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Abstract. Representing human spatial knowledge has long been a challenging research area. The objective of this paper is to model a route description of human navigation where verbal descriptions constitute the inputs of the modeling approach. We introduce a structural and logical model that applies graph principles to the representation of verbal route descriptions. The main assumption of this approach is that a route can be modeled as a path made of locations and actions, both being labeled by landmarks and spatial entities. This assumption is supported by previous studies and an experimentation made in natural environment that conﬁrm the role of actions, landmarks and spatial entities in route descriptions. The modeling approach derives a logical and formal representation of a route description that facilitates the comprehension and analysis of its structural properties. It is supported by a graphic language, and illustrated by a preliminary prototype implementation applied to natural environments.



1



Introduction



Over the past years the study of human navigation has been the object of considerable research eﬀorts [1,2,3]. This reﬂects a trend in modern sciences where human behaviours in the environment are studied as internal and external processes whose analysis should help to conceptualize and understand their semantics in space and time. This implies several research domains from cognitive to computer sciences, and where the objective is to better understand how people conceptualize the environment, and the way they act in it. Human navigation relies on a cognitive interpretation of a dynamic environment, and how it is perceived and interpreted in space and time. External representations entail how human beings conceptualize space and displacements in their environment. It has been shown that cognitive representations of human navigation rely on topological and qualitative abstractions that share some similarities with map representations [4]. Cognitive maps form a set of concepts that formalize such knowledge. Diﬀerences with map representations result from the nature of human conceptualizations which are imprecise and volatile per nature. Cognitive collages model the way humans derive a logical structure of a navigational space [5]. These mental representations are mainly qualitative, based on relations, rather F. Fonseca, M.A. Rodr´ıguez, and S. Levashkin (Eds.): GeoS 2007, LNCS 4853, pp. 146–159, 2007. c Springer-Verlag Berlin Heidelberg 2007 
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than on quantitative geographical information. Route descriptions, either verbal or graphic, reﬂect the spatial knowledge of a human being acting in the environment [6,7]. Wayﬁnding processes generally consider two diﬀerent aspects of human navigation. The ﬁrst one is route planning whose aim is to facilitate target-oriented navigation [8]. The second one addresses route modeling and the understanding of how people navigate in their environment [2]. Several models of navigation processes have been proposed in large-scale urban environments [5,9,10,11]. Route descriptions constitute modeling references for favouring human navigations. They have been applied to application contexts that cover large-scale urban environments [12], built environments [13], and urban undergrounds [14]. The aim of our research is to contribute to the modeling and representation of the knowledge and linguistic terms involved in a navigation process. Our analysis is developed at the structural level, and searches for the linguistic constructs and words used by humans when navigating. The proposed model is based on the three main components of a route description previously identiﬁed by Michon and Denis [15]: action, landmark and spatial entities. An action represents the displacement behaviour of a human acting in the environment. A landmark is the most salient feature used in human navigation [16]. Spatial entities denote twodimensional entities on which moves are executed (e.g., a street) or non-salient and non-punctual entities used in navigation (e.g., a forest) [15]. The approach is ﬁrst experimented in the context of a natural environment. Our research is developed from the case study of a foot orienteering race, a sporting activity involving navigation in natural landscapes. In a related work, the peculiarities of route descriptions produced in the context of foot orienteering races have been studied and qualiﬁed, and particularly the respective roles of landmarks and actions [17]. Experimental data come from a set of verbal descriptions of several orienteers who were asked to describe a part of their itinerary. The approach developed relies on the extraction and representation of the verbal constructs derived from route descriptions. This paper goes further by introducing a formal and structural representation of route descriptions also supported by a prototype implementation. The aim of our research is to provide a graph-based support of route descriptions, and where locations, landmarks and spatial entities will act as privileged primitives to facilitate derivation of GIS-based representations. The remainder of this paper is organized as follows. Section 2 presents the motivation of our research. Section 3 introduces the principles of the modeling approach. Section 4 develops the prototype implementation developed so far, and an application to a case study in a natural environment. Finally, section 5 concludes the paper and outlines further work.



