Piriziwè Kobina 
  
Thierry Duval 
email: thierry.duval@imt-atlantique.fr
  
Laurent Brisson 
email: laurent.brisson@imt-atlantique.fr
  
The Spherical Retractable Bubble Space: an Egocentric Graph Visualization throughout a Retractable Visualization Space

Keywords: Immersive Analytics, Big Data Visualization, Virtual Reality

In this paper we present a new egocentric metaphor for graph visualization that consists in positioning a graph between two concentric spheres of different radii. It improves the expansion of the nodes in space, contrary to the 3D spatialization algorithms. Edge drawing is optimized by pushing all the edges into the area delimited by our two concentric spheres, so that a user can move freely without being encumbered by edges. Our new metaphor also makes it possible to reduce the display angles to have a global view of the graph without leaving the egocentricity.

Introduction

An essential task in graph representation is to determine an appropriate geometric arrangement of nodes and edges. Several criteria, such as minimization of edge crossings, homogeneity of edge lengths, and rational distribution of nodes, are used to evaluate the quality of a graph representation. The most commonly used methods to represent a graph are the force-directed algorithms [START_REF] Fruchterman | Graph drawing by force-directed placement[END_REF][START_REF] Kamada | An algorithm for drawing general undirected graphs[END_REF][START_REF] Walshaw | A Multilevel Algorithm for Force-Directed Graph Drawing[END_REF]. Among those algorithms, we can mention the Fruchterman-Reingold algorithm [START_REF] Fruchterman | Graph drawing by force-directed placement[END_REF], the Kamada-Kawai algorithm [START_REF] Kamada | An algorithm for drawing general undirected graphs[END_REF], the ForceAtlas2 [START_REF] Jacomy | ForceAtlas2, a Continuous Graph Layout Algorithm for Handy Network Visualization Designed for the Gephi Software[END_REF] and the Fast Multipole Multilevel Method (FM 3 ) [START_REF] Hachul | Large-graph layout with the fast multipole multilevel method[END_REF]. The Fruchterman-Reingold algorithm's objective is to minimize energy based on spring and electrostatic forces. It scales well with large graphs; balancing between attraction and repulsion crucial for convergence. However, it may not handle dense graphs effectively, and sensitive to parameters. The Kamada-Kawai algorithm's objective is to minimize the dissimilarity between actual and desired distances. It is better suited for well-connected graphs and produces more even layouts. However, it is computationally more intensive and may not scale well for large graphs. The ForceAtlas2 handles large graphs well by balancing attraction, repulsion, and gravity forces, but it is sensitive to parameter tuning. It is also computationally intensive for very large graphs. The FM 3 employs a nearest neighbor search to compute forces between nodes [START_REF] Zellmann | Accelerating Force-Directed Graph Drawing with RT Cores[END_REF]. It however requires careful parameter tuning. Overall, the presented force-directed algorithms are not always suitable for graphs containing several thousand of nodes and edges [START_REF] Brandes | An experimental study on distance-based graph drawing[END_REF].

Other algorithms have been proposed in order to improve the representation of graphs in terms of quality and algorithmic efficiency, especially for large graphs. Some of these algorithms are based on a variant of the MDS dimension reduction methods [START_REF] Brandes | An experimental study on distance-based graph drawing[END_REF][START_REF] Brandes | Eigensolver Methods for Progressive Multidimensional Scaling of Large Data[END_REF] and aim at minimizing the stress. In these approaches, the goal of stress minimization is to determine the position of nodes so that the Euclidean distance between two nodes approximates their theoretical distance, i.e. the distance of the shortest path between these nodes. However, such distance-based approaches tend to cluster nodes for graphs with small diameters (the largest distance between two nodes in a graph [START_REF] Erdős | Radius, diameter, and minimum degree[END_REF]), especially graphs that represent real-world data.

