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An aggregated graph to qualify historical spatial networks using temporal patterns detection

This paper introduces a model of an aggregated graph suitable to study dynamics of city street networks, and a method to build it. Using temporal pattern detection, it allows detecting inconsistencies in historical spatial networks attributable mainly to old maps themselves, without ground truth data but by comparing each data with each other, and helps to take into account their imperfections such as differences in levels of detail, incompleteness, fuzzy temporalisation, geometric inaccuracies and so on, in the objective of performing further spatio-temporal analyses with corrected data. Our model is applied on Paris old street network at five different temporalities.

Introduction

The increasing availability of historical data, particularly through the development of collaborative projects is a first step towards the design of a representation of space and its changes over time in order to study its evolution, whether social, administrative or topographical. However, maps and especially old maps, are models of the world and not images [START_REF] Bonin | Analyse de la croissance de réseaux de transport sur le moyen terme à partir de sources cartographiques[END_REF]. It is a representation altered by several factors such as the accuracy of survey methods, the associated specifications, and the temporal uncertainty of those surveys, usually long and poorly known. We focus in this paper on historical spatial networks which model the state of a network, such as streets, the way it is represented on given sources.

Historical spatial networks are highly inaccurate, uncertain or inexact according to the existing terminology [START_REF] Beauquier | Éléments d'algorithmique[END_REF][START_REF] Peter | Models of uncertainty in spatial data[END_REF][START_REF] Devogele | La problématique de la représentation multiple[END_REF] because of sources but also digitization itself, and raise meaningful analysis issues, in particular the study of street evolutions and the characterization of their transformations. However, such analyses are commonly performed without qualifying data or considering their specificities, which may lead to controversial conclusions.

Thus, we propose a structure of merged data capable of modelling spatial networks at different times. We also provide tools such as pattern detection in order to criticize and qualify data and sources without using ground truth data but the comparison of data with each other through the merging process. The proposed model is thereby suitable to easily study temporal, topological and morphological evolution of data whose inconsistencies are considered and possibly corrected.

Numerous models have been proposed in order to integrate time and dynamics in GIS [START_REF] Langran | A framework for temporal geographic information[END_REF][START_REF] Peuquet | Making space for time: Issues in space-time data representation[END_REF] , some based either on an implicit representation of spatio-temporal phenomena [START_REF] Marc | Temporality in spatial databases[END_REF][START_REF] Worboys | Computation with imprecise geospatial data[END_REF] on changes [START_REF] Hornsby | Identity-based change: a foundation for spatio-temporal knowledge representation[END_REF], or on events and processes [START_REF] Claramunt | Managing time in gis an event-oriented approach[END_REF][START_REF] Jiang | Event-based topology for dynamic planar areal objects[END_REF]. More recently, several propositions have been published inspired by graph theory. Graph theory is a mathematic framework for modeling all type of networks, in particular spatial networks such as street networks, and one can find a substantial state of the art devoted to the analysis of their structure and their morphological characteristics [START_REF] Beauquier | Éléments d'algorithmique[END_REF][START_REF] Mathis | Graphes et réseaux -modélisation multiniveau[END_REF][START_REF] Gleyze | La vulnérabilité structurelle des réseaux de transport dans un contexte de risques[END_REF]. For instance, a graph model has been defined to formalize spatio-temporal relationships between objects at different times and granularities [START_REF] Del | Un modèle de graphe spatiotemporel pour représenter l'évolution d'entités géographiques[END_REF]. More recently, a structure and a method suitable to build spatio-temporal data have been proposed [START_REF] Dumenieu | Une méthode de construction de données spatio-temporelles appliquée aux rues anciennes de paris[END_REF] and applied on Paris street network.

