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A

Wall displays immerse users in large, high-resolution information spaces. They are well suited for data analysis, as users only need to move around the physical space to explore the virtual information space displayed on the wall. They also facilitate collaboration as their large physical size can accommodate multiple users. However, designing e ective ways of interacting with wall displays is challenging. Traditional input devices, such as mice and keyboards, quickly show their limitations in an environment where multiple users can interact and move freely.

HCI literature o ers interesting alternatives to traditional input techniques. In particular, Tangible User Interactions (TUIs), where users rely on custom tangible objects to interact with the virtual scene, have proved e icient with di erent types of displays ranging from smartphones to tabletops. Tangible controllers have natural advantages such as the haptic feedback they provide that enables eyes-free manipulations. They also a ord specific grasps and manipulations, guiding users on what they can do with them. Empirical studies that compare tangibles to other forms of input also report quantitative gains in regarding manipulation speed and precision in di erent hardware setups.

However, designing tangible controllers for wall displays is di icult. First, the large size and vertical orientation of walls must be taken into account to design tangibles with a suitable form factor. Second, users move in space. They move away to get a wider view, move closer to see details, or adjust their physical position based on other users and objects in the room. This means that tangible controllers must be usable regardless of the user's position in the room, which has some impact on design and engineering aspects. Finally, a wall display is o en located in an environment that feature other devices and displays. In such cases, designing tangible controllers for a wall display requires to consider the whole multi-display environment, which constrains even more the tangibles' form factor and the underlying technologies.

My thesis work makes three contributions towards enabling tangible interaction with wall displays.

The first project, WallTokens, contributes tangibles for enabling on surface interaction with wall displays. WallTokens are low-cost, passive controllers that users can manipulate directly on the wall's surface. WallTokens have a mechanism that allows users to easily a ach and detach them from the wall surface, so that when users are done interacting, they can leave them in place and free their hands for other purposes. We report on two studies assessing WallTokens' usability, showing that they are more precise and comfortable than bare-hand gestures to perform low-level manipulations on walls.

iii R Les murs d'écrans plongent les utilisateurs dans de larges espaces d'informations ultra-haute résolution. Ils sont bien adaptés à l'analyse de grands ensembles de données car les utilisateurs peuvent se déplacer physiquement pour explorer ce qui est a iché à l'écran. Ils facilitent également la collaboration car leur taille permet facilement d'accueillir plusieurs utilisateurs à la fois. Cependant, créer des interactions e icaces avec les murs d'écrans est un défi. Les périphériques traditionnels tel que le clavier et la souris montre vite leur limite dans un contexte ou plusieurs utilisateurs interagissent et se déplacent librement.

La li érature en IHM propose des moyens d'interaction alternatifs. En particulier, l'interaction tangible, qui s'appuie sur la manipulation d'objets physiques pour interagir avec des scènes virtuelles, o re des avantages intéressants pour les murs d'écrans. La matérialité des contrôleurs o re un retour haptique qui permet de les manipuler sans les regarder. Leur forme suggère aussi la manière de les a raper et de les manipuler, guidant les utilisateurs sur leurs fonctionnalités. De nombreuses études empiriques comparant les contrôleurs tangibles à d'autres formes d'interaction montrent qu'ils procurent des gains significatifs en termes de vitesse et de précision de manipulation.

Cependant, fabriquer des contrôleurs tangibles pour les murs d'écrans est di icile. Tout d'abord, l'orientation de l'écran et sa taille doivent être prise en compte pour fabriquer des tangibles appropriés. De plus, les utilisateurs sont mobiles : ils s'éloignent pour obtenir un angle de vue plus large, se rapprochent pour voir plus de détails, ou ajustent leur position en fonction de celle des autres utilisateurs. Les contrôleurs tangibles doivent donc être conçu pour être utilisable quelle que soit la position de l'utilisateur dans la pièce. Enfin, un mur d'écrans est souvent situé dans un contexte rassemblant d'autres dispositifs (tables interactives, ordinateurs, etc.). Dans ce cas, il est nécessaire de prendre en compte l'ensemble du contexte, contraignant la forme des tangibles et les technologies sous-jacentes.

Mon travail de thèse propose trois contributions pour faciliter l'interaction tangible avec les murs d'écrans.

Mon premier projet, WallTokens, propose des tangibles qui perme ent d'interagir sur la surface des murs d'écrans. Les WallTokens sont équipés d'un mécanisme qui permet aux utilisateurs de les a acher et de les détacher facilement de la surface du mur. Cela permet de les laisser en place lorsque les utilisateurs veulent libérer leur main pour d'autres tâches. Nous présentons deux études évaluant la facilité d'utilisation et l'e icacité des WallTokens. Nos résultats montrent qu'ils sont plus v vi précis et plus confortables que les interactions tactiles pour e ectuer des manipulations de bas niveau sur mur d'écrans.

