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Abstract: This work presents a new approach that aims to characterize the spatio-temporal
relationships that exist between geographical objects that are absent or non-existent at the moment of
analysis. First, we would like to propose a formal analysis of the spatio-temporal states of presence
and existence of a geographical object. We will then use a combination of these states in order to
define a set of life and motion configurations. The model developed then serves as a formal basis for
the realization of a series of spatio-temporal queries based on an analysis of patterns in the succession
of spatio-temporal states. The entire approach is then demonstrated by using the example of the
organization of a scientific conference by defining the spatio-temporal relationships between the
conference participants. The research methodology is finally compared with a real dataset taken from
a geolocalized social network to show the efficiency of this type of management.
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1. Introduction

The search for and development of solutions using spatio-temporal data have greatly progressed
over the last ten years following consistent improvements to data acquisition techniques and the
evolution of the expectations and behavior of users. For example, whether this involves the use of active
networks such as Wi-Fi, mobile phone network or satellite positioning systems, finding one’s location is
becoming easier and easier for anyone owning the right equipment. At the same time, the emergence of
social networks has led users to share their position almost in real time. The emergence of these network
location services has resulted in the availability of a large quantity of data. Despite these significant
changes, we are still far from achieving an optimal use of this data located in space and time.

First of all, access to complete spatio-temporal information remains limited by constraints of
quantity or availability of data, copyright policies or restrictions related to privacy laws. Analysis
of spatio-temporal relationships is therefore often limited either to a given acquisition system or
voluntarily limited to the scope of an event. Secondly, complex spatio-temporal reasoning often
involves the implementation of past or future objects or events. Whether it involves a visit to the ruins
of an old castle, a battlefield or, more simply, the planning of a future habitation, these objects or events
are used as location markers or as bases for reasoning by defining spatio-temporal relations between
one or several objects. In the same vein, it is not always possible to associate geometry or a spatial
location at all moments of the life of an object. The object may not have or no longer have a geometry
by nature as in the case of a proposed new or demolished building or due to a lack of data as in the
case of a loss of a navigational signal for a car. Finally, the use of spatio-temporal data for the most
part involves the use of semantics that are closely related to natural language. The queries performed
on a spatio-temporal dataset are often seen to be complicated, stemming from the combination of a
spatial and temporal line of reasoning. The perception of space-time requires a cognitive analysis
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of the perception of the final user in order to allow him to make requests that are close to his own
language while enabling him to easily extract a wealth of information from a dataset.

In this article, we propose solutions for analysis that require continuous object’s visibility or
presence. Our objective is to make possible the management of spatio-temporal relationships between
objects that may not yet have or no longer have a spatial extension and between objects that may not
be present for a period of time while continuing to exist with regard to the system.

The article is structured in the following way. In Section 2, we draw up a state-of-the-art for
spatio-temporal models dealing with the notion of identity of geographical objects. Then, in Section 3,
we define the concept of the spatio-temporal state as well as an ontological vision associated with it.
Section 4 is devoted to the representation of life and motion configurations and their use in the formalization
of spatio-temporal stories of geographical objects evolving in a space that does not offer the possibility
of perfect localization. In Section 5, we propose to exemplify the model via analysis of the organization
of a scientific conference. In this example we show the way to carry out spatio-temporal requests based
on the search for patterns of successions of spatio-temporal states in life and motion configurations.
The conference organization serves as an exemplar for model construction and for to build the model and
to express all the possible diversities of performed queries. To remain close from a real dataset analysis
problematic, we applied in Section 6 the research principles to a dataset taken from a geolocalized social
network. Finally, we draw our conclusions and suggest possible future avenues of search.

2. State-of-the-Art

The identity of an object, which must not be confused with the “identifier key” concept [1], is the
property intrinsic to each object which allows it to be differentiated from all others. In philosophy, this
concept is known as the “identity of indiscernibles” [2]. The complete definition of a geographical
object involves the definition of its identity and spatiality, which can vary over time. The identity of an
object is defined as the unique characteristic which distinguishes it from all other objects [1].

Most of the work relative to modeling the identity of geographical objects is based on the modeling
principle of unique object identity. This search, which includes that of [3-5] focuses on the concept of a
geographical object and its modeling as a unique object. This work proposes a model dealing with
possible transitions between geographical objects considering their identity and a formal modeling of
the transformations applied to geographical objects taking account of their respective identities. Other
models propose an analysis of the study of the evolution of geographical objects while considering
their possibility to no longer exist. Campos [6] proposes a set of relationships and their associated
semantics describing the representation of geographical objects in a virtual environment. Although
they are semantically complete, these models do not take into account the possibility of studying a
relationship between an object present at the moment of the analysis as against an object that existed
in the past or an event existing in the future. For example, it is not possible for these models to search
all the people visiting a future habitation site.

The study of relations between regions evolving in space such as that proposed by Claramunt [7-9]
makes it possible to define a set of spatio-temporal relationships by integrating spatial topological
reasoning [10,11] with the temporal logic proposed by Allen [12,13]. These works propose studying
the sequences of change during the evolution of cadastral parcels [14]. More recently, other models
of spatio-temporal reasoning have sought to describe the trajectories of geographical objects in an
allocentric [15-17] or egocentric vision [18,19]. These models, based on a spatio-temporal mereology,
describe, by means of qualitative operators, the relationships that exist between moving objects.
This paper focuses on an approach where all the objects exist at every moment. Modeling of
spatio-temporal information is a very active field of research; a comprehensive state-of-the-art is
out of the scope of this paper. Interested reader can refer to [20-24] for a survey of existing works.

One of the objectives of a spatial or spatio-temporal reasoning model is to formalize the
semantic links which bind objects or events in space and time [25-27]. The study of the semantics
of spatio-temporal relationships makes it possible to obtain queries that are closer to the perception
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of final users, to construct models for analyzing natural language, and to link spatial and temporal
concepts of language with a formalism that allows analysis [28,29].

The notion of geographical context [30], which represents the environment perceptible to one
or several users maintains strong links with the proposed research. The perception of the presence
or absence of a geographical object calls into question the context in which the object is observed.
An omniscient user sees all the information relative to a given geographical location. Any other user
will only see part of this reality, restricted by the context in which he observes it.