Many works have also been achieved to capture the evolving characteristics of networks with highly dynamic behavior such as communication networks. At a very short scale of time, authors propose models and algorithms of called evolving graphs [START_REF] Bui | Evolving graphs and least cost journeys in dynamic networks[END_REF], temporal graphs [START_REF] Vassilis | Temporal graphs[END_REF], time-varying graphs [START_REF] Casteigts | Time-varying graphs and dynamic networks[END_REF][START_REF] Wehmuth | A unifying model for representing time-varying graphs[END_REF], temporal networks [START_REF] Holme | Temporal networks[END_REF], basically commonly called dynamic graphs. A topological aggregated graph has also been defined in the context of the study of traffic evolution of a city transportation network in the purpose of optimizing the computational cost of shortest path algorithms in time-varying graphs [START_REF] George | Time-aggregated graphs for modeling spatio-temporal networks[END_REF]. The dynamic of the graph is supported by the edge labels, with sequences of values corresponding to weights of edges at different times. Nevertheless, it models the topological state of the very same network at various instants on a very short scale of time without any geometrical consideration (solely the weight of the connection between the nodes of the network may vary), so the merge is roughly equivalent to the temporal aggregation of the weights of the edges. We extend the basics of this approach to merge the geometrical representations of a spatial network on different sources, having specific characteristics such as geometric inaccuracies, temporal uncertainty, various levels of detail, incompleteness, or heterogenic specifications, and propose a novel model of Spatio-Temporal-Aggregated-Graph (or STAG) adapted to the study of network dynamics, which behaves as a dynamic graph and is easily queryable (extraction of edges creation, detection of temporal or morphological patterns, etc.). Let us note that in our model, the merge is both topological and geometrical.

The layout of this paper is as follows. In section 3, we introduce the STAG model. Section 4 proposes a generic approach to build this graph, together with tools to perform queries to qualify data consistency. The model is tested on Paris street network.

Model of a spatio-temporal aggregated graph

A graph G = (V, E) consists of a set of vertices (or nodes) V and a set of edges E ⊂ V × V connecting pairs of vertices.

A graph G′ = (V′, E′) is a subgraph of G if V′ ⊂ V and E′ ⊂ E. For the following, we consider that a subgraph may be reduced to a single node or a single edge.

Temporal snapshots

A temporal snapshot is commonly defined as the state of a spatial network at a given period of time ( [START_REF] Barthelemy | Selforganization versus top-down planning in the evolution of a city[END_REF] for instance). For the following, we assimilate the temporal domain of a snapshot with the date of the survey of the associated map. As this date is commonly vague, we model it with fuzzy set theory as previously proposed in [START_REF] De | Imperfection, temps et espace: modélisation, analyse et visualisation dans un SIG archéologique[END_REF] to represent temporal inaccuracy of archeological data.

Thus, a temporal interval 𝑡 𝑖 is a fuzzy set 𝑡 𝑖 = (𝑎 𝑖 , 𝑏 𝑖 , 𝑐 𝑖 , 𝑑 𝑖 ) of ℕ + * . Figure 1 shows the example of the fuzzy temporal interval (1784, 1785, 1789, 1791) which is interpreted as a survey which started between 1784 and 1785, and ended between 1789 and 1791. Let 𝕋 = ⋃ 𝑡 𝑖 𝑖≤𝑁 be the temporal domain of the evolving graph to be defined. We provide 𝕋 with a partial order whose choice is not discussed in this paper (see [START_REF] Thorani | Ordering generalized trapezoidal fuzzy numbers[END_REF] for instance). The fuzzy sets are then sorted. Let's assume (𝐺 𝑖 = (𝑉 𝑖 , 𝐸 𝑖 )) 𝑖≤𝑁 is a sequence of N graphs where 𝑉 𝑖 is a set of spatial nodes and 𝐸 𝑖 ⊂ 𝑉 𝑖 × 𝑉 𝑖 a set of spatial edges, such as 𝐺 𝑖 is defined over the temporal interval 𝑡 𝑖 . (𝐺 𝑖 ) 𝑖≤𝑁 is ordered with the previously chosen temporal order, and 𝐺 𝑖 is called the i th temporal snapshot. See figure 2 for examples. We define 𝕊 𝑖 as the set of subgraphs of 𝐺 𝑖 , and 𝐺 = ⋃ 𝕊 𝑖 𝑖≤𝑁 as the union of all subgraphs of all temporal snapshots.

Finally, let μ be the temporal labeling function which links every element of G with its temporal interval:

𝜇 ∶ 𝐺 → 𝕋 𝑔 → 𝑡 𝑖 / 𝑔 ∈ 𝕊 𝑖

2.2

Merging snapshots in an unified graph

Matching networks

We define a model to structure and analyze spatio-temporal data. Thus, our proposal is positioned downstream a preliminary matching step that identifies homologous entities through the different temporal snapshots. The choice of the matching algorithm does not affect the definition of our generic model, and may be adapted to the characteristics of data.

Two elements g and g' of G from two different snapshots (i.e 𝜇(𝑔) ≠ 𝜇(𝑔′)) are said to be in a spatio-temporal relation, and we note 𝑔 𝜌 𝑠𝑡 𝑔′ if there is a match between g and g'.