2 2.1



Research Background Urban Environments



A better understanding and search for formal representations of human processes have led to several recent attempts where the objective is to characterise the
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linguistic or graphic constructs used in route descriptions [18]. Several approaches have been proposed, either based on visual, graphic or verbal constructs [19]. They tend to identify the basic primitives and constructs encompassed in route descriptions. In particular, these studies show that landmark, spatial entity, action and direction terms are amongst the predominant verbal forms identiﬁed in route descriptions [20,15]. Itinerary descriptions have been studied from a linguistic point of view where terms, verbs and basic constructs are identiﬁed as the main components [10,21,22]. Similarities and diﬀerences between verbal and schematic descriptions have been also studied [23]. Verbal structures show the predominant role of landmarks, spatial entities and actions [20,15]. Elementary scenes categorize the way landmarks and actions interact [18]. Elementary scenes make a diﬀerence between directed actions, located actions, integrated actions, referenced landmark, identiﬁed landmarks, located landmarks, and landmark descriptions. Landmarks are referenced by nouns, and most of the time qualiﬁed by adjectives, representing the most salient features of the environment along the route described [24], [25]. Landmarks are closely related to a kind of environment and depend on the perception and judgment of human beings. Landmarks can be classiﬁed into three categories: visual, cognitive, and structural [26]. The prominent role of landmarks in wayﬁnding and route descriptions have been already emphasized in urban systems [27,16]. 2.2



Natural Environments



Although considerable attention has been given to the modeling of human navigation in urban environments, little work has been oriented, to the best of our knowledge, to natural contexts. In order to study to which degree the prominent roles of landmarks and actions also apply to natural environment, we have conducted an experimental study [17]. Foot orienteering has been chosen as an experimental context to support the analysis of wayﬁnding descriptions in natural environments. Foot orienteers have to visit a set of control places in a given order, and in a minimum of time. Control places are placed on features which are prominent in the environment, and speciﬁed on a ”control description sheet” given to the orienteers. An orienteer generally has an accurate and detailed map in hands, and a compass to identify control places in the landscape. Our experiment was setup with ﬁfteen experienced orienteers (12 men and 3 women) who were asked to remember and communicate their route at the end of their race. This experiment conﬁrms the role of landmarks used in orienteering races compared to orientation constructs and other spatial and temporal metrics. Actions are also signiﬁcantly present, although in a smaller proportion than landmarks. It also appears that two-dimensional constructs are far more represented than three-dimensional constructs (76 % are two-dimensional constructs), and with a high proportion of landmarks (65 % of two-dimensional constructs). This provides a good example of the complementary roles of landmarks and actions in route descriptions, and supports the observed fact that two-dimensional constructs are easier to describe and memorize than three-dimensional constructs.
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The ﬁgures of our experiment also show that orienteers mainly employ relative references. While absolute constructs are occasionally used in two-dimensional terms, they are never used in three-dimension terms.



3 3.1



Modeling Approach Model Principles



The term model is hereafter used as a conceptual representation of a phenomenon. A conceptual model is a theoretical construct composed of a set of variables, and a set of relationships between them. It provides a framework for applying logic and mathematics that can be used for representing and reasoning over complex information systems. Such representations can also serve as a basis for simulation. Actions, landmarks and spatial entities are the main primitives considered as the core elements of our modeling approach. When combined, actions, landmarks and spatial entities generate elementary navigation expressions, where landmarks and spatial entities are often associated with an action [15,20]. A landmark is commonly deﬁned in navigation as a decision point, or assimilated to a decision point, and where decisions are taken [26,28]. A spatial entity models a two-dimensional entity on which moves are executed or a non-salient and non-punctual entity used in navigation. Our objective is to identify and integrate within our modeling approach the features that can be geo-referenced. Spatial entities and landmarks belong to this category. Actions expressed by verbs convey the dynamic component of a human navigation. They describe elementary displacements and can be schematized by a directed path between two locations. A navigation process can be modeled as a path in the sense of graph principles, where the nodes of the path represent locations, edges of the path actions between these locations. A primitive displacement is deﬁned by an origin and an arrival and materializes a route segment. This allows us to model a route by an ordered sequence of route segments. Actions, spatial entities and landmarks interact in diﬀerent ways. Let us consider the following route description: ”From the forest go to the bridge”. This action is terminated by a landmark (i.e., the bridge) and started by a spatial entity (i.e., the forest) that cannot be considered as a landmark. Actions can be also associated to landmarks or spatial entities (e.g., ”cross the bridge”, ”follow the watercourse”, respectively). In order to develop our modeling approach, we then consider the fact that a location can be a landmark or a spatial entity, and similarly that an action can be associated with a landmark or a spatial entity. In order to characterize these categories, we introduce two Boolean functions f , and g, that are true when respectively a location, or an action, are related to either a landmark or a spatial entity. f : N → {0, 1} g : E → {0, 1}
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More formally, a route is modeled as an oriented graph G(N, E, l, d) where N denotes the set of nodes, E the set of edges, l a function that associates a location to a node, and d a function that associates an action to an edge. Let L be the set of locations and A the set of actions. A route description is modeled by an ordered set r of connected 3-tuples (pi , ai , pi+1 ), named route segments, where pi , pi+1 ∈ L and ai ∈ A. An elementary route segment is characterized and reﬁned by the outputs of the functions f an g, applied respectively to pi , pi+1 and ai . Let S be the set of route segments, and h a function that characterizes a route segment, then:  S → {0, 1}3 h :  h((pi , ai , pi+1 )) → (f (pi ), g(ai ), f (pi+1 )) An action starts and terminates at a location, that might be either a landmark or a spatial entity. Similarly, an action might interact with either a landmark or a spatial entity during its execution. The instances of h(S) are the elementary and orthogonal cases illustrated in table 1. In order to give a visual component to the formalism that will be used at the interface level of our prototype, we provide a schematic representation of a path. This representation considers an elementary part of a route description, and supplies a Boolean-based and schematic view of a directed path between two locations (table 1). In order to derive a visual representation of a given path, modeled as an ordered sequence of location - action - location, the schematic language maps every 3-tuples of h(S) to an equivalent graphic symbol. These elementary cases provide a complete set of orthogonal conﬁgurations. They outline the respective roles of landmarks, spatial entities and actions in route descriptions. Their sequential description can be used to exhaustively represent a route description. 3.2