Currently, analysis of the temporal and spatial evolution of one or several geographical objects
focuses either on the description of its trajectory or the relationships that several objects have during
their displacement, or on the appearance or disappearance of the objects in time based on their identity.
The description of the movements of a mobile phone based on qualitative operators is limited to
periods of time during which an object can be observed. The proposition of a model combining the
possibility of analysis of spatio-temporal connections between objects including the possibility of
their non-existence or non-presence during a period of time makes it possible to bring these two
approaches together under the guise of a more general unique model [31]. The model proposed
thereafter, responds to this assessment and makes possible a more general analysis of all the situations
concerning the evolution of geographical objects in time and space.

3. Spatio-Temporal States

Let us postulate that a geographical object cannot exist for an infinite amount of time. In other
words, there will always be a period of time during which the object does not yet exist and a period
during which the object will no longer exist. Moreover, we also postulate that an object that has been
destroyed and whose identity has also been destroyed cannot appear again in the same form, i.e., we do
not accept the resurrection of the geographical object. The stage that marks the creation of an object is
defined by the thought experiment that aims to conceptualize it. However, it would not be foreseeable
to conceive of a system that makes it possible to materialize every geographical object created during
a thought experiment. This is why it is preferable to restrict this definition by postulating that the
existence of an object begins as soon as a semantic or spatial relationship is established for this object
and that it ceases to exist when there are no more relationships with it. In order to make our position
clearer, we begin with the following examples. A dwelling has an identity as soon as it has been
subjected to a thought experiment (the creator of the work envisions the creation of a dwelling) and
that the relations are established with the object and other existing objects (a building plan begins
to be drawn up, a request for planning permission is submitted for the future construction). At this
moment in time, the physical construction of the dwelling does not yet exist but its identity is well and
truly real in the sense that it is used for communication purposes or as an object in a legal procedure.
Furthermore, it may happen that an object is created by the definition of its identity and links to this
object but that no physical construction occurs in time. We think that, in this case, it is always useful to
speak about a geographical object because although it only has one virtual extension into the physical
world, this can be used as a reference point or serve as a basis for spatial reasoning. An example of this
scenario is the case of a group of individuals manifesting their opposition to a construction project
that will later be abandoned. A possible request would be to search for all the people present on the
construction site in order to identify the protesters. Here, we are in the presence of a relationship
between existing objects (the protestors) and a reference object that does not have a physical realization
(the construction project).

When an object exists, it is not necessarily always recognizable during its entire existence. Whatever
the type of monitoring of geographical objects, there are two periods of time during which the object is
spatially outside the analysis zone (for example, when an individual is outside the reach of a network
of active sensors), or periods during which the acquisition system does not make it possible to obtain
information with regard to the spatiality of the object (for example, when a vehicle followed by a satellite
positioning system is in a tunnel). These different cases do not entirely correspond to a lack of information
or vague information because the identity of the object very often remains known. Loss of information
about the temporary spatial extension does not destroy the existence of the geographical object.
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In order to take account of these various possible states of a geographical object, we propose
to formally define the different possible states with regard to a line of spatial, temporal and
object reasoning.

3.1. Temporal Line of Reasoning

The temporal line of reasoning used refers to Galton’s proposition [32]. This reasoning makes
it possible to effect the connection between the two paradigms of temporal representation that are
instants and time intervals.

Let us postulate that 7 is a set of instants. We therefore consider the following temporal logic
T = (T, <) possessing the characteristics of irreflexivity (Equation (1)); transivity (Equation (2));
linearity (Equation (3)); no end (Equation (4)); and density (Equation (5)).

Vi (t < t) (1)
Vibuo(t<u<v—t<o) 2)
Vi,u(t#u— t{uvtyu) 3)

ViJu,o(u <t <o) 4)
Viu(t<u—Jo(t<v<u)) (5)

The temporal interval is defined based on instants. Let us consider ¢ as a set of temporal
intervals. For each pair of distinct instants ¢ and u, there exists an interval I composed of all the instants
from t to u inclusive. In addition, t and u are called the beginning and the end of the time interval
respectively (Equation (6)). Furthermore, Galton also proposes the possibility of returning to Allen’s
temporal relationships [13] based on this set of axioms [33].

Vhu(t<u—3IIAVi((t<i<u)— iel) (6)

A theory of states can be superimposed on the temporal logic. This serves to link the temporal
primitives with the objects. We use the predicate Hold-at Equation (7) to link the states to instants and
the predicate Holds Equation (8) to define the state of a valid object during a time interval. With S, a
state, i, a time interval and ¢ an instant, we obtain:

Holds — at (S,t) = state S holds at the instant t (7)

Holds (S,i) = Yt(Div (t,i) — Holds — at (S, t) (8)

with Div (¢, i), which signifies that the instant t is strictly included in the interval i.

3.2. Workspace

The originality of the approach consists of defining the concept of workspace. A workspace
represents that portion of space in which a phenomenon is studied. This space is defined with the
help of presence functions. Note that the concepts defined here are not limited to geographical spaces
but that they can certainly be transposed to analyses of virtual spaces such as social networks, legal
domains, mathematics, etc. The workspace can represent either the space for analysis of a geographical
object or a composition of geographical objects such as the spatiality of an event.

W; = {x € space : P (x,t) )

In the definition Equation (9), space represents the infinite set of all the possible positions for
an object and P (x, t) the set of functions of presences defining whether an object is situated in the
workspace. The presence functions are also dependent on time. In fact, a workspace can change its
spatiality over the course of time.
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3.3. Spatio-Temporal State

The spatio-temporal state of a geographical object is conceptually defined as the combination of
the existence and presence of a geographical object. The concept of state refers to Galton [34] and is
defined as the set of all object’s properties and components that can remain stable (hold) at an instant
or during an interval of time. In order to take account of the different spatio-temporal states of an
object, we propose a conceptual representation of the different concepts that come into play during
their definition (Figure 1). The first state of an object or an event is that of non-existence. While this
state cannot be modeled in a computer system, it represents the first stage of the conceptualization
of the entity A; it concerns the thought experiment of object A. The definition of object A comes into
play when a relation is established between this object and another object or event which is itself
already defined. An identity is then attributed to the object or event A, it enters a spatio-temporal
state of existence. Two possibilities are then possible. In both cases, a portion of space is defined as
corresponding to the location of object A. If the object is materialized in this portion of space, it is
described as present. It will be said to be absent if it is realized in space; that is to say, that the space is
defined but is not physically present there, the stage allowing for the transition of these two states is
described as spatialization.

