a: birth vertex b: life vertex c: death vertex

Figure 10: classification of vertices

isolated edge final edge

final edge
connecting edge

Figure 11: classification of edges
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Numerical inaccuracy has serious effects not only on the computation of points of intersection,
but also on the orientation of darts around a vertex. This orientation is based on angle comparisons
between two edges with a common vertex.The angular uncertainly becomes significant when the
length of the edges is small. The effects of numerical inaccuracy may produce fatal errors, which make
local_PM incoherent with reality. Several approaches have been proposed to solve this problem (22,
15, 26, 18).

4.4.2.3 - CONSTRUCTION OF THE GLOBAL_PM

At this stage of the algorithm, all the points of intersection have been found. Now, the
algorithm must create boundaries, insert them in the inclusion tree and mark on each dart the boundary
to which it belongs. To determine a boundary, it is sufficient to be able to find a dart belonging to this
boundary. Each boundary is labelled with its first dart: it is the one having the smallest vertex according
to the x-order. If several darts satisfy the previous condition, the chosen dart will be the smallest one
according to the α-order. This dart will be called the birth dart of the boundary.

We also have to represent the natural order induced by the inclusions between boundaries. This
may be done by a binary family tree: each boundary points to its father, its son and its youngest brother.
A total order is defined among brother boundaries, with the help of their birth vertices. When two such
boundaries have the same birth vertex, they are ordered according to theα-order. An outer boundary
is obtained by traversing the local_PM clockwise and in inner one by an anticlockwise traversal.

For convenience, a virtual inner boundary, called infinite boundary is created, without dart,
which is represented by the root of the inclusion tree.

Let us notice that an inner boundary is necessarily contained in an outer one but the infinite
boundary; conversely an outer boundary is necessarily contained in an inner one.

Another data has been introduced: the stop edge of a vertex, which is a used to locate rapidly
an edge or a vertex. For a birth vertex, the stop edge is the first low_active edge for the y-order which
is not born at that vertex. In the other cases, the stop edge is the first edge, for theα-order, dying at this
vertex.

The algorithm to construct the global_PM from the local_PM can be summarized by the
following pseudo-code:

Construction of the global_PM
{
for each vertex S taken according to x-order do

for each edge e arising at S according toα-order do
if (the boundary of the dart 2 of e does not exist)then

{
create boundary B;
traverse darts of B and mark them as borrowed by B;
affect birth dart of B;
if (S is a birth vertex)and (e is the first edge incident at S)
then {

B is outer;
if (the stop edge of S does not exist)then

B’← virtual boundary of the map;
else  B’ ←boundary of dart 1 of the stop edge of S;
if (B’ is inner)then the father of B is B’;

else the father of B is the father of B’;
}

else {
B is inner;
B’ ← boundary of dart 2 of the birth edge of B;
if (B’ is outer) then the father of B is B’;

else the father of B is the father of B’;
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}
add B at the end of the list of the sons of the father of B;
}

}

4.4.3 INCREMENTAL CONSTRUCTION OF A PLANAR MAP

As mentioned before, the problem addressed here is to allow incremental insertion or deletion
of new segments in a planar map, to dynamically compute new intersections and to update the data
structure. In this case, topological information has to be deduced from geometrical one. When two
segments intersect at a new vertex, the ordering of the fourth edge around the vertex provides
topological information used to follow the contour of the face incident to the vertex. Since exact
arithmetic is used in this process, the map topology is always consistent with the geometry of the
drawing.

The incremental manipulation of the planar map is made by two stages: updating the local-PM
and updating the global-PM. In this process, only two operations are allowed on the map: edge erasing
and edge insertion.

4.4.3.1 UPDATING LOCAL-PM

During the planar map construction process, a new segment is intersected with a subset of the
segments already inserted in the map. Assume we have a map already constructed and we want to add
a new segment; intuitively the algorithm of insertion is as follows (see figure 12):

the two end vertices of the segment are inserted in the x-order list of vertices;
we go all over the vertices and update the adjacenty stack of edges until we find the first vertex

of the new segment;
we run Bentley-Ottmann algorithm and update the map by inserting the new intersection

vertices and ordering the new edges around vertices. The insertion algorithm is stopped when the
last vertex of the new segment is reached.

