                   Visualizing changes in a dynamic Voronoi data structure via time travel

                                                                                            Darka Mioc, François Anton & Christopher Gold

                                                                                                   Industrial Chair of Geomatics, Université Laval

0722 Pavillon Casault, CRG

                                                                                                                Sainte-Foy, Québec, Canada, G1K 7P4

                                                                      Phone: (+1) 418-656-2131 extension: 3652; Fax: (+1) 418-656-7411

                                                             E-mail: {dmioc,francois}@gmt.ulaval.ca;Christopher.Gold@scg.ulaval.ca

ABSTRACT

                         In  recent years there has been rapidly growi n g interest by the GIS community in new visualization

                         methods  for cartographicdata.Thevisualization ofmap changesisimportant for several reasons: spatio-

                         temporal analysis, process modelling, and animated maps.

                         It  is now widely recognized that current GIS software has no ability to maintain incremental change of

                         spatio-temporal  data, and therefor e vi sua l ization of such data is limited to series of `snapshots´ of

                         cartographic data (see [Peque94a]).

                         The  growing amount of research on spatio-temporal databases shows that today´s world of spatial data

                         handling requires a dynamic and interactive environment for map visualization.

                         In  this paper we will present a conceptual approach for representing cartographic data  changing in time

                         and  space. The approach emphasizes several research efforts: on the Voronoi spatial data structure, the

                         reversibility of its map construction commands, and their applicability to map visualization and map

                         animation.

INTRODUCTION

The  recent research on dynamicspatial data structuresbased

on  Voronoi diagrams, and the reversibility of t h eir

op e r a t i on s  ( [ G ol d 9 5 a ] ,  [ A n t on 9 6 a ] ,  [ Roos90a ],

[Schwa92a]), brings a new approach for dynam i c

visualization  of cartographic data. Visualization can be

done  dynamically and incrementally, and we will see that

t h i s is fully supported by the dynamic spatio-temporal

Voronoi data structure.

T he Voronoi diagram for a set of map objects (points and

line  segments) is the tessellation of the space, where each

map  object is assigned an infl uen ce zone (or Voronoi

region), that is the set of points closer from that object than

any  other object (see [Oka be92a]). Within the dynamic

Voronoi  spatio-temporal data  st ructure developed by

[Gold92a], the map objects  are stored as nodes of the dual

spatial  adja cency (topology) graph: the Delaunay

triangul ation. The algorithm used to construct the Voronoi

vertices has been described by [Anton97a]. The changes in

t his data structure are therefore the changes in the spatial

adjacency  relationships, that is to say th e changes in the

Delaunay  triangulation. This spa t i a l data structure has a

dynamic,  incremental, and expl icit topology. Within this

data  structure, user  i n puts are changing the map

interactively  and locally, and the map objects and their
spatial  adjacency relationships are visualized all along the

execution  (see [Anton95a]). Furthermore, this approach

allows  real-time dynamic maintenance of this spatial data

structure  as well as the dynamic sequential processing of

events.

In  such a spatio-temporal model based on interactive and

local updates, the user  has capabilities for visualization of

map  even t s evolving in space and time.  In order to

visualize  the evolution of a map, we use the term time travel

(see  [Atwoo96a]). The idea of time travel comes from the

scientificvisualization community, which describesit asthe

ability to receive a continuous visualization of spatial data

as the map commands execute,  coupled with the ability of

the  user to interactively modify the map at any time during

the  execution, a nd immediately see the effects of these

changes (see [Atwoo96a]).

In  visualization, this results in the ability to di spl a y the

changes  in the maps in both directions in time. In general,

two  approaches that are used for dynamic visualization are

the  forward method, and for the reverse time, the backward

m et h od (see [Sosic94a]). Visualization of changes in a

backward  directi on  on the time line can be done by

executing  the map commands that are the inverse of ones

previously applied (see Fig. 1).

     Fig. 1: Forward / Backward visualization on time line.

Reversible  execution allows users to navigate backwards  in

time.  Reversibilityhasbeen defined as^simplydeterminism

l ooking backwards in time~ by Frank and al.  [Frank98a].