— Definition of object A spatiality.
O Establishment of a relation between
X R
R object A and a part of the space.
9\3 Object A is materialized in this part of
(4
& the space at the present instant of time.
P c Presence state of objectA.
o
2
& A
N
& S a
NI & @
5 g
.y Q
——define—» N a 5
?A S '|° =
-4—forget %% +
)
b, X
Thought experiment Establishment of a relation Definition of the spatiality of object A.
of object A.. between object A and an Establishment of a relation between object A
Non-existent state of existing object B. and a part of the space.
object A. Assignation of existence to Object A is not materialized in this part of
object A. space at the present instant of time.
Non present state of object A.

Figure 1. Conceptual schematization of the different spatio-temporal states of an object or event A.
The arrows represent the transition events between these different states. The destruction corresponds
to an omission of the location of the object, the delocalization marks the loss of the realization in the
physical space without omission of its position.

The spatio-temporal state of existence of an object or event A is defined as:
Viel, Jipe #,3Rp _ a,Aspace — Jig € ¢ ~ Hold —at(3A,j) (10)

With j a temporal instant, ip the identity of an object B and Rp _ the relation that links object B
and object A. We will use the notation 3A in order to describe the spatio-temporal state of existence.
The spatio-temporal state of presence, denoted as pA is defined as:

Vige #,Vjel: A c;S — Hold —at(pA,j) (11)

with i 4 the identity of object A, j a temporal instant, and S the space. We will use the notation pA in
order to designate the state of a geographical object that is present; that is to say, whose spatiality is
accessible at the instant of analysis.
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The spatio-temporal state of non-presence or absence is defined as:
Viae #, V(G k)el:j#k, A;S A A < S — Hold—at (npA,j) (12)

with i4 the identity of object A, j and k two instants and S the space. The state of absence is therefore
defined as the state of an object possessing an identity but not included in the space at the present
instant. We add the constraint that the object is part of the space at a future or past instant k.

3.4. The Spatio-Temporal State and the Workspace

The workspace in which a geographical object evolves can be compared to the notion of
geographical context [30]. If we consider an allocentric view, it indicates the visibility part of the
analysis, i.e., it responds to the question: “what portion of space is at the disposal of my analysis”?
An egocentric vision in relation to a geographical object answers the question: “what portion of the
space is within my possibility for actions”. This second vision of things brings the notion of workspace
closer to the study of spatio-temporal prisms and many works based on Hagerstand [35].

Following this work, we will concentrate on analysis of the geographical state of an object with
regard to whether or not it belongs to a workspace. We therefore postulate that the definitions
Equations (11) and (12) can be restricted by considering that they belong to the workspace W and no
longer to the total space S. This leads us to define two supplementary states depending on the activity
of the workspace. In the case of an active workspace, we obtain:

Viel, dige #,3Rp_ o, AW A Wc;S—3ige #  Hold—at(IA,j)) (13)
\ﬁAe/,v]'eI:chwAwC]-s_»Hold—at(M,ﬁ (14)
Vise £, V(G kel j#k, AW AA o W A WqS—»Hold—at(npA,j) (15)

In the case of an inactive workspace, we obtain:

Vjel, Jige #,3Rp_a, AW A W;S —3ige 7 A Hold—at(3A,j) (16)
Vige #,Vjel: A cjW A W;S — Hold —at (pA,j) (17)
Vine 7,V (k)el:j#k, AW A A < W A W;S — Hold — at (npA, j) (18)

Visually, the relations Equations (13)—-(18) can be represented according to Figure 2. We will use
a representation of temporal space to visualize a workspace W as well as the four corresponding
spatio-temporal states.

t

delocalization ————
npA

disappearance > pay-Y:} ol12A

appearance

spatialization —

S

Figure 2. Representation in a temporal space of 4 spatio-temporal states applied to an active workspace
(unbroken region) and inactive (dotted region). The transitions between states of activity in the
workspace are described by the transition events.
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A complete study of possible transitions between spatio-temporal states was conducted
by Hallotetal. [31,36]. This resulted in the representation of a conceptual diagram of the
neighborhood [37] justified by dominance theory [38]. Some applications where the user perspective is
considered to be omniscient may require considering an unlimited workspace in space, time or both.
For such cases, all the possible spatio-temporal states are not possible. An unlimited workspace in
space will always imply a visible object. This degeneration of the proposed model can lead to classical
view of information (without considering the possibility of not being present or not existing during a
period of time).

4. Life and Motion Configuration

Follow-up analysis of spatio-temporal relations between geographical objects in the context of a
workspace is carried out by means of life and motion configurations. Life and motion configurations
are the formal expression of spatio-temporal stories with regard to the application of the theory of states
defined previously. The construction of all the life and motion configurations involves determining
the spatio-temporal relations between two objects. In order to do this, we propose to combine the
spatio-temporal states of two objects with regard to a workspace. We will then study the possible
outcomes for these different states in order to search for all the possible outcomes between two objects.

4.1. Relations between Spatio-Temporal States

The relations between spatio-temporal states are defined as the product of the two sets of
spatio-temporal states for an object. There are 36 relations between spatio-temporal states. For
each of these, semantics can be attributed. Here we will describe in detail some significant examples.
We note that the spatial relations between two objects can only be studied when both of them possess
a spatiality within a workspace. The relations between spatio-temporal states can therefore be seen as
the doorway to a reality of geographical objects that have not yet been modeled.

The spatio-temporal states relationships are obtained from the cross product of the individual
spatio-temporal states defined in a same workspace (Equation (19)).