Mon deuxième projet, SurfAirs, propose des tangibles perme ant des interactions avec les murs d'écrans en surface, quand les utilisateurs ont besoin de détails et de précision, mais aussi à distance quand ils ont besoin d'un grand angle de vue. Les SurfAirs perme ent également une transition continue entre ces deux modes d'interaction. Nous présentons deux études qui comparent les SurfAirs avec des gestes à main nue pour e ectuer des tâches de manipulation de bas niveau. Les SurfAirs sont plus performants que les gestes à main nue en termes de précision et de vitesse et les utilisateurs les préfèrent.

Le troisième projet propose une étude de la li érature sur l'utilisation de contrôleur tangible avec des écrans. Chaque article étudié est classifié selon 12 dimensions qui reflètent les aspects de la conception du contrôleur et de l'écran. Nous proposons un outil Web qui permet l'exploration de notre corpus d'articles à travers ces dimensions de classification. Nous discutons ensuite les défis qui sous-tendent la conception de contrôleurs tangibles dans un environnement multi-écrans.
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The second project, SurfAirs, contributes tangibles that support not only on surface interaction but also distant interaction with wall displays. We present two possible designs for versatile tangible controllers that can be used both on the wall surface when users need precision and detail, and in the air when they need a wide viewing angle. SurfAirs support both types of input, as well as smooth transitions between the two. We report on two studies that compare SurfAir prototypes with bare hand gestures for performing low-level manipulation tasks. SurfAirs outperform bare hand gestures regarding accuracy, speed and user preference.

The third project contributes a survey about the use of physical controllers to interact with a physical display. Each project is described along twelve dimensions that capture the design aspects of the controller, the properties of the display and how they communicate with each other. We contribute a Web page to explore this list of references along the di erent dimensions, and use it to discuss the challenges that underlie the design of tangible controllers in a multi-display environment. 2 Examples of tangible user interfaces. On the le , a standalone TUI used to interact with vocal messages. In the center, a TUI used to provide haptic feedback in VR on user faces. On the right, a TUI used as a controller for tablets. Images source: https://vimeo.com/19930744, [START_REF] Wilberz | FaceHaptics: Robot Arm Based Versatile Facial Haptics for Immersive Environments[END_REF] and [START_REF] Chan | Cap-Stones and ZebraWidgets: Sensing Stacks of Building Blocks, Dials and Sliders on Capacitive Touch Screens[END_REF]. . . .

1.3

Examples of di erent tangible form factors. On the le and in the middle, generic cubic or spherical controllers. On the right, the controller is designed as a human brain proxy. Images source: [START_REF] Gomes | Bit-Drones: Towards Using 3D Nanocopter Displays as Interactive Self-Levitating Programmable Ma er[END_REF], [START_REF] Englmeier | A Tangible Spherical Proxy for Object Manipulation in Augmented Reality[END_REF] and [START_REF] Michel Beaudouin-Lafon | Multisurface Interaction in the WILD Room[END_REF]. . . . 1.4 Tangible use in the non-digital on horizontal or non horizontal surfaces.

On the le , an antique depiction of the senet game, played on tabletop. Second le , people exchanging paper documents during a meeting. Second right, an investigation board used for crime investigation. Right, a dra ing table with an a ached ruler. Images source: https://fr.wikipedia.

org/wiki/Senet, https://www.pexels.com/photo/colleagues-exchanging-papers-8369218/, https: //www.pexels.com/fr-fr/photo/gens-main-stylo-crime-8369520/ and https://digitaltmuseum.se/ 021027069178/ritbord. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.5 Tangible controllers used on a display surface. On the le , tangibles are used on a horizontal surface in a board game context. On the right, tangibles a ached on a vertical display surface to educate students about physics principles. Images source: [START_REF] Voelker | PERCs: Persistently Trackable Tangibles on Capacitive Multi-Touch Displays[END_REF] and [START_REF] Ti Any Tseng | Mechanix: An Interactive Display for Exploring Engineering Design through a Tangible Interface[END_REF]. . . . . . . . . . . . . . . 1.6 Large vertical screens used with other displays. On the le , tablets are used to control the cursors on the wall. In the middle, the user can position a tangible on a map displayed on a tabletop to display a street view of that location on a vertical display. On the right, users equipped with headsets to augment a wall display. Images source: [START_REF] Chapuis | Smarties: An Input System for Wall Display Development[END_REF], [START_REF] Coppins | Combining Mobile, Tangible and Virtual World Platforms to Support Participatory Campus Planning[END_REF] and [108]. . . . . . . .