While  different approaches have been used to implement

reversibility  in operating systems and programming

l anguages, in the GIS world reversibility is still relatively

unexploited.

In  this paper we will present an approach  ba sed on the

history  of the map construction.  We wi l l  use this map

history   in order to visualize changes withi n the Voronoi

data  structure via time travel. We start by formalizing the

operations  available in the dyn a mic spatio-temporal

Vo r onoi data structure imagined by Gold [Gold91a], by

providing the  full set of atomic operations (self contained

by  reversion), and the full set of complex operat ions

obtained by composition of the atomic operations. Then we

study  their reversibility. We describe the history tree and its

spatio-temporal  signature. Finally, we show how it is

possible  to visual i z e changes within the dynamic spatio-

temporal Voronoi data structure via time travel.

THE  DYNAMIC SPATIO-TEMPORAL VORONOI

DATA STRUCTURE

The  Voronoi  dyn a m ic spatial data model is based on an

Event- Condition-Action paradigm (see [Gold96a]) which

seems  toprovidemanyadvantagesover traditional GISdata

models.  Themain advantageofthedynamicVoronoi spatial

data  model is its dynamic, incremental, and explicit

topology, which allows one  to automatically keep track of

each event and change of map state.

The topology is given by the Delaunay triangulation, that is

the  dual representation of t h e Voronoi diagram, and thus

stores all the spatial adjacency  relationships between map

objects.  Thesespatial adjacencyrelationshipsaredefined by

the fact that their Voronoi  regions have one Voronoi edge

in common (see Fig. 2).

Fig. 2: Spatial adjacency within a line Voronoi diagram.

There for e,  the only map state changes of the dynamic

Voronoi  data structure produced by events are the changes

in  theDelaunaytriangulation. These events are ruled bythe

Delaunay  tr iangulation empty circumcircle criterion (see

[Teill93a] and Fig. 3).

Fig. 3: The Delaunay triangulation empty circumcircle

criterion

When  a point comes inside a circumcircle or goes out from

a  ci r cumcircle (we call it a "topological event"), the

boundary  between  the two triangles inscribed in the

circumcir cle "switches" (see Fig. 2). Within the dynamic

Voronoi  spatio-temporal data model, all the operations are

local  and k̂inematic~: the addition of a new object is done

by  splitti ng the nearest object into two and moving the

newly  created object to its destination, and the deletion of

an  existing object is done by moving it to the nearest object

and  merging them. It is easy to see that the two operations

described  just befor e are the reverse of each other: the

reverse  of a split being a merge and the reverse of a merge
being a split. The Split  operation splits the selected point,

adding  a new point in the database. The Merge operation

merges  the selected point with its nearest n ei ghbour,

removing  the selected point from the data structure. The

Move  operation moves the selected point from its cur r ent

po sition to a new position. The Link operation occurs after

a  Split operation, and adds a line segment in between the

point  selected for splitting and the newly created point. The

Unlink  operation occurs before the Merge operation, and

removes  the line segment in between the selected point and

its nearest object.

 To preserve the temporal ordering inside the data structure

the  twonewoperations are introduced. The Order operation

which must occur after Split  and Link, and exchanges the

IDs  of the selected line segment and its higher IDend-point.

The  Reorder operation m ust occur before Unlink and

Merge, and exchanges the IDs of the selected line segment

and  its higher ID end-point. These operations constitute the

set  of atomic operations of the dynam ic spatio-temporal

Voronoi  data structure (see [Ant on97b] for more details).

Theseatomicoperationsand their corresponding changesin

topology are described in the following table (Table 1).