STSw (A —B) = STSyy (A) ® STSy (B) (19)

The set of the 36 relations between spatio-temporal states can be ordered in a matrix (6 x 6).
The identical spatio-temporal states are located on the matrix diagonal. Equation (20) shows a dense
representation of possible spatio-temporal states relationships.

JAIB .- JAnpB
STSw (A—B) = : : (20)
npAiB ... npAnpB

4.2. Analysis of Relations between Spatio-Temporal Stories

The model of life and motion configurations can also be extended to take account of spatial
relations, such as the topological relations between regions [10] or projective relations [39]. Following
our analysis, we will only take account of a relation of inequality between two geographical objects.
The relation between two spatio-temporal stories is described as a succession of relations between
spatio-temporal states. The different outcomes possible were studied by Hallot [40] in order to ensure
that all the relations between spatio-temporal objects are described in the life and motion configurations.
Figure 3 describes the spatio-temporal relations between two objects moving inside and outside a
workspace. As a reminder, their presence and absence are defined by the fact of being part of the
workspace and the activity of the workspace is described by whether or not the relation is underlined.
Figure 3 shows three examples of the evolution of two objects assimilated to points in a temporal space.
Each relation between spatio-temporal states is described in the life and motion configuration, noted as
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LMC, associated with each example. Subsequently, analysis of the spatio-temporal phenomena will be
carried out. This analysis will be based directly on the study of the life and motion configuration instead
of analyzing the form of the spatio-temporal story. Writing the relation between spatio-temporal stories
in the form of life and motion configurations can be seen as a generalization of these stories by focusing
on the relations of identity and presence of the objects analyzed.

g A A
A
w w w
B IR
t t t 7
I
S S S
S S S
LMCy(A-B)= LMCy(A-B)= LMCy(A-B)=
{pA3B, {pA3B, pAlB, {pANnpB, pApB,
pApBdis, PANPB, npAnpB, pA3B, pAIB}
PApBdis. npApB, npApB,
pApBdis } JApB}
(a) (b) (c)

Figure 3. Three examples of the description of relations between spatio-temporal stories by means of
life and motion configurations: (a) two objects located in the workspace before, during and after its
activity; (b) object A leaving the workspace during its period of activity while B arrives later at the
beginning of the workspace activity; and (c) an object B whose existence ceases during the activity of
the workspace.

The examples proposed up to the present relate to only one workspace, however, the combination
of several workspaces is conceivable. When the analysis carried out is based on several methods
of acquisition providing a heterogeneity in the acquired spatiality and temporality of objects, for
example. It is possible to imagine the combination of a spatial acquisition by means of a network of
active sensors by satellite positioning. Another option for a combination of workspaces is to work
on the granularity of objects and spatio-temporal relations. Indeed, if the workspace corresponds
to an office environment, it is possible either to analyze the presence of objects only with regard to
the position within the building, or to detail the analysis in relation to the offices themselves. In this
case, spatial and temporal relations that will exist between workspaces could provide information
about a possible deduction about the spatio-temporal state of the objects present. For example, if an
individual is present in his or her work office, he or she is considered to be present in the building
where the office is situated. On the other hand, if an individual is absent from any office but present
in the building, we can conclude that the individual in question is present in a common area of the
building. This property also makes it possible to predict what the future spatio-temporal states are or
what the relations between spatio-temporal states are for one or two objects.

4.3. Interpretation of Life and Motion Configurations

Modeling the spatio-temporal states of an object and its relations make it possible to mainly carry
out requests in the form of the search for motifs in life and motion configurations. We think that
this method of analysis makes it possible to easily find a set of objects answering a particular search
criterion. This method of working also makes it possible to associate predefined outcomes for relations
between spatio-temporal states with concepts of natural language. In this way, we think we can supply
a work context that makes it possible to develop an understanding of requests formulated in natural
language. Semantic search is currently the object of very particular analyses [41] in particular, in search
related to the semantic web and inferences based on ontologies [42]. In order to fully understand the
queries based on life and motion configuration patterns recognition, the defined predicates will be
applied to an example of a conference organization in the next chapter.
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We have selected a set of predicates that are easily transferable in the context of an analysis of life
and motion configurations. Note that we do not intend to present an exhaustive list of all the semantic
relations it is possible to get based on analysis of motifs in life and motion configurations. Rather, we
propose a work context in which a user can easily find the relation he is searching for. It is also obvious
that all the semantic relations cannot be explained by means of the proposed model. However, as this
is extensible by means of a spatial relation and the fact that it takes account of more generic cases
than the models cited in the state-of-the-art, we think it can be used for several domains and analyses.
The concepts we propose to analyze are the following: meeting, crossing, generation, disappearance,
ignorance and precedence. For each term, we give our expression of the semantics within it as well as
the life and motion configuration that corresponds to it.

4.3.1. Meeting
Meeting is seen as the fact that two objects meet during a time interval at the same spatio-temporal
point. It is to be differentiated from crossing for which temporality is linked with an instant.

YLMCy (A — B) : 3{ Holds( pApBe,i), } —» A meets B 1)

where i is a time interval.

Equation (21) expresses the fact that during the life and motion configurations, we should find
the spatio-temporal relation mentioned. The notion of meeting can be broken down into four states if
the acquisition of the spatiality of objects is not dependent on the workspace. In this case, we could
detail the semantics of the meeting in a more precise way. We would get, for example:

VLMCw (A—B) : 3{..., Holds ( pApBe,i), ...} (22)
A meets B in the future or previous workspace.
VLMCw (A —B) : 3{..., Holds (npAnpBe,i), ...} (23)
A meets B outside the future or previous workspace.
YLMCy (A — B) : 3{...,H01ds(m,i),...} (24)
A and Bmeet in and during the workspace activity.
VLMCy (A—B) : 3 { .., Holds ( npAnpBe, i) .. } (25)

A and B meet outside the workspace during the activity of the workspace.

The refinement proposed by the detail of the location cases or the lack thereof in the activity of
the workspace depends on the level of granularity of the analysis carried out. Following this, we will
nonetheless consider that the acquisition of the geometry of the object depends on its participation in
the workspace.