However, all these methods may be less practical for large graphs due to the lack of display space. One can notice a presence of many node and edge occlusions. Some methods [START_REF] Ersoy | Skeleton-Based Edge Bundling for Graph Visualization[END_REF][START_REF] Hurter | Graph Bundling by Kernel Density Estimation[END_REF] have been proposed to reduce the occlusion by clustering edges, while others have proposed to exploit 3D to distribute nodes well and to improve the perception of connectivity between nodes [START_REF] Ware | Visualizing Graphs in Three Dimensions[END_REF][START_REF] Lu | Clustering-based force-directed algorithms for 3D graph visualization[END_REF]. Methods exploiting 3D are limited when combined with a conventional environment (2D display), as depth cues in 3D can make understanding a large graph more complex [START_REF] Zacks | Reading Bar Graphs: Effects of Extraneous Depth Cues and Graphical Context[END_REF]. Some works have suggested that immersion in the data can mitigate this complexity and make depth a viable channel for encoding data [START_REF] Greffard | Beyond the classical monoscopic 3D in graph analytics: An experimental study of the impact of stereoscopy[END_REF][START_REF] Cliquet | Towards HMD-based Immersive Analytics[END_REF]. Thus, several methods for graph visualization in immersive environments have been proposed [START_REF] Kwon | Spherical layout and rendering methods for immersive graph visualization[END_REF][START_REF] Kwon | A Study of Layout, Rendering, and Interaction Methods for Immersive Graph Visualization[END_REF][START_REF] Brisson | Visualisation Immersive de Graphes en 3D pour explorer des graphes de communautés[END_REF]. Most of these methods used an exocentric approach in which a user was outside the representation of a graph [START_REF] Marriott | Immersive Analytics: Time to Reconsider the Value of 3D for Information Visualisation[END_REF] to provide an overview of the graph, but some other works suggest that an egocentric approach may be useful for graph visualization [START_REF] Kwon | Spherical layout and rendering methods for immersive graph visualization[END_REF]. An egocentric visualization of a graph involves placing a user, for example a graph analyst, inside a graph. Other work argues that it can also increase user engagement and reduce the symptoms of cybersickness that can be observed with an exocentric approach [START_REF] Marriott | Immersive Analytics: Time to Reconsider the Value of 3D for Information Visualisation[END_REF][START_REF] Sorger | Egocentric Network Exploration for Immersive Analytics[END_REF]. However, a study by Yang et al. [START_REF] Yang | Maps and Globes in Virtual Reality[END_REF] showed that exploring maps from an egocentric perspective resulted in poorer performance than any other representation in an immersive environment.

In order to exploit the potential of immersive 3D and enhance graph exploration, we propose a new egocentric visualization metaphor with a retractable space where a user can flexibly switch from an egocentric detailed view to an overview of the graph while remaining in an egocentric mode. However, we have not yet been able to conduct experiments to validate our approach through performance evaluation and a case study with users. In this paper, we first present work on egocentric graph visualization, and then we present our egocentric approach and its advantages and limitations.