Model Reﬁnement



At a ﬁner level of granularity, and this provides a multi-scale component to the approach, actions in the environment can be also qualitatively described by orientation and three-dimensional terms. An action can be qualiﬁed by its cardinal or relative directions (e.g., go to the north, turn to the right ), and its three-dimensional component whatever the way it is reﬂected by its linguistic representation (e.g., climb the hill, go to the top of the knoll). This information qualitatively reﬁnes the description of a given action, and integrates additional spatial relationships that characterize edges. When an orientation qualiﬁes a displacement action, this corresponds to a displacement vector. More formally, let OrR and OrC respectively denote the set of relative orientation terms, and the set of cardinal terms. The union of these two sets gives the set of orientation directions Or. Note that the value null denotes here and in the following notations the absence of information, that is, no orientation information.
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Table 1. Actions-landmark elementary cases Id Deﬁnition Boolean representation An action that starts at a loα0 cation and terminates at a [0, 0, 0] location An action that starts at a loα1 cation and terminates at a [0, 0, 1] landmark or a spatial entity An action that starts at a location, qualiﬁed by a landα2 [0, 1, 0] mark or a spatial entity and terminates at a location An action that starts at a location, qualiﬁed by a landα3 mark or a spatial entity and [0, 1, 1] terminates at a landmark or a spatial entity An action that starts at a α4 landmark or a spatial entity [1, 0, 0] and terminates at a location An action that starts at a landmark or a spatial entity α5 [1, 0, 1] and terminates at a landmark or a spatial entity An action that starts at a landmark or a spatial entity, α6 qualiﬁed by a landmark or [1, 1, 0] a spatial entity and terminates at a location An action that starts at a landmark or a spatial entity, qualiﬁed by a landmark or α7 [1, 1, 1] a spatial entity and terminates at a landmark or a spatial entity



Graphic representation



OrR = {R, L, F, B} OrC = {N, S, E, W, N E, N W, SE, SW } Or = OrR ∪ OrC ∪ {null} Although, pedestrian navigation is mostly considered as a two-dimensional process, human beings acting in natural environments integrate the third spatial dimension in the description of their displacement [17]. This information gives additional information on the landscape, and therefore improves the precision of route descriptions. Let V denote the set of three-dimensional constructs: V = {+, −, =, null} where the symbol + denotes an action upward and the symbol - an action downward whereas the symbol = an horizontal action.
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Similarly, two functions are introduced to integrate orientation and threedimensional constructs into the model. Let g + be a function that characterizes an edge as a landmark or not, and by its cardinal or relative directions and elevation value. Let h+ be a function that characterizes a 3-tuple [ni , ei , ni+1 ] by the f values as applied to ni , and ni+1 and the g + value as applied to ei : g + : N → g(E) × Or × V where E, Or, and V denote respectively the sets of edges, orientation terms and three-dimensional terms h+ : N × E × N → f (N ) × g + (E) × f (N ) Orientation and three-dimensional constructs are integrated within the formal component of our modeling approach, and as additional symbols of the graphic language (cf. table 2). Table 2. Orientation and elevation symbols Orientation