4.3.2. Crossing

Crossing is seen as the spatio-temporal meeting of two objects that do not have a time duration;
that is to say, occurring during a moment of time. Formalization is very close to the Equation (20) even
if only because the predicate used to represent the relation between spatio-temporal states is not Holds
but is, in fact, Holds-at, expressing a state that is valuable for an instant.
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Holds ( pApBd, t) ,
VLMCw (A—B) : 3{ Holds —at ( pApBe, u) — A crosses B (26)
Holds ( pApBd ,v) ,

J

where t and v are two time intervals, and u is an instant. The theory of dominance indicates to us that
in this case, only the state pApBe can be instantaneous.

The same refinement as mentioned previously can be applied in order to specify whether the
crossing took place or not in the activity of the workspace.

4.3.3. Generation/Creation

Generation consists in seeing the appearance of an object during the period of presence of a
second object. The first position of the object that appears must be spatio-temporally identical to the
object that generates it. The motif corresponding to this concept is:

e, Holds—at(ij,t),

VLMCw (A—B) : 3
Wi ) Holds—at(pApBe,u)

— A generates B (27)
4.3.4. Capture

Capture is seen as the inverse relation of generation. We interpret the concept as the fact that an
object loses its spatiality just after a meeting or crossing with another object. The motif is expressed as
follows:

..., Holds — at ( pApBe ,t) v Holds (pApBe ,u) ,
Holds (@,v)

VLMCw (A—-B) : 13 — A captures B (28)

where f is an instant, and u and v are time intervals.

5. Life and Motion Configurations Applied to the Organization of a Conference

In the rest of this section, we propose to construct an example of the use of life and motion
configurations in order to give an account of their efficacy in the context of analyzing a geographical
phenomenon for which the environment is not constant over the course of time. This scenario is proposed
to encompass the whole diversity of results obtained from the application of life and motion configuration.

The organization of a scientific conference can be defined in terms of a succession of several
events linked to a principal event which is the conference. Most conferences are cyclic events, in the
main, they take place annually or bi-annually. In the rest of our analysis, we will focus on the elements
of connection between the participants and the edition of a conference. The geographical event, the
conference, is composed of an identity, a spatiality and a temporality. We think that the first stage of
the definition of a conference is the definition of its identity. As previously explained, the conference
can only be explained by a system when a participant communicates something about its identity and
creates relations between this and other participants. In particular, it is when a member of a group of
scientists communicates information about the organization of the next conference in a given field.
From the moment a communication relative to the event is established between several participants,
the identity of the conference is defined. However, no information is as yet defined with regard to its
location or exact temporality, i.e., the date and place of the conference are not yet known. Given that
only the identity of the conference is known, its state is therefore IW for a conference W. The evolution
of the definition of the event then takes place by means of the definition of a future location and future
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temporality of the activity, i.e., the place and time of the conference are fixed. The representation of the
spatio-temporal story of this event corresponds to the succession of spatio-temporal states associated
with the event:

Conference W = {HW, npW, pW, pW, pW,npW, HW} (29)

In a general way, the complete life of every geographical object or every geographical event takes
place by means of these stages of spatio-temporal states. The difference between the different situations
resides in the fact that certain spatio-temporal states are instantaneous or valid during a time interval.
The semantic description of the conference event described by the succession of spatio-temporal states
Equation (29) can be expressed as follows:

- 3 W: The identity of the conference is defined and relations with other objects or events are
established.

- npW: The spatiality of the conference is defined but not yet active or present. At this stage,
only the location of the conference is defined, nothing materialises this particular event into the
physical world.

- pW: The conference is present but not yet active. This stage corresponds to the preparation of the
conference. The physical relation of the conference appears. The markings indicating the location
are put in place, the layout of the rooms materializes the conference, and the edifice in which the
conference will take place is constructed.

- pW: The conference has materialized and is active. This is the time interval during which the
conference takes place. The conference is said to be active during this time interval. Note that the
application of the theory of dominance demands that this state cannot be instantaneous. If the
activity of an object or geographical event appears, this happens during a time interval. As stated
previously, it is possible that this state never exists in the succession of spatio-temporal states of
an object. This would be the case where the conference had been cancelled.

- pW: The conference is no longer active but is still present. This stage corresponds to the
dismantling that is identical to the construction of the location of the conference. The difference
between the setting up and dismantling will be done by means of analysis of the succession of
spatio-temporal states of the conference, i.e., if the spatio-temporal state precedes or succeeds the
state of presence and activity.

- npW: This spatio-temporal state corresponds to the non-presence of the conference. Nothing
else materializes the event in the physical world. However, the spatiality and identity of the
conference (its identity) is still defined. However, the participants still refer to the conference (its
identity) and to the location of this place (its spatiality).

- 3 W: At this stage, the spatiality of the conference is forgotten. There is no longer any relation
existing between the conference and its spatiality. The only information still in memory (towards
which relations exist) is that regarding its identity.

The workspace of a scientific conference also varies during time. Figure 4 expresses this spatial
variability in the workspaces. The left side represents the situation where a conference finishes by a
meeting that took place in a restricted space with regard to the entire area covered by the conference.
For example, it is a workshop organized at the end of a conference but which only uses one part of the
building. The right side represents the recurrence observed during conferences organized each year at
the spatial location.

Based on this context, we define the spatio-temporal states of an individual in accordance with
the workspace defined by the conference. The identity of an individual is studied with regard to his
knowledge of the conference, i.e., the workspace. An individual who has registered for the conference
has an identity with regard to it. Its spatiality does not yet exist at this stage. As soon as an object exists,
it can then be located and a link to its spatiality is established. This spatiality is then considered with
regard to the workspace defined by the conference. The different possible spatial states are represented
in Figure 5. An individual is seen to be in relation to the workplace in four main ways with regard to
the workspace defined by a conference.
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- pA: The individual A is spatially located in the space defined for the conference but during
the inactivity of the latter. This signifies that the individual is present at the place where the
conference takes place before it starts or after it finishes.

- npA: Theindividual A is temporally existent during the activity of the conference but not spatially
located in the space defined by the latter. It is a person who is known to the organization, whose
identity exists, but not located in the space defined by the conference after or before its activity.

- pA: The individual A is temporally and spatially present during the conference. It is a Person
who attends the conference.