State of the art about egocentric visualization

Adapting visualization to new modalities, such as immersive environments, may require new ways of representing and interacting with data [START_REF] Sadana | Redefining a Contribution for Immersive Visualization Research[END_REF]. Several works have therefore explored ways to interactively manipulate, navigate, and represent graphs in virtual reality. Kwon et al. [START_REF] Kwon | Spherical layout and rendering methods for immersive graph visualization[END_REF][START_REF] Kwon | A Study of Layout, Rendering, and Interaction Methods for Immersive Graph Visualization[END_REF] introduced an egocentric approach in which a graph is laid out on a sphere so that all nodes in the graph are equally visible to the user (see figures 1 and 2). Edges are bundled to reduce node occlusion. They then compared the performance of their method with classical 2D visualization through a user study (figure 3) [START_REF] Kwon | A Study of Layout, Rendering, and Interaction Methods for Immersive Graph Visualization[END_REF]. Interactions are made using the mouse, and evaluation tasks included finding common neighbors to two given nodes, finding a node that has the greatest degree, finding a path between two nodes, and recalling the position of certain nodes. The results of their evaluation showed that participants achieved better results with fewer interactions using spherical visualization than using 2D visualization, particularly for more difficult tasks and large graphs. To improve graph exploration in an immersive environment, Sorger et al. proposed two egocentric visualizations (Ego-highlight and Ego-bubble) in which a user can take the place of a node in order to analyze its connectivity (see Figure 4). In the Ego-highlight approach, the user can take the place of a node and identify the neighboring nodes that are automatically highlighted. The edges connecting this node to its neighbors are removed from the user's view to reduce visual clutter. However, we can note occlusions and some nodes can be very far from the user because of the force-directed algorithm used. The Ego-bubble approach is an extension of the Ego-highlight approach. To further mitigate occlusions in the user's local view, direct neighbor nodes are moved to be evenly distributed around the user. Edges passing close to the user are clipped to avoid view obstructions. Sorger et al. [START_REF] Sorger | Egocentric Network Exploration for Immersive Analytics[END_REF] expected that exploring a graph using egocentric visualization might lead to a trade-off that affects several factors such as visual search efficiency, navigation, spatial orientation and cybersickness. Thus, they then carried out an experimental study to quantify these trade-offs, but also to assess the advantages and limitations of egocentricity for graph exploration in immersive environments. The aim of their evaluation was to compare the effectiveness and efficiency of certain graph analysis tasks between classical visualization in an immersive environment and their methods. Conventional visualization is the result of a force algorithm, and a user can move closer to a node to analyze its connectivity. However, he or she may be hindered by edges and occlusions may occur. The evaluation was based on graph analysis tasks such as finding a neighbor node, finding common neighbor nodes, estimating the degree of a given node (counting the number of edges) and finding a path between two nodes. The evaluation results confirm their basic hypothesis that egocentric graph visualizations are more effective than conventional immersive visualization. Sorger et al. [START_REF] Sorger | Egocentric Network Exploration for Immersive Analytics[END_REF] argue that visual search is clearly facilitated by a de-cluttered egocentric visualization. As far as egocentric visualization is concerned, classic immersive visualization achieved the highest average scores. Thus, the results of their evaluation showed that egocentric visualization can significantly increase visual search efficiency. These results also suggest that egocentricity can reduce symptoms of cybersickness, compared with traditional immersive visualizations. However, to get a global view of a graph, one will have to leave the egocentric mode proposed by Sorger et al, i.e. one has to move away from the graph. Some nodes will appear very distant, and therefore, it will be difficult to observe their connectivity. Thus, the egocentric approach proposed by Kwon et al. [START_REF] Kwon | Spherical layout and rendering methods for immersive graph visualization[END_REF] seems more practical for an overall view of a graph. Indeed, with the Ego-highlight and Ego-bubble approaches, highlighting a node's neighbors is only possible if a user takes the node's place, whereas a graph analyst might be interested in identifying a node's neighbors without necessarily getting close to it. In the Ego-bubble approach, edges passing close to the user are cut to avoid view obstructions. However, this can confuse a graph analyst in identifying certain connectivities if they are cut off. A node's direct neighbors are positioned equidistant from the user in the Ego-bubble approach. However, this could cause the user to lose orientation by shifting node positions, even though Sorger et al. [START_REF] Sorger | Egocentric Network Exploration for Immersive Analytics[END_REF] have proposed to animate this shift when the user moves to another node.

In conclusion, the egocentric approaches of Sorger et al. [START_REF] Sorger | Egocentric Network Exploration for Immersive Analytics[END_REF] allow a graph analyst to study the connectivity of a node by taking its place in the graph. However, these approaches are impractical for getting an overview of the graph. Moreover, they do not improve the result of the node spatialization algorithm. For example, if the force-directed algorithm used provides a result where some nodes appear clustered, that result would be used as is. As a result, a graph analyst might have difficulty identifying certain connectivities. Thus, improving spatialization would improve the perception of connectivity between nodes. In a traditional immersive approach, a user becoming entangled in nodes and edges may cause discomfort during visualization. It could also cause or increase cybersickness. Clipping edges near the user can affect the understanding of some connectivity. Therefore, it may be useful to represent edges differently instead of clipping them.

The Spherical Retractable Bubble Space Metaphor

According to our analysis of the state of the art, our egocentric metaphor aims to improve the result of a node spatialization algorithm and the representation of edges. It also aims to provide an overall view of the graph.