2.1

Proxemic interactions for public vertical displays. Both images illustrate how the concept of proxemic interaction enables displaying personal information on a public display. The closer to the display a user is, the more personal the information displayed is. Images source: [START_REF] Coenen | The Concurrent Use of Touch and Mid-Air Gestures or Floor Mat Interaction on a Public Display[END_REF] and [START_REF] Vogel | Interactive Public Ambient Displays: Transitioning from Implicit to Explicit, Public to Personal, Interaction with Multiple Users[END_REF]. . . . [START_REF] Banerjee | Pointable: An in-Air Pointing Technique to Manipulate out-of-Reach Targets on Tabletops[END_REF] enables the manipulation of objects that are not within arms reach. On the right, the Talaria technique [START_REF] Rateau | Talaria: Continuous Drag & Drop on a Wall Display[END_REF] makes it possible to perform a continuous movement of a large amplitude by taking some distance from the wall during a drag-and-drop action. Source: [START_REF] Banerjee | Pointable: An in-Air Pointing Technique to Manipulate out-of-Reach Targets on Tabletops[END_REF] and [START_REF] Rateau | Talaria: Continuous Drag & Drop on a Wall Display[END_REF]. . . . . . . . . . . . . . . . . . . . . . . . . . ix x LIST OF FIGURES 2. [START_REF] Andrews | Information Visualization on Large, High-Resolution Displays: Issues, Challenges, and Opportunities[END_REF] Examples of instrumentation for users to interact with mid-air bare hand gestures. On the le , 5mm infrared markers a ached on the user hand to track precise gestures. On the right, users are equipped with a glove, a hat and a jacket with 10mm infrared markers a ached to them to track their body, right hand, head and selected fingers. Images source: [START_REF] Matulic | Multiray: Multi-Finger Raycasting for Large Displays[END_REF] and [START_REF] Vogel | Interactive Public Ambient Displays: Transitioning from Implicit to Explicit, Public to Personal, Interaction with Multiple Users[END_REF]. 18

On the le , the Pointables technique

2. [START_REF] Antle | Futura: Design for Collaborative Learning and Game Play on a Multi-Touch Digital Tabletop[END_REF] Examples of tangible controllers for vertical displays. On the le , physical controllers are a ached to a handheld device that can be used in a remote control like way to interact with a wall from a distance. On the right, tangibles are used directly on the surface of a wall display. Images source: [START_REF] Jansen | Tangible Remote Controllers for Wall-Size Displays[END_REF] and [START_REF] Ulrich Von Zadow | Miners: Communication and Awareness in Collaborative Gaming at an Interactive Display Wall[END_REF] 4.1 Interacting with a SurfAir to drag an object across the wall. 1) The user on the le adjusts the zoom factor in the inset window by rotating the Sur-fAir on the surface. 2) He then initiates a drag-and-drop action to move that window by sliding the SurfAir on the surface. In order to get a wide viewing angle on the scene and to cover a large distance quickly, he steps backward. Since the SurfAir can transition from surface control to air control, the user can move freely in space while carrying on his drag-and-drop action. 3) He drops the window close to the other user without having to enter her personal physical space. . . . . . . . . . . . . . . . . . . . . . . . 4.2 Interaction states and transitions for a hybrid controller. . . . . . . . . . . 4.3 SurfAirs are custom physical controllers that users can manipulate both on the surface and in the air. In this scene, three users interact with SurfAirs: i) the user on the le uses a SurfAir as a surface controller, sliding and rotating it to pan and zoom in the inset window; ii) the user in the middle interacts from afar as she needs a wide view to perform a large lasso selection (in red); and iii) the user on the right is adjusting the position of the area to be magnified. He picked the viewport's proxy on the wall, and then stepped back to perform a large movement towards North-West without disturbing other users. . 1 Examples of project illustrating our exclusion criteria. On the le , a human-shaped avatar giving vitals output only. In the center, a controller used on the street without additional display. On the right, unmodified smartphones used to display additional information on tabletop. Images source: [START_REF] Gervais | TOBE: Tangible Out-of-Body Experience[END_REF], [START_REF] Boucher | Designing and Making the Datacatchers: Batch Producing Location-Aware Mobile Devices[END_REF] and [START_REF] Leigh | THAW: Tangible Interaction with See-Through Augmentation for Smartphones on Computer Screens[END_REF]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.2 Years distribution of our corpora. In grey the papers from our query ( ) that we excluded; in light blue the papers of ( ) that are not in the query; and in steel blue In our data driven era, interacting with large volumes of data has become more common but is still challenging. This is partly due to the complexity of the data sets but also because of the large information space they require. A simple solution to address this space issue is to use bigger displays. Such displays mainly take the shape of high resolution interactive tabletops or walls that tend to move users away from the usual desktop computing context (Figure 1.1). First, users are no longer seated alone in front of their individual screen but rather share a large display surface with others. Second, the interaction space is usually extended, meaning that users can move in space around the display. Those new, large and multi-user spaces thus require designing novel ways of interacting as they create much more complexity than a simple context where a stationary user works with an individual display.