    Operation Symbol Changes in topology

    Split S 3 new triangles, 1 dead

    Merge M 1 new triangle (old

                                                                                        reinserted), 3 dead

    Move N 2 old adjacent triangles,

                                                                                        2 new adjacent triangles

                                                                                        whose common edge has

                                                                                        been switched for each

                                                                                        topological event

    Link L 6 new triangles inserted,

                                                                                        2 dead

    Unlink U 2 new triangles (old

                                                                                        reinserted), 6 dead

    Order O IDs of the line segment

                                                                                        and the end point are

                                                                                        exchanged. Order must

                                                                                        occur after Split and

                                                                                        Link

    Reorder R IDs of the line segment

                                                                                        and the end point are

                                                                                        exchanged. Reorder

                                                                                        must occur before

                                                                                        Unlink and Merge

                                     Table 1: The atomic operations

All  themap commandsofthisdynamicVoronoi spatial data

structure  are complex operations based on the atomic

operations  (see Table 2). Due to the local scope of its
spatio-temporal  topology, all the atomic operations of the

dynamic Voronoi spatio-temporal model are reversible.

The  commands for ma p construction have been carefully

desi gn ed i n  such a way that all of them are invertible.

Indeed,  each atomic operation has its reverse a t om i c

ope ration (see Table 3), and therefore the resulting complex

operations are reversible.

Map command Decomposition Reverse

Move a point N Move a point

Add a point SN Delete a point

Delete a point NM Add a point

Add a line SNSLN Delete a line

Delete a line NUMNM Add a line

Join 2 points SLNM Unjoin 2 points

Unjoin 2 points SNUM Join 2 points

Join point+line SLONSLNM Unjoin pt+line

Unjoin pt+line SNUMNRUM Join pt+line

Join 2 lines SLONSLONSL

NM

Unjoin 2 lines

Unjoin 2 lines SNUMNRUM

NRUM

Join 2 lines

Table 2: The map commands and their decomposition

Reversib i l i ty of the operations on the dynamic spatio-

temporal Voronoi data structure

Overall  reversibilityoftheVoronoi spatial data structure, as

for  any system, depends upon the fact that reversible

primitives  are reversibly composed in order to get complex

operations  (see [Baker92a]). The reversibility of the

addition and deletion of intersecting line segments hasbeen

studied by [Anton96a].

Atomic Operation Inverse Atomic Operation

Split Merge

Merge Split

Move Move (Self-Reversible)

Link Unlink

Unlink Link

Order Reorder

Reorder Order

Table 3: Reversibility of atomic operations

LEGEND:

Inactive

triangles

Topology

links

Historylinks

Active

triangles

0

4 5 6

10

3 2

8

1

7 9

11

0

1

2

3

3

2

4

5

6

2

4

5

6

7

8

9

4

5

2

8

9

10

11

Add a po int

Add a po int

Add a po int

Move a  point

Empt y

T

I

M

E

L

I

N

E

T he result of implementing  reversibility rules inside t h e

Voronoi  dynamic data structure is that spatial objects can be

recognized  on the map (actually in the Voronoi spatial data

structure)  according to the IDs (identity numbers) assigned

to  atomic spatial objects. This means not onlythat an object

can  be generated as the result of a map command, but also

that  a sequence of map construction operations can be

reconstructed from object  IDs. This proves in another way

that  the operations are reversible: the input can be deduced

from  the output; or, in other words, computation happen s

without any loss of information (see [Frank98a]).

HISTORY OF THE MAP CONSTRUCTION

The  user is constructing a map incrementally by giving the

m ap commands, and at the same time the visualization is

performed.  This is made possible in the dyn a m ic spatio-

temporal Voronoi data  structure exploited in this paper by

the  fact that all operations have l ocal scope and are

there fore executable in real-time. Their results are

visualizable  also in r ea l  t i me. All past map events are

permanently  stor ed in a history of the map as sequences

composed of basic geometric operations.

In  this section we will first define what we consider to be a

sequence  of map updates. We call the spatio-t emporal

signature the sequence of atomic operations that have been

applied  on the spatial data structure. In other words, we can

define  it as a mapping from the set of atomic operat i ons

available  on the spatial data structure, to the set of

triangulations.  A knowledge about occurrences of events in

a specific spatial context is encoded in the spatio-temporal

signature  and stored as th e l og file of the map. The

operations  recorded in the spatio-tem poral signature (log

file ), have a direct translation into the spatial topology(dual

g raph) as the history of the triangulation. The history of the

triangulation  keeps all past st a t es (triangles) of the map

topology.