Symbol



Deﬁnition North South North West



Cardinal



North East



orientation



South West South East West East Forward



Relative



Backward



orientation



Left Right



Elevation



Up Down



While qualitative terms give an additional component to route descriptions, landmark and spatial entity categories complement route descriptions. For each kind of environment and navigation, a set of landmark and spatial entity categories should be identiﬁed and ideally derived from an ontological or standard reference that apply to the environment considered. For instance, the vegetation category is important in natural navigation but not in urban navigation. These
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categories are modeled as follows. Let LK be the set of spatial entity categories derived from the environment where the navigation occurs. Let kl and ka be two functions that respectively characterise a location and an action given by the true value of the functions f and g, that is, by the corresponding value of LK : kl : N → P (LK ) ka : E → P (LK )



4



Computational and Experimental Validations



The formal model and the graphic language have been implemented by an experimental prototype. Verbal descriptions give the input of the prototype interface, and support an interactive modeling of the routes provided by the orienteers. In the current version of the prototype, the translation task is processed manually as an automatic execution is far beyond the objective of our research. This section introduces the main principles and properties of the prototype, and some of the analysis supported by the model. 4.1



Prototype Principles



The Java language has been chosen as the software environment for the prototype development due to its portability and web compliance. Three frames form the prototype interface (cf. ﬁg. 1). The main frame supports integration of route descriptions and derivation of model representations. The top part of this interface displays the textual route descriptions. Route descriptions support derivation of the model constructs at diﬀerent levels of granularity, this being left to the user according to its objectives. Additional frames are used to label the actions (relative, cardinal, and elevation constructs) and to categorize each landmark. Let us take the example of an illustrative path: ”I started from the meadow to the north, climbed up the knoll, turn to right, crossed the river and went south to the forest”. The ﬁrst elementary route segment (”I started from the meadow to the north”) is composed of an action that starts by a landmark (”the meadow”) and ends with no precise data on the destination. The resulting route description at the node level gives an elementary path that contains six nodes and ﬁve edges, and where four landmarks are identiﬁed (”meadow”,”knoll”, ”river”, ”forest”). Figure 1 illustrates the representation of such a route description at the interface level of the prototype. Within the context of foot orienteering, landmarks and spatial entities are qualiﬁed according to the symbols derived from the International Orienteering Federation (IOF). These symbols characterise the land features that are likely to have a speciﬁc role in wayﬁnding processes. The identiﬁed symbols are classiﬁed into ﬁve main categories: landforms, rock and boulders, water and marsh, vegetation and man-made features. However, and although the IOF classiﬁcation identiﬁes diﬀerent types of landmark and spatial entities in natural environments, these landmarks and spatial



154



D. Brosset, C. Claramunt, and E. Saux



Fig. 1. From verbal to graph- and graphic-based descriptions



entities have been reﬁned for the purpose of our study. For instance, the landmark referenced by the term ”forest” corresponds to several landmarks in the IOF classiﬁcation. This implies an integration of additional landmark types (e.g., 40a for ”meadow”). A second problem comes from the fact that a a given category can be characterized by more than one symbol. For instance, the term ”meadow” corresponds to either the spatial entity ”open land” or ”open land with scattered trees”. Additional symbols are then deﬁned in order to complement IOF categories. 4.2



Route Description Analysis



The modeling approach outlines the core structure of a given route that does not immediately emerge readily with verbal descriptions. Table 3 shows some examples of route descriptions that describe and model the same itinerary (d0 , d1 , d2 , d3 ). These graph representations provide the main logical view of every itinerary description, although some ambiguities due to the interpretation of natural language expressions might remain. The ﬁrst route description d0 is derived from the example presented in ﬁgure 1 without direction terms. In contrast to the second verbal description d1 which is relatively similar, the description d0 starts by a spatial entity. This diﬀerence is important as the route description d1 is not entirely bounded. Consequently, the starting point of the d1 description is not precisely described, and the two routes are likely to have diﬀerent lengths when interpreted. It is also worth to note that a given node in a route description is qualiﬁed by a landmark or a spatial entity when either its terminating or starting edge is qualiﬁed by a landmark or a spatial entity. Another signiﬁcant pattern to study concerns a quantitative comparison of graph structures. The descriptions d0 and d3 concern the same itinerary, however their model transcriptions have not the same number of nodes (ﬁve nodes for d0 whereas d3 has only three nodes). This clearly denotes the fact that d0 has
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Table 3. Descriptions and models: logical diﬀerences Id