Even though large displays are more common today, HCI researchers are still working on the multiple research questions they raise. Among others, an important research question is to design ways of using concurrently a large shared screen. Users need to share not only the digital space of the screen itself but also the physical space around the screen. For instance, they might need to collaborate and share data or, on the opposite, divide the space and keep some privacy. To perform this, it is usually necessary for the system to identify users, which is a research question by itself. Moreover, as users can move in space and interact from a distance with the digital surface, the system must support an interaction space that consists of both the surface On the le , a wall display and on the right a tabletop. Images source: [START_REF] Prouzeau | Road Traffic Monitoring on a Wall Display[END_REF] and [START_REF] Jordà | The ReacTable: Exploring the Synergy between Live Music Performance and Tabletop Tangible Interfaces[END_REF].

Figure 1.2: Examples of tangible user interfaces. On the le , a standalone TUI used to interact with vocal messages. In the center, a TUI used to provide haptic feedback in VR on user faces. On the right, a TUI used as a controller for tablets. Images source: https://vimeo.com/19930744, [START_REF] Wilberz | FaceHaptics: Robot Arm Based Versatile Facial Haptics for Immersive Environments[END_REF] and [START_REF] Chan | Cap-Stones and ZebraWidgets: Sensing Stacks of Building Blocks, Dials and Sliders on Capacitive Touch Screens[END_REF].

and the space around it. In particular, it means that users should ideally have consistent and continuous means to interact both on the surface and in the air around it. These are a few examples of the broad research questions that the HCI literature keeps investigating in the domain of large interactive surfaces.

A promising way to address the challenges that we raise above is to rely on tangible objects to interact with large displays. Design and interaction relying on tangible user interfaces (TUIs) is an extensive and very active research domain with a vast literature. TUIs cover a more or less large set of interactions and devices. The consensus is to consider any user interface where users rely on their physical environment to interact with a digital system as a TUI. Some of them are well known due to the predominant role they actually play. We can cite the computer mouse, invented by D. Engelbart in 1963, or game controllers, the first one called "Paddle" introduced by the game "Tennis for Two" in 1958. Although those input devices have proved very versatile for controlling a wide range of applications or games, they show their limits in the novel contexts of use that mobile devices, large displays or even Virtual Reality headsets have opened. These new contexts of use, where users are not anymore comfortably seated at their desk, have created novel opportunities and challenges for designing TUIs. Challenges are not only related to technology, but also and foremost to interaction and design regarding the form factor tangibles should have and the role they should play in the interaction.

