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This paper presents a small part of a large project which consists of a psychological component with the evaluation of spatial skills of a population of children aged 7 to 10 years, a technological component, with the creation and development of a virtual city on computer and a didactic component, with the design and experimentation of a didactic engineering on spatial orientation with use of the virtual city (over 3 years with 5 classes). We first present the general context and the theoretical background of the project. Then, we present the virtual city developed in the project, and all the specificities linked to our didactic goals. Finally, we give a succinct overview of the three didactic engineering for Grades 2, 3 and 4, with all the adaptations of the technological environment involved to meet the evolutions over the three years.

The work presented here is part of a research project SPAGEO (an acronym for SPatial Abilities and GEOmetry)1 , which associates three teams of the Faculty of Psychology and Educational Sciences of the University of Geneva: one in cognitive psychology and specialised in spatial orientation, another, TECFA, a specialist in educational technologies and ours, DiMaGe, in mathematics didactics.

Context and theoretical background of the project

The origin of this project comes from a rather old work by [START_REF] Berthelot | L'enseignement de l'espace et de la géométrie dans la scolarité obligatoire[END_REF][START_REF] Carroll | Human cognitive abilities. A survey of factor-analytic studies[END_REF][START_REF] Golledge | Wayfinding Behavior : Cognitive Mapping and Other Spatial Processes[END_REF] supervised by Brousseau on the teaching and learning of geometry in elementary school. Among other things, these authors pointed out the importance of grounding the teaching of geometry in early elementary education in the spatial knowledge of students. That led them to introduce the differences between macro-space, which requires moving around to be able to see it fully, and the micro-space visible in one glance. They noticed particularly the difficulty to achieve activities requiring to connect a macro-space (like a city) with a micro-space (like map of the city). In a city, one moves and discovers the macro-space from an egocentric perspective, while one can see the whole map in one glance (micro-space) from an allocentric point of view. However, activities like finding a place in an unknown city with a map or explaining to someone how to come to our house are emblematic of spatial skills related to our capacity of orientation in space.

In the elementary school in Geneva, the curriculum in mathematics is divided in five thematic axes, one being "Space", itself divided into: "Geometrical figures and transformations" on the one hand, and "Orientation in plane and space" (repérage dans le plan et dans l'espace) on the other hand. This latter sub-axis, even though it appears in the mathematical curriculum is yet not totally attached to theoretical geometry and it also overlaps with the curriculum in geography, through the thematic axis Relation man-space. It covers competencies like drawing a route on a map based on instructions; situating the relative positions of objects on a map, but also using a system of orthonormal axes to place a point or to communicate its position. Moreover, spatial orientation is very important regarding the use of adequate spatial vocabulary and any communication related to our relation to space with different frames of reference. These appear to be very useful competencies in everyday life (when travelling in a new place for instance) as well as in several professions, e.g. in construction, for builders, plumbers or electricians. Yet, it is known that these abilities are problematic for many students and even adults. Therefore, it is important that school take in charge their teaching and learning. However, as it is difficult, if not impossible for practical reasons, to take students to cities that are foreign to them. As a consequence, class activities to work on these issues are often limited to the school courtyard or, at most, the neighbourhood. This is why we had the idea to develop a virtual city to overcome this limitation. This is also in line with the fact that in recent years relationship to space and many spatial behaviours have been increasingly impacted by new technologies and information systems. Indeed, virtual environments and mapping services (GPS, Google Maps) are complementing and even replacing static readings of two-dimensional maps. For the younger generations, these changes occur very early, through the numerous video games integrating dynamic three-dimensional virtual realities. This is very likely to impact and in fact modify the conditions of their spatial learning.

There is a large literature in cognitive psychology on the issue of spatial abilitiessee [START_REF] Denis | Petit traité de l'espace : Un parcours pluridisciplinaire[END_REF], for an overview-, which is not always exploited in mathematics didactics. According to [START_REF] Piaget | La représentation de l'espace chez l'enfant [Child representation of space[END_REF], understanding space means being able to represent it. Space thus becomes the place where the child learns, by means of movement, to permanently integrate his or her body in space, to organise his or her movements in it, and finally, still through movement, to represent the intrinsic properties of this acted space. Spatial skills allow an individual to mentally represent and manipulate perceived visual information, while integrating the spatial relationships between pieces of information [START_REF] Carroll | Human cognitive abilities. A survey of factor-analytic studies[END_REF]. Spatial navigation is the ability to locate and move in a given space based on the perception and understanding of the organisation of space [START_REF] Pick | The recalibration of rotational locomotion[END_REF]. For example, when one wants to reproduce a previously followed route, one has to identify landmarks. More generally, after [START_REF] Tolman | Cognitive maps in rats and men[END_REF], it is widely admitted that spatial navigation is supported by the construction of a cognitive map, i.e. a mental representation of the organisation of the space that the individual has explored. For instance, [START_REF] Siegel | The development of spatial representations of large-scale environments[END_REF] proposed a model of the development of spatial representations in large-scale environments. This model considers the acquisition of spatial knowledge as following a developmental sequence in three hierarchical stages, from the recognition of landmarks (landmark knowledge), to the development of the representation of routes between landmarks (route knowledge), to finally the development of a more configurational representation of the environment: the representation in the form of a map (survey knowledge).