Indeed, evaluation results of egocentric approaches proposed by Sorger et al. [START_REF] Sorger | Egocentric Network Exploration for Immersive Analytics[END_REF] have shown that egocentric visualization and well-suited interaction design can provide significant benefits in immersive graph exploration, this is why we propose the Spherical Retractable Bubble Space Metaphor, which is an egocentric graph visualization throughout a retractable visualization space.

The Spherical Bubble Space Concept

Thus, in order to improve spatialization and avoid a user getting entangled in nodes and edges we create an empty area in its close surroundings. This empty area is a sphere with a minimum radius r int of 2.5m so that the sphere completely envelops the user in immersion. Note that the user has the possibility to leave this zone (see figure 5b). We then position the nodes (result of a 3D spatialization algorithm) between the user's zone and another sphere of radius r ext > r int . The minimum value of r ext is by default equal to 2 × r int and its maximum value depends on the number of nodes in the graph. The maximum value of r int is defined as a function of the current value of r ext . Equation 1illustrates how we compute the position of a node i between the spheres:

P ′ i = d ′ i • P i ||P i || (1) 
where:

• P i is the position of node i using a 3D spatialization algorithm; • P ′ i is the position of node i between the spheres;

• d ′ i = r int + ||P i || d max • (r ext -r int )
is the new distance between a node i and the center, and d max is the distance between a most distant node and the center. To improve the edge drawing, we do not let any edge cross the empty space of the user (the inner sphere). To do this we push the edges into the area delimited by our two concentric spheres (figure 5a). We first segmented the edges into a number of points, we then applied the same principle as for the nodes to push them between the spheres. Thus, the user can move freely in his space without being encumbered by edges.

Figures 6 shows a 3D visualization of the graph of the dataset "Karate Club" (34 nodes and 78 edges) with a spatialization of the nodes carried out, respectively, by Fruchterman and Reingold's algorithm [START_REF] Fruchterman | Graph drawing by force-directed placement[END_REF] and by our egocentric metaphor. The result in figure 6b shows a good expansion of the nodes with our method, compared to the result of Fruchterman and Reingold's algorithm (figure 6a).

Contraction of the Spherical Bubble Space

With the egocentric approaches of Sorger et al. the user may lose the perception of some nodes and their connectivity. It is the same for a traditional immersive method. Having a detailed view alone cannot enable a user to identify interesting areas in a graph. Thus, it may be useful to combine an overview of a graph with an egocentric view to allow an analyst to switch from one view to the other. However, this introduces several new challenges about how to display nodes that are behind a user or outside their field of view.

This is why we propose a possibility to retract the graph display space along the vertical and horizontal axes (see figure 7 while remaining egocentric. It can be considered as a kind of flexible extension of the 360°cylindric view proposed by the Pano through-thelens technique [START_REF] Clergeaud | Design and evaluation of a 360°through-the-lens technique[END_REF], based on a dynamic spherical reduction of the space rather than on a predetermined portion of cylinder.

The retraction of the graph display space is related to the orientation of the camera. So, we first retrieve the direction (forward vector) in which the user (camera) is looking. We then retrieve the right vector of the camera's view. The right vector corresponds to the x-axis in world space. We finally take the cross product of the forward and right vectors. This cross product gives us the vector pointing upwards relative to the camera's orientation.

We describe below the various steps that are relevant to our proposed method of projecting the position of the nodes onto the retracted surface. As previously mentioned, the projection is influenced by two planes along the vertical and horizontal axes. The projection of a vector ⃗ u onto a plane can be calculated as follows:

Proj Plane (⃗ u) = ⃗ u - ⃗ u • ⃗ n ||⃗ n|| 2 • ⃗ n (2) 
where ⃗ n is the plane normal vector.

1.

Projection onto the first plane defined by the vertical axis:

• We first project the direction of the camera onto the plane. According to the equation 2, ⃗ u corresponds to the forward vector of the camera and ⃗ n corresponds to the vector pointing upwards relative to the camera's orientation.

•

We then find the initial position's projection within the plane. In the above equation 2, ⃗ u corresponds to P i , the initial position of the node i and ⃗ n is the upwards vector relative to the camera's orientation.