Even if a branch of the HCI literature takes interest in fully custom-made TUIs to create stand-alone appliances [START_REF] Deng | Logic Bonbon: Exploring Food as Computational Artifact[END_REF][START_REF] Morisaki | Hopping-Pong: Changing Trajectory of Moving Object Using Computational Ultrasound Force[END_REF] as Bishop's marble answering machine [START_REF] Bishop | Visualising and Physicalising the Intangible Product: "What Happened to That Bloke Who Designed the Marble Answer Machine?[END_REF] illustrated in Figure 1.2-(le ), most of tangibles are used in conjunction with existing interactive systems. In both cases, the shapes or form factors that a TUI can take are extremely diversified (Figure 1.2): from very generic geometries like cubes [START_REF] Bianchi | MagnID: Tracking Multiple Magnetic Tokens[END_REF][START_REF] Chakraborty | CAPTIVE: A Cube with Augmented Physical Tools[END_REF][START_REF] Gomes | Bit-Drones: Towards Using 3D Nanocopter Displays as Interactive Self-Levitating Programmable Ma er[END_REF] or spheres [START_REF] Englmeier | A Tangible Spherical Proxy for Object Manipulation in Augmented Reality[END_REF][START_REF] Petrelli | Exploring the Aesthetics of Tangible Interaction: Experiments on the Perception of Hybrid Objects[END_REF] to realistic proxies [START_REF] Michel Beaudouin-Lafon | Multisurface Interaction in the WILD Room[END_REF][START_REF] Muender | Does It Feel Real? Using Tangibles with Different Fidelities to Build and Explore Scenes in Virtual Reality[END_REF] (Figure 1.3 -right). The form factor of a TUI is usually a key property in the interaction paradigm it supports. They can even take the shape of wearable devices [START_REF] Oğuz | Extracting Design Guidelines for Wearables and Movement in Tabletop Role-Playing Games via a Research Through Design Process[END_REF][START_REF] Ulrich Von Zadow | SleeD: Using a Sleeve Display to Interact with Touch-Sensitive Display Walls[END_REF] or piece of cloth [START_REF] Kleinberger | Digitally Enchanted Wear: A Novel Approach in the Field of Dresses as Dynamic Digital Displays[END_REF][START_REF] Parzer | SmartSleeve: Real-Time Sensing of Surface and Deformation Gestures on Flexible, Interactive Textiles, Using a Hybrid Gesture Detection Pipeline[END_REF] and can also be designed to provide specific haptic feedback using users' own body [68]. From flat On the le and in the middle, generic cubic or spherical controllers. On the right, the controller is designed as a human brain proxy. Images source: [START_REF] Gomes | Bit-Drones: Towards Using 3D Nanocopter Displays as Interactive Self-Levitating Programmable Ma er[END_REF], [START_REF] Englmeier | A Tangible Spherical Proxy for Object Manipulation in Augmented Reality[END_REF] and [START_REF] Michel Beaudouin-Lafon | Multisurface Interaction in the WILD Room[END_REF].

surfaces to mid-air interaction, the context of use also heavily influences the design of e ective TUIs. Some TUIs involve static objects that can be put on desks [START_REF] Bartindale | Media Crate: Tangible Live Media Production Interface[END_REF][START_REF] Coutrix | Which Tangible Control for Which Visual Task?[END_REF] or that can be suspended [START_REF] Peek | Hangsters: Tangible Peripheral Interactive Avatars for Instant Messaging[END_REF], while others are mounted on existing devices like smart phones [START_REF] Yu | Clip-on Gadgets: Expanding Multi-Touch Interaction Area with Unpowered Tactile Controls[END_REF] or VR headsets [START_REF] Tseng | FaceWidgets: Exploring Tangible Interaction on Face with Head-Mounted Displays[END_REF][START_REF] Wilberz | FaceHaptics: Robot Arm Based Versatile Facial Haptics for Immersive Environments[END_REF] and some are even actuated like robots [START_REF] Nowacka | Touchbugs: Actuated Tangibles on Multi-Touch Tables[END_REF][START_REF] Esben | Tangible Bots: Interaction with Active Tangibles in Tabletop Interfaces[END_REF] or float in the air thanks to vibrations [START_REF] Morales | LeviProps: Animating Levitated Optimized Fabric Structures Using Holographic Acoustic Tweezers[END_REF][START_REF] Morisaki | Hopping-Pong: Changing Trajectory of Moving Object Using Computational Ultrasound Force[END_REF].