- npA: The individual A is not spatially located in the workspace of the conference but he is
temporally present during its activity. This situation is the case of an individual who is going to
join the conference after it starts.

S S

Figure 4. The temporal evolution of workspaces relative to the organization of a scientific conference.
The left side represents a reduction of the space in which the conference is organized, e.g., a workshop
directly following the conference but which only occupies one part of the building. The right side
represents the temporal succession of a conference located in the same space.

o PA

o204

npA

>S

Figure 5. Symbolization of the four possible spatio-temporal states of an individual with regard to the
context of the organization of a conference, considered as a workspace. An individual can be present
during the activity of the conference (pa), present during the period of activity of the conference (pa),
non-present during the occurrence of the conference (npa), and finally, non-present during the inactivity
of the conference (npa). o
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5.1. Requests Relative to an Individual with Regard to a Workspace

Given that the workspace of the conference and the semantic link between the different
spatio-temporal states of an individual participating in the conference have been defined, it is now
possible to study the evolution of an individual with regard to the conference in terms of successions of
possible spatio-temporal states and to define search motifs corresponding to a request for the interaction
between an individual and the conference. Considering a perfect location for each individual in relation
to the conference, the visualization of each spatio-temporal story can only inform a small part of a
particular spatio-temporal succession of each individual. It would be difficult to visually search for
all the individuals who are present in the place the conference is taking place before it begins or
individuals who leave the conference while it is in progress, for example. By studying a chosen
succession of spatio-temporal states, we can easily identify each individual corresponding to particular
semantics of movement. We will then describe the different possible movements of an individual and
we will give the succession of spatio-temporal states corresponding to them.

¢  Which individuals arrive in place before the start of the conference? The search for people
arriving in place before the beginning of the conference can provide information about their
quality as organizers or participants. In fact, we can consider that the organizers will be spatially
present during the beginning of the activation of the conference workspace. In order to search
all the individuals corresponding to this category, it is necessary to search for all the individuals
who possess an identity with regard to the conference, who are located in the location before the
conference starts and, finally, who remain in place until the beginning of the conference. In terms
of successions of spatio-temporal states, this brings us back to searching for the following motif in
each individual spatio-temporal history:

organize = { .., pA,M, .. } (30)

It is to be noted that a search involving several parameters can be summarized by searching for a
quite simple motif of two spatio-temporal states.

e Do some individuals register when they arrive at the conference? The individuals who have
not registered for the conference are unknown to the system, they do not possess an identity
with regard to the workspace. These individuals obtain an identity as soon as they are registered
as participants. The individuals who registered beforehand do not yet possess a spatiality but
already have an identity. Based on this observation, it is possible to search for the following motif:

registered on the spot = {E, . } (31)

In this way, all the individuals arriving at the conference and registering directly at the conference
are identified. Their spatio-temporal story only begins when they have registered on the spot.

e  Who are the individuals who participate in the entire conference? An individual who follows
the conference in its entirety will have a continued presence that is entirely located in the portion
of space-time defined by the conference workspace. The search for individuals attending the
entire conference means searching for the individuals for whom all the possible active states of
presence follow one another.

participationcompiere = VHold — at (M, x) — { .., hold — at (E, x) ,. } (32)

This situation corresponds, for an individual, participating in the entire conference, to having a
spatio-temporal state of presence located in the space attributed to the conference for each instant that
the conference is active.
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The study of the movements of each individual with regard to the conference can be conducted
by searching for a particular motif in the succession of spatio-temporal states. As can be seen from
Equations (27)-(29), the successions sometimes representing complex semantics are limited to the
search for particular spatio-temporal states. We also think that a final user could easily describe his
own requests for semantics that are sometimes complex in the motifs of spatio-temporal states.

5.2. Requests Relative to Two Individuals with Regard to A Workspace

The study of the dynamics of movement of individuals in relation to the same workspace also
takes place by means of the descriptions of the relations these individuals have with regard to the same
workspace. The interrogations in terms of spatio-temporal relations mainly concern the fact of knowing
if individuals have met each other. This analysis of the spatio-temporal connection constitutes the basis
for a lot of areas, such as, for example, epidemiology or criminology. For the two examples cited above,
the location of the contact between the individuals is not always the most important information. The
interest of this sort of analysis concerns more the type of contact (knowing whether the contact led to
a change of direction or behavior) and the duration of the contact (sufficient or not for transmitting
information or disease). As previously stated, we do not present an exhaustive list of possible requests
through the use of life and motion configurations or the succession of spatio-temporal states but rather
an idea of their interest for the search for the semantics in a dataset.

e  Who are the individuals who have been in contact with individual A during the conference?

This request consists of searching for all the individuals who shared the spatial position of
individual A during a given moment. Here we consider a distance buffer below for which two
individuals are considered as being in an equal position.

contactp_, = Vx — { ..,pApx,...} (33)

The search for contacts is limited to finding the spatio-temporal state relations of co-presence
between individual A and any other individual x. The contact duration can be studied taking account
of the duration of the spatio-temporal state or the number of states of the same type that can be found
in the life and motion configurations of the movements of the two individuals.

e  Who are the individuals that left the conference before the arrival of individual A?

This request implies a temporal precedence between the action of participating in the conference
and the arrival of individual A. This type of request is typically managed by using a temporal
antecedence reasoning operator. The motif to be sought in the set of life and motion configurations
proposed between individual A and all the other individuals is limited to the search for two types of
relation between successive spatio-temporal states.

departure A < arrival x = Vx — { .., hpAnpx,npApx, npA?x} (34)

All the life and motion configurations which end as presented in Equation (34) concern individuals
who arrived at the conference after the departure of individual A. In a situation where the individuals
who arrived after the departure of A are carriers of information, this can only be transmitted to
individual A at the place where the conference occurs.