Two special cases must be handled: rounded segments with null length and partially
overlapping lines. Some processes are provided to resolve these kinds of problem.

4.4.3.2- UPDATING THE GLOBAL_PM

This algorithm is inspired by Gangnet algorithm (11). It classifies the edges as following:

nothing to doBentley-Ottmann
algorithm

updating the adjacenties
according to the y-order

Figure 12: updating local-PM

new segment
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1- a final edge with both sides into an inner boundary.
2- a connection edge with both sides into an inner boundary.
3- a boundary edge with both sides in two distinct inner boundaries.
4- a boundary edge with one side into an inner boundary and the other side into an outer boundary.
5- an isolated edge.
6- a final edge with both sides into an outer boundary.
7- a connecting edge with both sides into an outer boundary.

The addition of an edge implies the creation its darts, its vertices and the updating of the α-
order. The inclusion tree is updated after each new addition; it is therefore possible to find the type of
a new edge by counting its dandling vertices and checking the updated boundary. The inclusion tree is
then updated by performing the following actions:

switch (edge type)
{ case 2:one inner boundary and one outer boundary are merged to give a single inner
boundary

case 3:one inner boundary is split to give two inner boundaries
case 4:one outer boundary is split to give an outer boundary and an inner boundary
case 5: an outer boundary is created
case 7:one outer boundary and one inner boundary are merged to give a single outer

boundary
}

When an edge is erased it is removed from the map data structure. The inclusion tree is
updated before each edge removal, using the same tests as above. When the type of the edge has been
found, the inclusion tree is updated by performing the following actions:

switch (edge type)
{ case 2: one inner boundary is split to give one inner boundary and one outer boundary

case 3: two inner boundaries are merged to give one single inner boundary
case 4: one outer boundary and one inner boundary are merged to give a single outer

boundary
case 5:delete an outer boundary
case 7: one outer boundary is split to give two outer boundaries

}

the addition or the removal of an edge of type 1 or 6 does not modify the inclusion tree.
The method presented above allows incremental construction of planar maps. Consistency

between geometry and topology are achieved through exact intersection of lines. Let us notice that this
method is used in the context of a 2D drawing.

4.5 - DATA STRUCTURES AND ALGORITHMS

As already mentioned, the data acquisition and the construction of the planar maps are made
in three stages: data acquisition (input of the drawing), pre-processing of the drawing and construction
of the planar maps.

4.5.1 - INPUT OF THE DRAWING

 We use the mouse to make the input of the drawing. The mouse sends, with a constant
frequency, the coordinates of the points of the drawing. When the mouse button is up or down, a special
event is sent. So the result of this stage is a list of points marked by the state of the buttons (UP or
DOWN). This mode of acquisition has the advantage to restitute the direction and the order of the
different parts of the drawing.
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4.5.2 - PRE-PROCESSING

Malformations coming from a freehand input may be subdivided into three categories.The first
one is made up of input mistakes and big erasures thathappen when the user didn’t pull it off. These
malformations are eliminated by hand, during the drawing.The second one puts together mistakes due
to hand trembling of the user during the acquisition of the crude drawing. These mistakes will be called
burrs. Their processing can be done in two stages: first a reduction of keyboarded points by a sampling
process, and then an adjusting process.The third category is made up with the breaking of lines or the
superposition of several lines. These malformations, which will be called erasures, cannot be corrected
without context knowledge, as mentioned by (14). This last category will be taken into account during
the planar map construction.

Let us notice that our software will be concerned only with straight lines. The treatment of
curves (such as B-splines for example) is a lot intricate and some of the methods presented here are
not suited for curves (for example, the appearance of curves can be completely modified by our
algorithms).