Tangible objects can also play di erent roles in TUIs. Sometimes they are used to represent data [START_REF] Frey | Teegi: Tangible EEG Interface[END_REF][START_REF] Mor | Venous Materials: Towards Interactive Fluidic Mechanisms[END_REF][START_REF] Pla | Display Blocks: A Set of Cubic Displays for Tangible, Multi-Perspective Data Exploration[END_REF], to give visual feedback [START_REF] Gervais | TOBE: Tangible Out-of-Body Experience[END_REF] or to play an aesthetics role [START_REF] Ishiguro | Uminari: Freeform Interactive Loudspeakers[END_REF][START_REF] Lindlbauer | Changing the Appearance of Physical Interfaces Through Controlled Transparency[END_REF]. However, most o en, tangible objects are used to act as controllers [START_REF] Hancock | Exploring Tangible and Direct Touch Interfaces for Manipulating 2D and 3D Information on a Digital Table[END_REF][START_REF] Jansen | Tangible Remote Controllers for Wall-Size Displays[END_REF][START_REF] Mahieux | SABLIER: A Tangible Interactor to Navigate through Space and Time[END_REF]. Those are just a few examples of form factors, contexts and roles that TUI projects can cover, but they highlight the broad scope of TUIs' literature. As manipulating physical objects is part of our everyday life, a TUI o en creates a ordances as to how to use it (i.e., users' experience with artefacts from their physical environment suggests a mode of operation with tangible objects in the TUI). Beyond this, the physical cues in a TUI bring di erent advantages. First, the haptic feedback provided by tangible objects can make the system more powerful regarding di erent aspects. For instance, it can profit to immersion in a VR environment in multiple ways [START_REF] Fang | Wireality: Enabling Complex Tangible Geometries in Virtual Reality with Worn Multi-String Haptics[END_REF][START_REF] Muender | Does It Feel Real? Using Tangibles with Different Fidelities to Build and Explore Scenes in Virtual Reality[END_REF][START_REF] Tao | Altering Perceived So ness of Real Rigid Objects by Restricting Fingerpad Deformation[END_REF], but can also enable eyes free control which can reach a critical importance in certain situations such as driving a car [START_REF] Bernard | Eyes-O Your Fingers: Gradual Surface Haptic Feedback Improves Eyes-Free Touchscreen Interaction[END_REF][START_REF] Zimmermann | I Feel It in My Fingers: Haptic Guidance on Touch Surfaces[END_REF]. Second, the physicality of TUIs has proven to allow more precise and faster manipulations in many di erent contexts [START_REF] Courtoux | WallTokens: Surface Tangibles for Vertical Displays[END_REF][START_REF] Fitzmaurice | An Empirical Evaluation of Graspable User Interfaces: Towards Specialized, Space-Multiplexed Input[END_REF][START_REF] Hancock | Exploring Tangible and Direct Touch Interfaces for Manipulating 2D and 3D Information on a Digital Table[END_REF][START_REF] Voelker | Knobology Revisited: A Comparison of User Performance between Tangible and Virtual Rotary Knobs[END_REF][START_REF] Waldner | Tangible Tiles: Design and Evaluation of a Tangible User Interface in a Collaborative Tabletop Setup[END_REF]. Finally, researchers also found that using TUIs in a multi-user setup can encourage specific collaboration strategies [START_REF] Antle | Youtopia: A Collaborative, Tangible, Multi-Touch, Sustainability Learning Activity[END_REF][START_REF] Fan | Exploring How a Co-Dependent Tangible Tool Design Supports Collaboration in a Tabletop Activity[END_REF] and increase the awareness of what other users are doing [START_REF] Cherek | Tangible Awareness: How Tangibles on Tabletops Influence Awareness of Each Other's Actions[END_REF]. Those advantages have led the HCI community to investigate TUIs in many di erent domains such as education [START_REF] Detken | The Search Wall: Tangible Information Searching for Children in Public Libraries[END_REF][START_REF] Maquil | In the Footsteps of Henri Tudor: Creating Ba eries on a Tangible Interactive Workbench[END_REF][START_REF] Sureyya Tarkan | Toque: Designing a Cooking-Based Programming Language for and with Children[END_REF], accessibility [START_REF] Albouys-Perrois | Towards a Multisensory Augmented Reality Map for Blind and Low Vision People: A Participatory Design Approach[END_REF][START_REF] Brule | MapSense: Multi-Sensory Interactive Maps for Children Living with Visual Impairments[END_REF][START_REF] Urban | TangibleCircuits: An Interactive 3D Printed Circuit Education Tool for People with Visual Impairments[END_REF][START_REF] Ducasse | Tangible Reels: Construction and Exploration of Tangible Maps by Visually Impaired Users[END_REF][START_REF] Koushik | StoryBlocks: A Tangible Programming Game To Create Accessible Audio Stories[END_REF], health [START_REF] Augstein | Training of Cognitive Performance in Complex Tasks with a Tabletop-Based Rehabilitation System[END_REF]131,[START_REF] Manshaei | Tangible MtDNA: A Tangible Tabletop System for Exploring Genetic Mutations on Mitochondrial DNA Cancer Data[END_REF], art [START_REF] Buechley | Paints, Paper, and Programs: First Steps toward the Computational Sketchbook[END_REF][START_REF] Nadeau | Tactful Interaction: Exploring Interactive Social Touch through a Collaborative Tangible Installation[END_REF][START_REF] Xambó | Experience and Ownership with a Tangible Computational Music Installation for Informal Learning[END_REF] or social interactions [START_REF] Börütecene | Through the Glance Mug: A Familiar Artefact to Support Opportunistic Search in Meetings[END_REF][START_REF] Ryokai | Capturing, Representing, and Interacting with Laughter[END_REF][START_REF] Wallbaum | Exploring Social Awareness: A Design Case Study in Minimal Communication[END_REF].