Figure 3 shows in its upper part few examples of manual matching links between the nodes (dotted lines) and the edges (solid lines) of the temporal snapshots. The bottom part illustrates three spatio-temporal relations between elements of the snapshots. The green one is a simple lineage link between a node of G 1 and a node of G 2 . The red one is a split relation between one edge of G 1 and two edges of G 2 . Finally, the orange relation is a merge, between three edges of G 2 and one edge of G 3 .

Figure 3: examples of matching links and spatio-temporal relations between elements of the temporal snapshots.

Spatio-temporal nodes

A spatio-temporal node (or ST-node) is conceptually defined as a group of single nodes or sometimes subgraphs (which means nodes and edges) from the temporal snapshots that are matched one with each other, and thus merged in a single object. Formally, it is a finite subset φ of subgraph of G such as every element of φ is in a spatio-temporal relationship with another element of φ: φ ⊂ G, ∀ g ∈ φ, ∃ g ′ ∈ φ / 𝑔 𝜌 𝑠𝑡 𝑔′. The temporal domain 𝛬(φ) of a spatio-temporal node φ is then the union of the temporal domains of all its elements: 𝛬(φ) = ⋃ 𝜇(𝑔) 𝑔∈φ . Note that most of the time a ST-node is reduced to a subset of spatial nodes of G, except when multi-scale matching is used, such as a roundabout matched with a single node in the case of networks with different levels of detail.

Figure 4 shows a ST-node built from the spatio-temporal relation between the node g 1 of G 1 and the subgraph g 2 (two nodes and one edge) of G 2 . The empty set at t 3 just illustrates the lack of a homologous element at this date (no node at t 3 matched with element g 2 at t 2 ).

Figure 4: example of a spatio-temporal node.

Spatio-temporal edge

A spatio-temporal edge (or ST-edge) is conceptually defined as a group of matched edges from the temporal snapshots, merged in a single object Formally, it is defined as a finite subset ψ of spatial edges of G such as every edge of ψ is in a spatio-temporal relationship with another edge of ψ: ψ ⊂ G, ∀ e ∈ ψ, ∃ e ′ ∈ ψ/ 𝑒 𝜌 𝑠𝑡 𝑒′. The temporal domain 𝛬(ψ) of a spatio-temporal edge ψ is then the union of the temporal domains of all its elements: 𝛬(ψ) = ⋃ 𝜇(𝑒) 𝑒∈ψ . In figure 5, the split relation in red between G 1 and G2 has been broken into simple lineage relations with the introduction of a fictive node (in white) on G 1, which is the projection of the intermediate node of G 2 . Then a ST-edge is built from the three lineage relations in green.

Figure 5: example of a spatio-temporal edge.

Spatio-temporal aggregated graph

A spatio-temporal aggregated graph (or STAG) corresponds to the merged temporal snapshots. Homologous nodes are aggregated in ST-nodes, and homologous edges are aggregated in ST-edges.

Formally, A STAG 𝐺 𝑠𝑡𝑎𝑔 = (𝜙, 𝛹) consists of a set of STnodes 𝜙 and a set of ST-edges 𝛹 connecting pairs of STnodes. See figure 6 for example. Let notice that the evolving graph is constrained by some predicates. If ψ = (φ 1 , φ 2 ) is a ST-edge connecting ST-node φ 1 and φ 2 then:

1. the temporal domains of φ 1 and φ 2 intersect each other : 𝛬(φ 1 ) ∩ 𝛬(φ 2 ) ≠ ∅ , 2. there is a spatial-edge between every subgraph g of φ 1 and g' of φ 2 that comes from the same snapshot (i.e. 𝜇(𝑔) ∩ 𝜇(𝑔′) ≠ ∅ . We restrict all networks to a common area corresponding mostly to the wall of the ''ferme générale'', Paris extent before 1860.

For the following let's note 𝑡 𝑖 the temporal interval of the i th snapshot, according to the order of figure 7. Then 𝕋 = 𝑡 1 ∪ 𝑡 2 ∪ 𝑡 3 ∪ 𝑡 4 ∪ 𝑡 5 .

From street networks to STAG

Although many matching algorithm exist [START_REF] Dumenieu | Une méthode de construction de données spatio-temporelles appliquée aux rues anciennes de paris[END_REF][START_REF] Li | An optimisation model for linear feature matching in geographical data conflation[END_REF][START_REF] Olteanu | Fusion de connaissances imparfaites pour l'appariement de données géographiques: proposition d'une approche s' appuyant sur la théorie des fonctions de croyance[END_REF], and as we do not focus in this paper of the matching process itself, we use an algorithm which has the particularity to be perfectly adapted to match road networks with different levels of detail [START_REF] Mustière | Matching networks with different levels of detail[END_REF] and is already implemented in our coding framework [START_REF] Geoxygene | [END_REF].