4.5.2.1 - SAMPLING AND ADJUSTING

A graphic table or a mouse sends a great number of points for each drawing, whereas a
restricted number is enough to express appearance of lines. Several methods have been developed to
sample a crude drawing. Berthod and Jancenne (7) use a smoothing method which can, in some cases,
dismiss some angular points. We chose the method from (5). With it, the sequence of points
corresponding to a straight line can be reduced to its two ends A and B.

However, for a given straight line, points given by the user are rarely lined up. Some small
deformations (peaks) are involuntary introduced by the user. Correction of these peaks has to be done,
while keeping intentional changes in the directions from the user. The algorithm used is that of Belaid
et Masini (5). The achieved input is then sent to the following stage as vectors joining successively
kept points.

In a freehand drawing, it is important to assert that edges are parallel or orthogonal. The
adjusting process replaces each sampled edge by an edge which has the same middle than the former
and the nearest direction among the authorized ones. The algorithm used is that of Michelucci.

4.5.2.2 - DELETION OF ERASURES

The kinds of erasures the most commonly noticed are represented on figure 13. These erasures
are due to the fact that it is quite impossible to freehand draw a figure with perfect connections. To
correct such erasures without contextual knowledge may be dangerous. For this reason, in the
framework of project mmi2, these corrections will be done during the construction of the planar map
data structure. Unfortunately, there does not exist any rule allowing the correction of such
erasures.Thus, we used heuristic methods.

The construction of planar map allows, for the first kind of erasure (see figure 13(a)), to delete
ends of edges, systematically or by picking. Similarly, the planar map data structure allows to delete
superposed edges or to merge the edges of discontinuity (see figure 13(c)).

 Kind (b) of erasure can be eliminated by considering a circle with given radius: all the edge
vertices lying inside such a circle will be linked up to a point inside the circle. This method may be
applied to correct erasures of kind (b).

The three stages preprocessing proposed in our method (sampling, adjusting, removing of
erasures) may be seen on figure 14. The first stage is applied to a crude drawing and allows to eliminate
non significant points in order to make easier the management of the list of points and to simplify next
stages. The adjusting stage allows to present to the user a more pleasant drawing. The third stage needs
a contextual knowledge. In the framework of project MMI2, planar maps give a satisfactory solution
for this problem.
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4.5.3- THE CONSTRUCTION OF THE PLANAR MAP

An overall data structure of the planar map is defined in section 4.4. In the Network Diagram
tool, the building and the network are represented by two different planar maps on which we have to
attach attributes to support some specific information.

To each planar map, we attach a list of objects. For the building planar map, this list contains
the technical shafts; for the network planar map, this list contains computers, disks, taps and so
on.When the user puts an icon representing an object on the drawing window, the instance of this
object (a copy of the object) is attached to the list of objects of the network planar map.

Each object may be connected to another one; for example, a Sparc-SLC station may be
connected to a disk. In fact, the connection between two objects is more complex. For example let us
consider the connection between a computer and a tap (thinnet-tap-system): to establish such a
connection, we need a transceiver and a twin cable. Thus the user must install the transceiver and the
twin cable between the computer and the tap; this makes the task difficult and overloads the screen.
Furthermore, Beatrice Cahour (1 and 2) indicated that when an expert draws a network on a sheet of
paper, he represents the connections only by straight lines. Accordingly, in the network diagram tool
the connections will be represented by segments, but the system has to add automatically the
transceiver and the twin cable to the network list of objects. The transceiver and the twin cable are
objects which have no graphic representation in the system.

The connection previously defined were established on the user’s request. However, the
Network Diagram tool must create links between the data structures representing the building and the
network. For example, a link between a computer and the room containing it must exist in the data
structure. Algorithms for such a search have been implemented.

a: approximative connections b: interruption of drawing

d: superpositionsc: discontinuities

Figure 13: examples of erasures

initial drawing adjusting

Figure 14: preprocessing of a drawing

sampling erasure elimination
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