In the field of spatial navigation research, virtual environments are now widely used, with the possibilities of varying complexity and size of the environments, of controlling some parameters and of collecting traces of the subjects' activities. Concerning the question of whether these virtual representations call upon the same cognitive mechanisms as those involved in navigation in real environments, the literature indicates that those involved in navigation in both types of environments are indeed very similar [START_REF] Kuliga | Virtual reality as an empirical research tool-Exploring user experience in a real building and a corresponding virtual model[END_REF][START_REF] Waller | The transfer of spatial knowledge in virtual environment training[END_REF]. This supports our choice to use a virtual city in the classroom. As an extension of our experiments, it would be interesting in the next years to evaluate the effect on non-technological tasks of the type of teaching we have implemented. However, we did not have time to do that in our study.

It is on the basis of these various facts that our project has been built, on three fronts:

1. A psychological component aims to evaluate the spatial skills of a population of children aged 7 to 10 years, by attempting to correlate them with their use of technology. 2. A technological component, where the TECFA team built and developed a virtual city on a computer (see presentation below). 3. A didactic component, which consists of designing and experimenting with didactic engineering that allows the use of the virtual environment in class to train spatial in larger spaces than those usually accessible in the school context.

Around one hundred students participated in this research and were followed over three years, while in Grades 2, 3 and 4 (7 to 10 years old). For each year, a didactic engineering of about six to eight sessions of 1 to 1.5 hours each was designed and tested in five classes of two primary schools in Geneva. The focus of this research is first to experiment some spatial orientation activities and show what can be done with the help of our virtual city. Of course, we expect to improve the learning of students and their spatial abilities, but our research is mainly conducted within the paradigm of didactic engineering (Margolinas et al., 2009). In this sense, the main object is to describe the activities in terms of choice of value of the didactical variable (a priori analysis). The a posteriori analysis will be of qualitative nature (it does not imply a control group or any type of quantitative analysis of the sort). It is actually in progress and will not be mentioned in this text.

Presentation of Spageo City

Spageo City is implemented on a computer, using a North American city model, where all streets are parallel or perpendicular to each other, with blocks of identical size. One moves in the city with a gamepad controller. There are no avatar and no people in the city, the vehicles are all static. When moving, one has the same view as if walking in the middle of street, not on the pavement. It is possible to turn around totally (but not just to turn the head while walking straight forward for instance), to move forward, but only move two steps backward. There was quite a discussion among us to whether we should allow or not to go backward, like in most videogames. We chose not to, in order to be as close as possible to real life. Indeed, if one want to go backward, one has to turn around a move forward in the opposite direction. This gives a totally different perception to moving backward, in particular when you turn around left and right are reversed.