Each  atomic operation from  t he update sequence

corresponds  totheaddition or inactivation oftrianglesin the

history tree (see Fig. 4  and 5). The data structure encodes

the  history of map construction at two different l evel s, as

spatial topology, and history relationships.

The data structure has the following  specification:

� For each point:

          - a pointer to its coordinates.

� For each line segment:

          - two pointers to its endpoints coordinates.

� For each triangle:

          -  three pointers to its ver t i ces (that are points or line

          segments);

          - three pointers to its adjacent triangles.

 Fig. 4: The history tree.

Fig. 5: The evolution of map topology

In  addition, the parent-child relationships in the Delaunay

triangulations  are  maintained  through  history  links   (see

Fig. 4).

Real-time  sequencing of user invoked events produces

temporal   ordering  of  spatial  objects  inside  this

objectoriented  Voronoi da t a  structure.  The naming

conventions

for  spatial  objects developed by [Anton96a]) preserve the

order  inside the spatial structure, even after intersections of

line  segments. The consequences of tempora l  order

preservation  havedirect implications for the reversibilityof

the Voronoi data structure.

There are  several significant implications of the temporal

ord er ing of map construction events in the Voronoi data

st r ucture. The mapping between map construction

commands  and the history of the Delaunay triangulation

(the  result of the map events) allows the user to navigate

fr om log file to the past versions of the map (see Fig. 4 and

5).  Applying the inverse of the oper a t i on s that have been

applied  on spatial objects,  i t  is possible to reconstruct

previous map states.

VISUALIZATION VIA TIME TRAVEL

Visualization via time travel has been defined by Atwood

and al. ([Atwoo96a]) in the context of visualizing program

changes  and execution. But, it can be a ppl i ed to GIS by

giving the  following definition adapted from [Atwoo96a]:

Ûsers can visualize as they specify, explore, and alter the

behavior of a spatial structure while traveling through the

map´s  logical time~. Atwood and al. found it essent ial to

have  a n  explicit notion of time and time travel. Here, the

term  time travel means the ability to return to a previous

step  of a comput a tion. This approach brings several

advantages that we will explore now.

Incremental  and dynamic map updates :  If the user alters

the  history of the map, the change is reflected not only in

present  and fut ure computations, but also in all past

computations.

In  this dynamic spatio-temporal Voronoi data structure, the

user  can make changes to the map at any time. Doing so

automatically  adjusts the past, pr esen t and future, so that

u sers can explore to see if the change had the desired effects

(see  [Atwoo96a]). The visualizations are automatically

synchronized  with the map construction commands and the

dynamicmaintenanceofthisspatio-temporal data structure.

Spatio-temporal  reasoning :  Today, GIS applications do

not  support an option for evaluation of the history of a

particular  site.  The Voronoi data model, where all the

operations  are recorded sequentially, allows us to view the

history of spatial objects (see [Gold94a]) .The user can use

time  travel to explore and visualize causes a n d effects of

events  that are part of the map history. This is of particular

interest  in environmental planning, where reversibility
allows one to perform evolution analysis.

Visualization  of map scenarios :  A map scenario is the

reconstruction of a sequence of map commands, which are

different  from the ones recorded in the Voronoi spatial data

structure. It leads to a different map state in the present.

In  such a spatio-temporal model based on interactive an d

local  updates the user has capabilities for incremental map

visualization  and animation ofmap events through the flow

of time (see [Kraak97a]).

The  user is given the possibility to explore the now-

redefined map history via time travel. It is inherent for the

entire  history of spatial structure to be redefined according

to  this change because triangulation histories are defined by

the i r  map construction commands (see [Gold96a]).

Progressive  evaluation (see [Atwoo96a]) is used: as soon as

a  change i s made, all affected histories are automatically

redefined,  and all affected on-screen values are

automatically recomputed and redisplayed.