We used a semi-automatic approach with a manual correction of matching links. Naturally, a number of mistakes remain, that might be automatically detected afterwards (see section 4).

The global process for building the STAG is an iterative approach (figure 8) which at a step number i aggregates the i th snapshot with the STAG calculated in the previous step i-1. The geometric merge roughly consists in averaging homologous edges previously weighted with a confidence degree that can be interpreted either as the importance of one source over the others, or by the global estimated accuracy for each map. The core of the algorithm at a given step is first to merge matched nodes (or a node and a subgraph in the case of 1 : n links), then to decompose each 1 : n or n : m links regarding only edges into elementary 1 : 1 links by projecting possible intermediate node of edges on their closest matched edge, and finally to aggregate those 1 : 1 matching links. Figure 9 shows the resulting geometric STAG calculated for the 5 snapshots described above. It contains approximately 7850 edges and 4750 nodes, whereas the sum of vertices and edges of all snapshots is respectively 22000 and 14000.

Figure 9: the STAG calculated with the 5 previous snapshots.

Looking for temporal patterns

Each element of the STAG can be linked to its temporalsignature which is a binary sequence (𝛿 𝑖 ) 𝑖≤𝑁 , ordered according to the temporal order defined on 𝕋, where 𝛿 𝑖 = 1 if the element exists over the temporal interval 𝑡 𝑖 , and 0 otherwise. For instance, a spatio-temporal node defined over the period 𝑡 2 ∪ 𝑡 3 , has a temporal signature (0, 1, 1, 0, 0).

We call pattern any binary tuple of size N. Looking for temporal pattern is looking for elements which temporal signature matches a given pattern. For computational purposes, it can be practical to depict the temporal signature of each element with a string, and look for patterns using regular expressions. Table 1 describes five particular patterns, and gives for each the regular expression used to detect it, an example and the waveform graphic associated [START_REF] Chan | Discovering correlated spatio-temporal changes in evolving graphs[END_REF]. Let us notice that those patterns establish a partition of the set of all possible patterns. Below in table 2 are the percentages of each pattern detected on our test data. The proportion of stability pattern being under 50% confirms that many transformations occurred in Paris between 1789 and 1871. Appearance patterns are not insignificant (9%) whereas in real street networks, these cases are very uncommon (given the studied period, it would be surprising if a street was destroyed almost immediately after being built). Thus these patterns tend to highlight inconsistencies into digitized networks.

Detecting data inconsistencies

One can wonder why they are so many detected reincarnations and appearances. After manual review of these cases, we propose the following taxonomy of inconsistencies.

Inconsistencies attributable to the merging process

Because in practice, no matching process can achieve 100% of precision and recall, invalid matching links may cause wrongly identified transformations inside the STAG building process.

Inconsistencies attributable to the sources

Every map is specific, by its purpose (military, touristic, urban planning and so on), its sponsor (public or private funding), its scale and level of detail, its specifications and survey techniques. After a manual review we identified four causes of inconsistencies attributable to sources:

1. differences in levels of detail, heterogeneity or incompleteness of maps, 2. future street projects depiction, 3. time uncertainties about surveys, 4. mistakes inside the maps.

Figure 10 shows the detected appearance pattern ''00010''. Historically, the Cité Riverin has been opened in 1829 [START_REF] Lazare | Dictionnaire administratif et historique des rues de Paris et de ses Monuments[END_REF]. The street appears neither on Jacoubet map nor on Vasserot digitized data, either because of a low granularity, or because of the fuzzy temporality of those maps. The street is drawn on Andriveau map but not on 1871 map, what suggests that 1871 map is either incomplete, or its level of detail is lower than Andriveau map. Figure 11 illustrates another appearance pattern detection. The rue de la Barrière Saint-Denis is planned on Jacoubet map as shown by the dotted delimitations of the street which also crosses existing buildings. Actually, this street has never been opened because of the construction, in 1846, of the Gare du Nord train station. One can notice that the inconsistency may also be attributable to digitization specifications as the street, clearly in project on the map, has been digitized without that information. Finally, figure 12 illustrates an inconsistency detected by a reincarnation pattern ''10111'': rue des Écuries d'Artois. The portion of the street between rue de Berry and rue de la Boetie is on Verniquet map. Indeed, it was planned to be created in 1778 [START_REF] Lazare | Dictionnaire administratif et historique des rues de Paris et de ses Monuments[END_REF] but the opening only occurred in 1823 because of several circumstances. 