•

We calculate the signed angle between the projected direction and the projected initial position around the vertical axis. We then scale it based on the current horizontal axis slider value (see equation 3).

θ y ′ = θ y • h 180 (3) 
where θ y = acos(

D ′ c •P y i ||D ′ c ||•||P y i ||
) is the signed angle between the projected direction D ′ c and the projected initial position P y i of the node i, and h(0 ≤ h ≤ 180) is the current value of the horizontal axis slider.

•

We then update the projected initial position by applying the calculated anglebased rotations to it (see equation 4).

P y i = R θ y • R θ y ′ • P i (4) 
where R θ y and R θ y ′ are respectively the rotation by θ y and θ y ′ about yaxis.

•

We finally normalize the projected initial position to lie on the retracted surface (see equation 5). Let ′ i be the normalized position.

P ′ i = ||P i || • P y i ||P y i || (5) 2. 
Projection onto the second plane defined by the horizontal axis:

• We project the normalized position from the equation 5 onto the second plane defined by the right vector of the camera's view. As previously mentioned, the right vector corresponds to the xaxis in world space. Let P x i be the result of the projected position. In the equation 2, ⃗ u corresponds to P ′ i and ⃗ n corresponds to the right vector of the camera's view.

•

We then calculate the signed angle between the projected direction (at item 1) and P x i around the horizontal axis. We scale it based on the current vertical axis slider value (see equation 6).

θ x ′ = θ x • v 180 (6) 
where

θ x = acos( D ′ c •P x i ||D ′ c ||•||P x i ||
) is the signed angle between the projected direction D ′ c and P x i (see equation 5), and v(0 ≤ v ≤ 180) is the current value of the vertical axis slider.

•

We update the final projected position by applying the determined angle-based rotations to it (see equation 7) and finally normalize it to lie on the retracted surface (see equation 8). Let P x ′ i be the result of the applied rotations, and P ′′ i be the final position of the node i on the retracted surface.

P x ′ i = R θ x • R θ x ′ • P ′ i (7) 
where R θ x and R θ x ′ are respectively the rotation by θ x and θ x ′ about xaxis.

P ′′ i = ||P i || • P x ′ i ||P x ′ i || (8) 
Using a slider to control the horizontal axis and a slider to control the vertical axis, an analyst can retract the display space of a graph horizontally and/or vertically to be able to get an overall view of the graph without changing its structure. This can also be done using many other interaction methods. This type of egocentric graph visualization provides perceptual advantages that allow an analyst to understand the graph structure more quickly than with an exocentric visualization.

Figure 8 illustrates some inside view aspects of the retraction of the display space of the karate club graph. 

Discussion

Visual clutter is still a crucial problem of some graph visualization techniques, and therefore many improvements on graph visualization continue to be presented [START_REF] Sassa | 3D Visualization of Network Including Nodes with Labels[END_REF] such as immersive techniques.

However, some work has shown that virtual environments have drawbacks such as cybersickness [START_REF] So | A Metric to Quantify Virtual Scene Movement for the Study of Cybersickness: Definition, Implementation, and Verification[END_REF][START_REF] So | Effects of Navigation Speed on Motion Sickness Caused by an Immersive Virtual Environment[END_REF]. But evaluation results of the egocentric metaphor proposed by Sorger et al. [START_REF] Sorger | Egocentric Network Exploration for Immersive Analytics[END_REF] suggest that egocentricity has the potential to overcome some of the inherent drawbacks of virtual environments (e.g., visual clutter and cybersickness).

In our egocentric approach, the user becomes the center of attention within a 3D space enclosed by spheres. Therefore, placing the user at the center of a sphere makes them possible to have a user-centric view of the graph. This means that the user is not merely an observer but an active participant in the exploration of the graph.

Our egocentric approach therefore helps improve graph exploration, since the user has free space around them. Placing the user inside a sphere creates an engaging experience that leads to a deeper understanding of the graph's structure. Shrinking the edges between the area delimited by our two concentric spheres also improves the visibility of connectivity between graph nodes. The user therefore gains a better sense of spatial relationships between nodes. Our retractable space approach makes an analyst possible to switch between a detailed and an overview view of the graph. This approach is useful for identifying dense areas of the graph in global mode and then understanding the connectivity between nodes in a given area. Moreover, navigating within the spheres can be more intuitive than traditional 2D graph visualizations, as the user can move their head or body to explore different parts of the graph.