These few examples take account of the interest of using life and motion configurations in the
search for semantics in a spatio-temporal dataset restricted to a workplace. As previously explained, a
workspace can be defined in relation to a zone of visibility or spatiality of an event. This can evolve
over time, the search for motifs in a set of life and motion configurations helps to take account of all
the variability of the workspace.
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6. Application to the Data of a Location-Based Social Network

The technology of geolocalized social networks has evolved considerably over the last few years.
Thanks to the willingness of users to share their position in exchange for dedicated services, we
currently have large spatially and temporally localized datasets. Although many questions relative
to the right to privacy are raised by the use of this data, we can nonetheless use datasets that respect
anonymity and are free to use. This often involves old set or information on networks that no longer
exist. Nevertheless, it is possible to develop analysis on this type of spatio-temporal data in order
to conceptualize future analyses relative to the data collected from active geolocalized networks.
The extraction of information can also be seen as a stage guaranteeing the anonymizing of data.
Indeed, the description of a behavior or journey purpose of one individual is synthetized, or added
to other individuals during analysis, in order to define a general movement tendency. In this way,
more relevant information is represented for the analysis required but also more generalized with
regard to individual behavior which could lead to a person being identified. In the remainder of this
section, we will use a random numerical identifier to describe each user. The data used are from the
social network Gowalla (now finished). We will work with a dataset covering a 12-month period
between 2009 and 2010. This contains more than 6 million check-ins (that is to say, a geolocalized point
temporally known and representing the entry of an individual into a given place). Further information
relative to this dataset is available in Cho [43]. The dataset has been loaded in a PostGis database
and graphically exploited with QuantumGis. The construction of results sets is performed through
SQL/PLPGSQL queries.

The application of life and motion configurations to the data of a social network makes it possible
to carry out a rapid extraction of information relative to the connections between individuals without
having to graphically represent all their trajectories. When the quantity of data collected becomes
important, a temporally simultaneous representation of all the positions of the individuals becomes
inefficient in terms of the identification of connections, interactions or the identification of successive
visits (see Figure 6). This is often the case for data extracted from social networks. In fact, several
characteristics that particularly apply to geolocalized social network data are to be taken into account:

- The data are rarely continuous. In accordance with the profile of each user, the frequency of use
of the network can vary strongly (from a person discovering the network and only effecting some
check-ins in order to test the system to a person engaging in frequent or even addictive use of the
network sharing his positions at each movement). By way of comparison, following a mobile
phone by means of a GPS application makes it possible to identify positions at time intervals that
are often fixed with great frequency;

- The data are partial. The information about the presence of a person in a place cannot be
completely defined by the sole use of a check-in system. When it is effected, the check-in only
provides information about the entry of a person into a place. The duration, instant and position
of exit from the place remain unknown. According to the type of place, we can suppose that there
is a strong possibility of presence during a certain time period (in a cinema, for example) while
a check-in into certain places will not supply a lot of location information (in public transport).
The position supplied is assimilated to a point while the location to which the check-in refers is a
network or element in movement.

Based on these two assessments, we notice that an individual who does not check-in very
frequently remains in existence for the system despite the lack of knowledge about his location.
It remains necessary, however, to establish the links between users (as previously explained) during
these phases of non-presence in the network. The objective of using the spatio-temporal states and
life and motion configuration model is to be able to describe the continuous spatial and temporal
evolution of these individuals based on data that are conceptualized in a discreet way and with
variable frequency.
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In order to visually determine, for example, whether two individuals could interconnect, a
representation of all the trajectories of the individuals can be carried out. This is generated either in 2D
by projecting temporal information into the 2D space (see Figure 7), or it is represented in a temporal
space as defined by [8], in the two cases the quantity of information rapidly leads to an impossibility

to visually extract the information requested. Changing to a connection model such as the life and
motion configurations then becomes mandatory.
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Figure 6. A representation of all the check-ins effected in the center of the city of Brussels, Belgium,

during the period of September 2009 to October 2010. The figure shows around 4700 check-ins effected
by 742 different users.

Figure 7. A representation of the trajectories effected by all the individuals who made at least one
check-in at the “Midi Station” in Brussels in Belgium. A different color is associated with each username.
It is impossible to retrieve information based on such kind of representation. This shows the importance
of using a spatio-temporal model as developed here to retrieve information from LBSN datasets.
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In the same way as already established in Section 5, hereafter we detail the way a spatio-temporal
state is associated with each situation of existence or presence on the network in order to be able to
model this type of dataset.

- pA: Individual A is spatially located in the space of a place whose activity defining the place is
not currently in progress at this given moment. That means that the person has effected a check-in
into a place where the activity is past or will occur in the future. This type of situation will only
be modeled if the semantic information relating to the places such as defined in the social media
is sufficiently detailed to allow this distinction. It involves, for example, a check-in in an external
festival location. Except for the duration of the festival (where temporary installations show the
existence of a festival), the place where this takes place has no particular characteristic making it
possible to define it as a festival location (the temporary installations are dismantled after the
festival).

- npA: Individual A is temporally existent during the activity of the workspace but not spatially
located in the space defined by it. With regard to all the possible workspaces, an individual will
always be absent for these once he has been located in another workspace. The relations between
workspaces and the consequence of the state of presence or non-presence of an individual can be
studied but are outside the scope of this study.

- pA: Individual A is temporally and spatially present during the activity of the workspace. It is
this situation that we will encounter most in the analysis we will carry out thereafter.

- npA: Individual A is not spatially located in the workspace but is temporally present during the
achity of the workspace. This situation is that of a person who is active on the network, located
in other workspaces than that for which we are calculating his presence.

Based on the definition of this work context, it is then possible to carry out a set of analyses aiming
to determine and characterize the movements of an individual in space and time. The calculation of
the relations between spatio-temporal states is not possible for such a quantity of data. The comparison
is effected based on an individual against all the others. A prior temporal selection makes it possible
to identify the relations for which the individuals compared are non-existent, i.e., situations for which
their identity is not yet known to the system. In this way, the relation between spatio-temporal states
is calculated only for the period temporally covering the existence of their identity. We then arrive at
the same possibilities for requests as expressed in Chapter 5.

In the following part, we will detail some possible requests related to the presence of one or
several individuals in the workspaces linked to the social network.

e  Which individuals have visited the Brussels Midi Station at the same time as individual X?