Inconsistencies attributable to digitization

The last type of inconsistencies is due to digitization issues. Incompleteness is a first source of errors, but the major one comes from differences in digitization specifications. Figure 13 shows an example of a reincarnation pattern ''11001'' which is due to the way places and roundabouts have been digitized: a single centroid point, or streets constituting the place, or even both. The STAG picture on figure 13 illustrates the detected reincarnation in purple. This particular case is easily automatically detectable, and thus a multi-scale object can be build, which level of detail may be adapted for a specific purpose. 

STAG 4 Discussion

The first quality of the STAG is to restrict data redundancy through the merging process (the number of edges and nodes is divided by 3). Let us note that some of the inconsistencies detailed above may be automatically corrected. Indeed, the errors attributable to the matching process create pairs of topologically close temporal patterns. For instance, the combination of a birth pattern and a death pattern whose extremities are equal suggests that the process has failed to match them.

It should be noted that most cases of appearance and reincarnation are attributable to the sources or the different digitization specifications. It would be relevant to develop a method to classify each inconsistency and automatically highlight its most likely cause, even though case by case surveys and manual corrections are unavoidable.

As we adopt a generic and methodological approach, we did not discuss in this paper on the definition of what homologous entities are, and thus on how to define the identity of a street. We propose a method to build the STAG that takes as input generic matching links, whatever the matching algorithm. Nevertheless, we think that a specific process to filter these matching links, capable of distinguishing between real transformations of networks, such as street straightening or new openings, and geometrical inaccuracies as proposed in [START_REF] Dumenieu | Construction d'un modèle le de données géo-historiques, intégration, gestion des imperfections et simulation[END_REF], may be helpful to study the dynamics of city street networks.

Conclusion

The spatio-temporal aggregated graph proposed in this paper unifies spatio-temporal networks data in an integrated and merged framework. It allows to automatically detect temporal patterns, such as appearances or reincarnations which may highlight inconsistencies in data and helps to adopt a cautious approach for the analysis of spatio-temporal data. Our test on Paris road network illustrates that those inconsistencies are essentially attributable to sources (fuzzy temporalisation, heterogeneity, incompleteness, objective of representation and geometric accuracy) but also, to a lesser extent, to the digitization process (georeferencing, oversights and differences of specifications) and the matching.

As the model inherently contains all lineage information of graph entities, it is suitable to study the morphological evolution and the dynamics of city street networks which might have been qualified and eventually corrected through the criticism of sources, and thus the survey of the imperfections of their digitized data.

For future works, it seems relevant to study the impact of the consideration of the detected inaccuracies on the calculation of global and local morphological indicators. The STAG also raises research issues such as the merging process of N-polylines, and its connection with geographical data adjustment, or the morphological characterization of the transformations identified by the temporal patterns. Can we find trends or ruptures in the structural development of a street network?
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 1 Figure 1: Representation of the fuzzy interval 𝑡 = (1784, 1785, 1789, 1791).

Figure 2 :

 2 Figure 2: Three arbitrary temporal snapshots.
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 6331 Figure 6: Spatio-temporal aggregated graph associated with figure 2. Edges and nodes are labeled with their time-series.
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 7 Figure 7: Sources used to test the STAG. From top left to bottom right: Verniquet (1784/1785-1789/1791), Vasserot [26] (1808/1810-1836/1853), Jacoubet (1825/1827-1836/1839), Andriveau (1848/1849-1849/1850) and "1871" (1870/1871-1871/1872).
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 8 Figure 8: Global iterative approach for building the STAG.
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 10 Figure 10: a detected appearance pattern ''00010'' attributable to different levels of detail. 1854 map is shown for the transformations dates.
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 11 Figure11: a detected appearance pattern ''00100'': Rue de la Barrière Saint-Denis, attributable to projects drawn on maps.
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 12 Figure 12: a detected reincarnation pattern ''10111'': Rue des Écuries d'Artois, attributable to mistakes on Verniquet's map.

Figure 13 :

 13 Figure13: a reincarnation pattern attributable to differences in digitization specifications. The map is superimposed with the associated digitized data.

Table 2 :

 2 percentages of each detected temporal pattern on Paris data.

	Birth patterns	30%
	Death patterns	11%
	Appearance patterns	9%
	Reincarnation patterns	3%
	Stability pattern	47%