Description and model I started from the meadow, climbed up the knoll, crossed the river and went to the forest.



d0



I crossed the meadow, climbed up the knoll, crossed the river and went to the forest. d1



After climbing up the knoll, I went to the forest. d2



I climbed up the knoll after the meadow. Then I passed over the river to the forest. d3



a richer semantic description. On the contrary, the route descriptions d2 and d3 have a same number of nodes whereas the itinerary d2 is shorter. At a ﬁner level of granularity, the orientation and elevation constructs used reveal several characteristics (cf. table 4). The ﬁrst route description (d0+ ) is the one presented in the ﬁgure 1. The structures of the model transcriptions d0+ and d4 are equals, and their route descriptions are very similar. Nevertheless, the orientation and elevation terms used in these itinerary descriptions are largely diﬀerent. On the contrary, d0+ and d5 have several structural diﬀerences, and orientation and elevation similarities. This shows that some of the orienteers are relatively precise in describing the structure of their route (d4 ), while others are more likely to qualify their actions using spatial relationships (d5 ), some of them being precise in both respects (d0+ ).
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Description and model I started from the meadow to the north, climbed up the knoll, turn to the right, crossed the river and went South to the forest.



d0+



h+ (d0+ ) = [ [1, (0, N, null), 0], [0, (1, null, +), 0], [0, (0, R, null), 0], [0, (1, null, null), 0], [0, (0, S, null), 1] ]



I started from the meadow, went down the knoll, went straight, passed over the river and went North to the forest.



d4



h+ (d4 ) = [ [1, (0, null, null), 0], [0, (1, null, −)0, ], [0, (0, F, null), 0], [0, (1, null, null), 0], [0, (0, N, null), 1] ]



I went to the north, then I went up the knoll, turned to the right and went to the South.



d5



h+ (d5 ) = [ [0, (0, N, null), 0], [0, (1, null, +), 0], [0, (0, R, null), 0], [0, (0, S, null), 0] ]



Additional statistics on route descriptions can be easily inferred from the model descriptions and prototype implementation. Figure 2 illustrates some emerging properties computed from our experimental study. First, the distribution of the diﬀerent elements of the modeling approach (location, location with either a landmark or a spatial entity, action, and action interacting with either a landmark or a spatial entity) characterize relatively well the structure of a given route. Secondly, the relative importance of the landmarks and spatial
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entity identiﬁed shows the semantic richness of the route descriptions. The landmarks and spatial entities distribution within the path description also gives additional information on the homogeneity of the route descriptions. Finally, the diﬀerent landmark and spatial entity categories present in the description characterize the environments as they appear in the route descriptions.



Fig. 2. Route descriptions analysis



Quantitative evaluations might be derived from additional comparisons of the length of route descriptions, and frequencies of the modeling primitives used. Qualitative and structural aspects can be derived from the study of diﬀerent properties and patterns. Although left to further work, we plan to develop a range of graph-based similarity and structural measures that can support crosscomparison of route descriptions at the local (i.e., route segment) and global levels (i.e., itinerary).



5



Conclusions



The objective of the research presented in this paper was to extract and represent route knowledge and constructs provided by human verbal descriptions, and to develop a logical representation of route descriptions based on actions, landmarks and spatial entities. This is supported by the assumption that locations are often characterized as landmarks or spatial entities, and similarly that an action can be associated with a landmark. Routes are modeled as oriented graphs where nodes denote locations, and edges actions. A logical language and a schematic representation support the modeling approach. Route descriptions are represented at diﬀerent levels of abstraction. At the lowest level, orientation constructs and spatial relationships complement the formal approach. These
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representations provide interactive descriptions, categorization and comparison of route descriptions where landmarks, spatial entities, actions, orientation and three-dimensional constructs provide diﬀerent modeling levels of granularity. A preliminary prototype implementation illustrates the potential of the approach and its application to navigation in natural environment. Future research perspectives concern the development of comparison mechanisms for route descriptions and integration of quantitative metrics within the spatial and temporal dimensions. The ﬁnal aim of our research concerns the development of pathways between verbal descriptions and Geographical Information Systems.
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As the saying goes, "a picture is worth one thousand words". Is that true for route directions? Thanks to its universal character, a drawing can be understood ...
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Abbreviate it when a command without data part is used. Details are ...... Invalid response command has been received in protocol A (abnormality in host).
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