However, switching from a detailed view to an overview by shrinking the graph display space can lead to edge occlusions. An edge grouping algorithm can then be an alternative to reduce this visual clutter and improve the readability of the graph.

Conclusion

Our egocentric graph visualization metaphor makes it possible to improve the visibility of the nodes connectivity in a graph as it places the user inside the graph in a safe bubble without neither any nodes nor any edges. It also enables the user to have a global view of the graph by retracing the graph display space along the vertical and horizontal axes. Overall, our egocentric method has the potential to provide deeper insights and enhance the understanding of graphs, particularly for complex network structures. However, we do not have conducted any experimentation yet to compare our proposal with other existing approaches in terms of performance. In addition, its effectiveness may vary depending on the user's familiarity with immersive technologies. Nevertheless, as the evaluation results of the egocentric approach proposed by Sorger et al. show that an egocentric visualization and an adapted interaction design can bring significant advantages in immersive graph exploration, our Spherical Retractable Bubble Space can be an improvement for graph exploration.

In the future, we can also make it possible to move the inner personal sphere of the user inside the global sphere to get yet other different points of view on the global graph visualization, and as our users will have to cope with a limited physical space for their movements, we will first consider that this inner sphere is similar to the stage of the IIVC model [START_REF] Fleury | A Generic Model for Embedding Users' Physical Workspaces into Multi-Scale Collaborative Virtual Environments[END_REF] in order to convey this stage in the virtual immersive environment dedicated to the whole graph visualization. This will be done by coupling our Spherical Retractable Bubble Space metaphor with other VR navigation metaphors such as the "Bubble" technique [START_REF] Dominjon | Bubble" technique: interacting with large virtual environments using haptic devices with limited workspace[END_REF] or the "Magic Barrier Tape" technique [START_REF] Cirio | The Magic Barrier Tape: A Novel Metaphor for Infinite Navigation in Virtual Worlds with a Restricted Walking Workspace[END_REF] that are both navigation techniques dedicated to navigation within limited physical workspace.
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 1 Figure 1. Spherical visualizations of graphs (Image is from Kwon et al. [18], © 2016, IEEE).
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 2 Figure 2. Spherical graph visualizations (Image is from Kwon et al. [17], © 2015, IEEE). When a user selects a node, this node and its neighboring nodes are brought closer to the user.
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 3 Figure 3.In this 2D visualization, the entire graph may be visible, but it is difficult to discern the connectivity of certain nodes. In the immersive environment, only a small section of the graph is visible at any given time, but the structure is more tangible. (Image is from Kwon et al.[START_REF] Kwon | Spherical layout and rendering methods for immersive graph visualization[END_REF], © 2015, IEEE).
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 4 Figure 4. Immersive exploration of the node's neighbors. (a) Classic: the user inspects the UI46 node up close. (b) Ego-highlight: the user takes the position of the UI46 node, with direct neighbors highlighted in yellow. (c) Ego-bubble: direct neighbors are positioned equidistant from the user. (Images taken from Sorger et al. [21]).
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 5 (a) The user is placed at the center of the inner sphere and some edges are projected out. (b) Global view of the graph by moving out of the spheres, but some nodes will appear far from the user.

Figure 6 .

 6 Visualization of the karate club graph (34 nodes and 78 edges)[START_REF] Zachary | An Information Flow Model for Conflict and Fission in Small Groups[END_REF]. (a) visualization using Fruchterman and Reingold's algorithm; (b) our egocentric metaphor where the graph is positioned between two concentric spheres.
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 7 Figure 7. Overview: a user can retract the graph display space in order to have a global view while remaining egocentric.

( a )

 a V=180°, H=180°(b) V=45°, H=45°( c) V=30°, H=20 (d) V=25°, H=25°F igure 8. Retraction of the Spherical Bubble Space (from inside view of the user): V = angle along the vertical axis and H = angle along the horizontal axis.
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