CURRENT AND FURTHER WORK

Usually,  in the map updates, the ordering of m ap time

events corresponds to the ordering of events in real-time.

Even  though retroactive updates are not a usual map update

operation,  in some applications such  as forestry mapping

and  cadastral maps, they are needed. Within a current GIS

systems retroactive updates are not supported.

The  approach of time travel to map history is implemented

at the prototype level, for a  small number of map updates.

We  are still not ready to test it on large data sets, due to the

fact  that we are still working on the l ine-line collision

problems.

Following  theexperienceofSchwarzkopf(see[Schwa92a])

and  Clarkson (see [Clark92a]), we expect that the

retroactive updates for the large spatial data sets can affect

the performance of the spatial database. We do not intend

to  use t h e different approaches proposed by Schwarzkopf

and  Clarkson to im pr ove the performance of the data

structure,  because i n their approaches some history

information are discarded.

Instead,  weplan topartition thespatial data structureand its

history  bythe VMO tree, thespatial partitioning method for

Voronoi data structure proposed by [Yang96a].   This will

allow  us to work on smaller, partitioned spatial data sets,

and  the database performance can be improved

significantly.

Current  research at Laval Universityon thedynamicspatio-

temporal  Voronoi data structure and the reversibility of its

operations  shows that benefits of this method include

backup  facilities, spatio-temporal queries and updates, and

different spatio-temporal analysis methods.

Further   research is planned to investigate possibilities for

spatio-temporal  reasoning and deci si on making with the

Voronoi data structure.

CONCLUSION

This  pa per presents a new mechanism for the dynamic

visualization  of spatio-temporal data. Research on dynamic

Voronoi spatial data structures offers new possibilities  for

incremental and dynamic visualization of spatial data.

The  spatio-temporal model based on thisreversibleVoronoi

dynamic  data structure is based on a set of histories of map

construction  operations, that are recorded as a hist ory of

map  (spatio-temporal signature preserved in the ^log file~),

and  the history tree, that stores the history of the Delaunay

triangulation.

The benefits of this approach,  within this dynamic spatio-

temporal  data structure, reside in the fact that it is possible

to  perform reverse execution of t h e map commands

previously  applied to the Voronoi spatial data structure, in

order to visualize the evolution  of the map via time travel.

The  visualizat ion of map changes enables fast

compre hension of the events and processes that occurred in

space  and time. Visualization of map changes offers a

powerful tool for spatio-temporal reasoning, which is

needed in many GIS applications.

The  spatio-temporal semanticsofthemap arepreserved and

enc oded in the history structure. The property of

reversibility  is very strong, and allows analysis methods to

produce  deeper information (see [Baker92a]) than it is

possible  with the traditional map analysis methodology. In

this paper, we presented several new methods for scientific

visualization of spatio-temporal data.

ACKNOWLEDGEMENTS

This  research h a s r eceived the financial support from a

gran t  of the Natural Sciences and Engineering Research

Council  of Canada and the Association des Industries

Forestières du Québec (AIFQ).

REFERENCES

[Anton95a]  Anton, F: Le  système de numérisation Voronoi

intellig ent, interactif et dynamique et ses applications à la

foresterie ,  Thèse de maîtrise, Université Laval, Faculté de

Foresterie et Géomatique, Québec, Canada, 153 pp, 1995.

[Anton96a]  Anton, F: Reversible  splitting of line segments

wit hi n a Voronoi diagram for a set of points and straight

line  segments ,  Internal document, Industrial Chair of

Geomatics, Université Laval, 6 pp, 1996.

[Anton97a]  Anton, F: An  iterat i ve algorithm for the

determinat i on of Voronoi vertices in polygonal and non-

polygonal  domains,  Proceedings of the Canadian

Conference  on Computa t ional Geometry, Kingston,

Canada, pp. 257-262, 1997.

[Anton97b]  Anton, F, Mioc, D,  Gold, C M, Making

reversible  a line Voronoi diagram based dynamic spatial

data  structure,  Internal document, Industrial Chair of

Geomatics, Université Laval, 7 pp, 1997.