This search for persons who share a common portion of space-time within a place is interesting in
the context of connections between individuals. The result of this request will provide a set of groups of
persons who are situated in the space defined by the station and also at the same moment as the person
being compared. The result will not only be a set of persons but a succession of temporal periods
during which it is possible to search for common presences with regard to individual X. As soon as
individual X does not possess any continued presence within the station, the result will be fragmented
equally taking equal account of the period of presence and individual X. Note that it is possible for the
individual to be alone during a present period in the workspace, consequently this time interval will
not show connections.

pXp? = {an*, pXp? ,an*} (35)

In Equation (35), the symbol “*” signifies that all the possibilities of states of existence are taken
into account. The character “?”

represents all the individuals searched for. Figure 8 proposes a spatial
representation of the identified trajectories of individuals who shared a presence with individual X in
the space dedicated to the station.
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As well as the visual representation, we can collect more detailed information on the connections
between individuals in the temporal windows of presence of individual X in the station (see Table 1).
In the following example, individual X possesses username 57390. It is on the basis of his presence that
the request is applied and that the connected persons are searched for. As we can see, for a window
of presence, there has been no correspondence. That signifies that at that time, no other user of the
network effected a check-in in the same workspace.
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Figure 8. Visualisation of the trajectories of individuals who have been simultaneously spatially and

temporally present in the “Midi Station” with the compared individual. The trajectory of the compared
individual is represented in red, the three other colors represent the three persons connected to the
first individual.

Table 1. Usernames, and temporalities of individuals connected to the comparison individual with
the username 57390 during his phases of presence in the “Midi Station”. In the example, a temporal
tolerance of 15 min is applied to the check-in.

ulD Date-Time Spatio-Temporal State Relation
57390 20 October 2010 6.52 AM P57390p54021
54021 20 October 2010 6.45 AM
57390 7 October 2010 6.30 AM p57390np*
57390 22 September 2010 6.50 AM P57390p109759
109759 22 September 2010 6.37 AM Pp57390p119817
119817 22 September 2010 6.25 AM

As previously explained, use of check-in data only provides information about a workspace,
consequently, in order to be able to calculate temporal periods covered, we consider a period of
presence of 15 min from the time an individual checks in.

e  What arethe most visited places by individuals entering into the town by means of the station?

Considering the station as an entry point into the town can be understood by the fact that it
serves as a main connection point with Brussels airport, which serves the town. Following this, we
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7

will suppose that the persons who effect the first check-in of their succession in the “Midi Station’
enter the town in this way. In addition, the station does not constitute an attractive place to visit in
itself. Based on this theory, it is then possible to look at all the workspaces visited by all the individuals.
This first classification already supplies information relative the places visited and an idea about their
frequentations. It is then possible to see if an order emerges with regard to the succession of each
visit. In this way, it will be possible by means of the check-ins by a large number of individuals to
see whether a “guided visit” emerges for the town. This would be of great importance to tourist
companies in order to adapt their guided tours or inform visitors about appropriate guided tours that
could satisfy their preferences. A way of discriminating.

Figure 9 shows the count of check-ins effected in each location. From this classification, we can
observe that the communication locations are the most represented. The three main stations of the
town are the most frequented (in terms of visibility on the social network). After this come the hotels or
remarkable buildings of the town (town hall, cult places, etc.). Finally, a high total number of took place
in places of activity such as restaurants, clubs or bars. However, they are only slightly represented in
Figure 9, because considered individually, they do not represent a high number of check-ins.

visite_type_uid_X = {ﬁWstution’ﬁWTﬁWB’ﬁWél} (36)

Analysis of these successions of visits to places can lead to the definition of a chain of presence in
places such as those proposed in Equation (36). These show the successive presences of individual X in
different workspaces (Wstation, W2, W3, and W4). The realization of this type of connection chain
for each individual whose chain commences by a presence in the workspace of the station makes it
possible to carry out possible successions in several places.
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Figure 9. The number of check-ins effected in each location. The locations in which there are more
check-ins include stations, hotels, tourist haunts and famous buildings.

7. Discussion

Recognizing that current models of spatio-temporal lines of reasoning do not take account of
the management of relations to absent or non-existent objects, we propose, in this work, a model
of spatio-temporal reasoning constructed on the evolution of the identity of a geographical object.
By proposing a complete analysis of all the stages of conceptualization and creation of a geographical
object, it is possible for us to formally define a set of spatio-temporal states representing all the
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possibilities of existence of an object. By analyzing these spatio-temporal states with regard to the
workspace, it is possible for us to include all the variability of existence and presence of geographical
objects. In order to follow the evolution of spatio-temporal relations between geographical objects
in time, we also propose a framework of representation by means of life and motion configurations,
which open the door to a whole series of analysis possibilities. Through this work, we have shown
that it is possible to easily perform searches in a spatio-temporal dataset based on a semantically rich
method. More than a search method, we propose a work context that opens the door to a series of
supplementary analyses on a dataset restricted to a workplace.

As explained previously, the level of adaptability of the method to various situations in terms of
types of data or environmental complexity in which there data evolve is very high. Such as, for example,
specific requests for the evolution of persons in a geolocalized social network based on check-ins, we
think that to reflect on the spatio-temporal information by means of the use of spatio-temporal states
and life and motion configurations can provide a more semantically complete result in terms of the
request for this type of information.

The follow-up to this search is devoted to the implementation of a system that automatically
calculates the life and motion configurations for a set of information. For now, we are able to calculate
the spatio-temporal states from datasets obtained of location-based social networks. In the near future,
we will work on a spatio-temporal data structure that fully encompass all the diversity of the life and
motion configurations. A particular attention will be dedicated to the performance of queries based on
life and motion configuration pattern recognition. Since location based social networks provide big
datasets with billions of check-ins, it is necessary to propose a fully optimized system. In addition,
we propose to study the possibility of automatically linking semantics such as meeting and crossing
to requests made by a final user. The study of the combination of several combined workspaces is
also part of our future search objectives. In this way, we hope to define the spatio-temporal relations
between several datasets more easily and between datasets with different spatio-temporal granularity.
Finally, the combination of life and motion configurations calculated for several individuals evolving
in a workspace can lead to the calculation of a chain of connections in order to identify whether an
individual A can enter into contact with an individual X, and, if so, by means of what intermediaries?
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