The design of the city has been discussed among us for many weeks in order to fit as much as possible the design of the activities we wanted to experiment in our didactic sequences. In their experimentations, [START_REF] Berthelot | L'enseignement de l'espace à l'école primaire [Teaching space and geometry in compulsory education[END_REF] pointed out the importance of landmarks and distinguished between local and global ones, see also [START_REF] Gardony | Affective States Influence Spatial Cue Utilization during Navigation[END_REF] on this matter. According to [START_REF] Cohen | The representation of landmarks and routes[END_REF], landmarks are elements of the environment that are widely used by 8-12 year olds in navigation tasks. They are used during different stages of navigation that can indicate changes in direction or confirm a position [START_REF] Golledge | Wayfinding Behavior : Cognitive Mapping and Other Spatial Processes[END_REF]. It is also possible to use strategies without landmarks by counting intersections and indicating directions to take, such as turning right at the third intersection [START_REF] Duroisin | Quelle place pour les apprentissages spatiaux à l'école ? Etude expérimentale du développement des compétences spatiales des élèves âgés de 6 à 15 ans [What room for spatial learning in school? Experimental study of the development of spatial competences for students aged 6-15[END_REF]. Landmarks are thus an essential didactic variable for navigation tasks. The conception of Spageo City has taken into account the different values of this variable (the uniqueness or not of landmarks, their presence or not, their local or global aspects, etc.) to define different areas of the city. We have chosen to divide the Spageo City between an urban section with a shopping area and a business district and a residential suburb with resembling houses (See Figure 1 below and Annexe1, with a global view in perspective and a map of Spageo City). Some local landmarks are repeated in the urban section (pedestrian crossings, traffic lights, bus stops, fire hydrants, etc.). Some other local landmarks are unique or in only two or three copies. In the shopping area, there are various shops with visible signs (like images or simple words), easily recognised by young students (grocery, music, computer, chemist, pizza, fish, cheese, 24/7 ×2, bakery ×2, ice-cream ×2, coffeeshops ×3, hotdog stands ×5). In the business district, there are highrise buildings, which are more or less recognisable from each other. In the whole urban section, there are also other unique local landmarks: a theatre, a library, a hospital, a petrol station, a fire station, a police station, a bus station, a train station, a bank, a hotel, a museum, a school, 2 parks. On the contrary, the residential suburb is devoid of these local landmarks except for one train station.

Moreover, there are also some global landmarks visible from different parts of the city, such as some mountains in the east of the city, in the south east, along both the urban section and the residential suburb, there is a body of water (sea or lake) with a lighthouse, there is also a railway going along two sides of the urban section and one side of the residential suburb, and finally one can see the sun in a fixed position. These global landmarks can also be used for the location of places and the orientation while moving.

Evolutions of the technology for the didactic needs of the engineering

We used the same city along the three years, so the students got progressively used to it. Anyhow, we used some different potentialities of the technological environment.

In Grade 2, according to the mathematical curriculum, we could not use maps. The first session was devoted to make students familiar with the environment, using the computer and the gamepad, and discovering the Spageo City. Then, most of the sequence at this level consisted in variation of the same activity, i.e. following a route in the city and communicating in order to be able to reproduce the route. This was made:

1) with an oral communication in pairs (Figure 2, picture on the right);

2) with a production of a written message for oneself, used straight afterwards; 3) with the use of the same written message 2 weeks later; 4) with the use of a written message from another student; 5) exchange of messages between two groups (Figure 2, picture in the middle).

This was made always in the urban area. At the end of the year, we experimented the production of a written message to another student in the residential suburb. More information on this and an analysis of the written messages produced by the students can be found in (Frauchiger et al., to be published).

Following a pre-determined route

Thus, we had to design a device so that the students could follow a route that we had decided. We decided to show in the middle of the street a coloured line with some arrows (Figure 2, picture the right). The routes were chosen in order to present similar difficulty, i.e. 9-10 intersections with 5-6 changes of direction 

Validation

In the oral communication, the two students were moving in the city more or less simultaneously, so the validation was made also simultaneously by exchanging on the description of the surrounding landmarks at each moment. In the cases of a written message, the validation had to be made after the student receiving the message had tried to reproduce the route. We wanted to have more than just a

yes or no answer, in order to help students understand what went wrong in case of failure. With the help of technology, we design an "picture-by-picture" validation (Figure 4). After the student has finished reproducing the route, she or he has access to the set of two lines of pictures. The top line is for the correct route and the bottom line for the route followed by the student.

In both cases the line shows a succession of one or two pictures at each street intersection on the route. One if the route goes straight on, two if it turns: one at 45° to show which side to turn and one at 90° to show the direction of the next step (see Figure 4, picture on the right, images 10 and 11).

The pictures in the two lines are numbered and the student can scroll through the pictures of the two lines simultaneously or separately.

Using a map

In Grade 3, we started using maps of the city printed on paper (Figure 3). In Grade 4, we developed a way of having the map on the computer. This allowed us to many possible choices in terms of the values of the didactic variables, which we varied to design our sequence: the navigation in the city and the map could be seen simultaneously or not, if not the number of switches from one to the other can be limited, or the time with the map (or in the city) can be limited, the type of information on the map can be modulated (showing the shops and the various landmarks like the hotel etc. or not, with their names or picture or just the location empty). We have experimented various possibilities.

Conclusion

The experimentations ended in January 2023, everything was recorded on computer and with action cameras on the head of students. We collected an important mass of information, that we have to analyse now. Sabrina Matri is working on a PhD on the subject. In the long term we would like to develop a flexible version of Spageo City accessible both on tablet and computer, with a description of possible activities and some didactic information attached.
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Annexe 1 -Global view in perspective and map of Spageo City