[Atwoo96a]  Atwood, J W, Burnett, M M, Walpole, R  A,

Wilcox,  E M, Yang, S: Steering  programs via time travel ,

1996 IEEE Symposium on Visual Languages, Boulder,

Colorado, USA, 1996.

[ Ba ker92a] Baker, H G: NREVERSAL  of Fortune - The

thermodynamics  of garbage collection,  Proceedings of the

Internatio nalWorkshopon MemoryManagement, St-Malo,

France, 1992.

[Cla r k92a ] Clarkson, K L, Mehlhorn, K, Seidel, R: Four

results  on randomized i nc re me nt al  c onst ruction ,

Symposium on  Theoretical Aspects of Computer Science,

Lecture  Notes in Computer Science, Springer-Verlag, v.

577, pp. 463-474, 1992.

[Frank98a] Frank, M, Knight, T, Margolus, N: Re versibility

in  optimally scalable computer architectures ,  The First

International  Conference on Unconventional Models of

Computation, January 1998, accepted, 1998.

[G old91a] Gold, C M: Problems  with handling spatial data

- The Voronoi approach, CISM  Journal, v. 45, 1, pp. 65-80,

1991.

[Gold92a]  Gold, C M: Dynamic  spatial data structures -

the  Voronoi approach, Proceedings  of the Canadian

Conference  on GIS, Ottawa, Canada, pp. 245-251, 1992.

[Gold94a] Gold, C M: The Interactive map ,  in: Advanced

Geographic  Data Modelling - Spatial Data Modelling and

Query  Languages for 2D and 3D Application s, Eds. M

Mol enaar and S de Hoop, Netherlands Geodetic

Commission Publications on Geodesy (New Series) no. 40,

pp. 121-128, 1994.

[Gold95a]  Gol d,  C M, Remmele, P R, Roos, T: Voronoi

Diagrams  of Line Segments Made Easy ,  Proceedings of the

Canadian  Conferencein Computational Geometry,Québec,

Canada, pp. 223-228, 1995.

[G ol d96a] Gold: An  Event-Driven Approach to Spatio-

Temporal  Mapping, Spatio-Temporal  special issue,

Geomatica, 1996.

[Kraak97a]  Kraak, M-J, Edsall, R,  MacEachren, A M:

Cartographic   A nimation  and  Legends  for  Temporal

M a p s :  E x p l o r a t i o n  a n d  o r  I n t e r a c t i o n ,
http://www.itc.nl/~kraak/legends

[Ok a be92a] Okabe, A, Boots, B, Sugihara, K: Spatial

Tessellations  - Concepts and Applications of Voronoi

Diagrams ,  Chichester: John Wileyand Sons, 532 pp., 1992.

[Peque94a]  Pequet, D, Wentz, E: An  Approach for Timed-

Based  SpatialAnalysisof Spatio-Temporal Data,  Advances

in GIS Research, Proceedings 1, pp. 489-504, 1994.

[Roos90a]  Roos, T: Voronoi  diagrams over dynamic

scenes ,  Second Canadian Conference on Com put ational

Geometry, Ottawa, pp. 209-213, 1990.

[Schwa92a]  Schwarzkopf, O: Dynamic  Maintenance of

Convex  Polytopes and Related Structures, Ph. D. Thesis,

Freien Universitat Berlin, Germany, 63 pp., 1992.

[ Sosi c94a] Sosic, R: Dynamic  visualization of Object

Execution,  TechnicalreportCIT-94-1,School ofComputing

and Information Technology, Griffith University, 1994.

[Teill9 3a ] Teillaud, M: Towards  dynamic randomized

algorithms  in Computational Geometry,  Lecture Notes in

Computer Science no. 758, 156 pp., 1993.

[Y a n g96a ]

                                   Yang,  W P, Gold, C M: Managing  Spatial

Objects  with the VMO-Tree. Proc.  7 th  Int. Sym. On Spatial

Data  HandlingSDH́ 96, Delft, Netherlands, VolumeII, 11B

15-30, 1996.