Within this wide variety of TUIs and contexts, my thesis focuses on TUIs for large vertical displays with a specific interest in tangibles used as physical controllers. However, using a tangible controller in conjunction with an active display brings an important additional question: how to implement communication between the controller and the display? In such a case, the controller must be recognized and/or tracked to be used as an input/output with an accuracy that is su icient enough for the type of interaction that it should support. The HCI literature already explored many different ways to tackle this question. Some of the recognition system used with TUIs rely on wireless communication [START_REF] Maekawa | MADO Interface: A Window like a Tangible User Interface to Look into the Virtual World[END_REF][START_REF] Sureyya Tarkan | Toque: Designing a Cooking-Based Programming Language for and with Children[END_REF], RFID tags [START_REF] Gnoli | Back to the Future: Embodied Classroom Simulations of Animal Foraging[END_REF][START_REF] Hosokawa | Tangible Design Support System Using RFID Technology[END_REF], vision-based mid-air tracking [START_REF] Ens | Upli : A Tangible and Immersive Tabletop System for Casual Collaborative Visual Analytics[END_REF][START_REF] Gomes | Bit-Drones: Towards Using 3D Nanocopter Displays as Interactive Self-Levitating Programmable Ma er[END_REF], magnetic fields [START_REF] Leitner | Geckos: Combining Magnets and Pressure Images to Enable New Tangible-Object Design and Interaction[END_REF]130] or marker based recognition [START_REF] Jordà | The ReacTable: Exploring the Synergy between Live Music Performance and Tabletop Tangible Interfaces[END_REF][START_REF] Zu Erey | TinkerSheets: Using Paper Forms to Control and Visualize Tangible Simulations[END_REF]. Identifying a controller allows not only to tie it to specific uses, giving the ability to create a set of tangible specialized tools [START_REF] Chan | Cap-Stones and ZebraWidgets: Sensing Stacks of Building Blocks, Dials and Sliders on Capacitive Touch Screens[END_REF], but also, if each users has his own set of tangibles, it provides a straightforward solution to identify di erent user interacting with the same system [START_REF] Ulrich Von Zadow | Miners: Communication and Awareness in Collaborative Gaming at an Interactive Display Wall[END_REF]. This la er property makes tangible controllers particularly useful for large display interaction because it avoids to instrument users with sometimes cumbersome and/or long to configure trackable pieces of equipment [START_REF] Matulic | Multiray: Multi-Finger Raycasting for Large Displays[END_REF]. However, even if the final result is a physical object that users manipulate with simple actions, designing tangible controllers for a given setup is more complex than it can seem. In particular, its form factor must be thoroughly thought. Of course, the technical requirements to make it communicate with the display surface and the usage the tangible will be assigned to are the main challenges to solve. However, considerations regarding weight, size and comfort of use during manipulations are key to usability and must be kept in mind all along the creation process of a tangible controller. All of these results in a set of physical constraints on the controller's structure that make its design a non-trivial task.

Using tangible objects while si ing or standing nearby a table is a common habit for most people (Figure 1.4). We can think of lunch times where people pass plates around or meetings where participants exchange paper documents. Board games, which are heavily spread across the world, are also a context where users play with tangible objects on a table. One common point in those games is the physical tokens that players manipulate to give a visual feedback on the state of the game. Those non-Figure 1.5: Tangible controllers used on a display surface. On the le , tangibles are used on a horizontal surface in a board game context. On the right, tangibles a ached on a vertical display surface to educate students about physics principles. Images source: [START_REF] Voelker | PERCs: Persistently Trackable Tangibles on Capacitive Multi-Touch Displays[END_REF] and [START_REF] Ti Any Tseng | Mechanix: An Interactive Display for Exploring Engineering Design through a Tangible Interface[END_REF].

digital uses have inspired many projects since the first active tabletop systems became available. Additionally to the analogies they provide, tangible controllers used with tabletops are a good fit as they profit from the fact that the screen is horizontal and flat. It is easy for users to free their hands when they stop interacting as they can just leave in place the tangible they were holding or manipulating (Figure 1.5). However, these simple yet very useful advantages that tabletops o er disappear when surfaces are no longer horizontal. Vertical surfaces like walls su er from the e ect of gravity.

Nevertheless, the non-digital world also features contexts where people do use tangible objects on passive vertical surfaces. Investigation boards, with pins and threads or architect desk but also white boards with magnets, are all examples where physical objects are used on non-horizontal surfaces. All of them have in common the fact that the objects need at one point to be a ached to the surface. But when it comes to vertical active screens, pins and magnets (Figure 1.4), which are o en used in the non-digital world, cannot be directly transposed to the digital world. Projection-based displays are a solution to remedy this, as the image can be projected on magnetic [START_REF] Leitner | Geckos: Combining Magnets and Pressure Images to Enable New Tangible-Object Design and Interaction[END_REF] or porous material, but such solutions typically do not have a resolution as high as an active display and su er from ambient luminosity problems. This might be a reason why the literature about tangible interaction is abundant when it comes to tabletops, but get scarcer when it comes to vertical displays. Moreover, wall displays and tabletops share a large interaction space but are di erent by nature due to their screen orientation. Additionally to the problems it creates for tangible interaction, this simple property strongly impacts the way they are used, therefore creating the need to design for each of them specific interaction techniques. While tabletops allow users to gather and move around the horizontal surface, wall displays' verticality enforce users to face them. Users can then get close to it and profit from the high resolution to perform precise manipulations or observe specific data, or take some distance to get a wider view of their workspace, but they always have to face them. To summarize, creating tangible interaction for wall displays requires not only to compensate the disadvantages verticality brings, but also to ensure that it will not impair the unique interaction space they o er. The goal of this thesis is to provide novel and e icient ways to enable tangible interaction in a wall display environment.

Research question

The main research question of my thesis is the following: How to enable tangible interaction on wall displays? A main aspect to consider when designing interaction with a wall display is the multi-layered space they open to users. On or close to their surface, wall displays can be used for tasks that require precision or a high level of details. From a distance, wall displays give users a wider view of their workspace. Ensuring means to interact in these two spaces (close and distant) but also a fluid transition between them is key for users to take advantage of both spaces depending on the task at hand. Moreover, walls are o en used in large rooms equipped with many devices which can be used in combination with the wall to design powerful multi-display setups as in [START_REF] James | Personal+Context Navigation: Combining AR and Shared Displays in Network Path-following[END_REF] ,or [START_REF] Ens | Upli : A Tangible and Immersive Tabletop System for Casual Collaborative Visual Analytics[END_REF]. These considerations motivate the three more specific research questions of my thesis that I detail below:

• How to enable on surface tangible interaction on a wall display?

On surface controllers are physical objects that users can manipulate in contact with the digital surface (Figure 1.5). Typical manipulations consist in sliding or rotating such controllers on the surface. However, as mentioned above, using tangibles as on surface controllers for wall displays requires to find a way to leave them in place. On the one hand, it gives the possibility for users to free their hands for other purposes. On the other hand, it makes it possible to indicate a specific location in the digital space with a tangible, which contributes to blending the space between the physical and the digital world. Designing on surface tangibles for wall displays thus involve some technical aspects to continuously track and uniquely identify those tangibles (to enable the creation of a set of tangibles), and design aspects to o er a user experience where tangibles can be both easily manipulated on surface and le in place at will.

• How to enable continuous tangible interaction from the wall surface to the air?

Finding a way to enable on surface tangible interaction on a wall display is not enough.

To take full advantage of a wall's possibilities, users must also be able to move and interact in the physical space in front of the wall. One of the main challenges that this raises is the ability to track a tangible both on the surface, in the air and during the transition between the surface and the air. Ensuring this on surface and midair interaction with the same tangible controller is di icult in terms of design as it requires to provide consistent manipulations between the surface and the air as well as enabling a seamless transition between both. The design di iculty does not only come from the definition of interaction techniques, but also from the identification of a good form factor for the tangible, as users need to be able to manipulate it both when in contact with a surface and in the air.

• How to design a multi-display/multi-purpose tangible controller for interactive rooms that feature more than just a wall?

A wall display is o en used in a multi-display context (Figure 1.6). The wall itself needs a large room where di erent devices are o en available as well. These other devices can take the form of a traditional desktop workstation [START_REF] Malik | Interacting with large displays from a distance with vision-tracked multi-finger gestural input[END_REF] but also of mobile displays [START_REF] Jansen | Tangible Remote Controllers for Wall-Size Displays[END_REF], tabletops [START_REF] Ens | Upli : A Tangible and Immersive Tabletop System for Casual Collaborative Visual Analytics[END_REF] or AR headsets [START_REF] James | Personal+Context Navigation: Combining AR and Shared Displays in Network Path-following[END_REF]. Those devices usually complement one another to o er a rich interactive ecosystem where users can take advantage of each device's specificities depending on their needs. Bringing those di erent devices together in a continuous workspace requires seamless transitions which can be achieved through tangible interactions. However, those devices each have specific characteristics that have an impact on the design of tangible controllers. As having a specialized tangible for each device breaks the notion of continuity between the devices, I believe that it would be interesting to discuss the design of multi-device/multi-purpose tangibles, versatile enough to interact with multiple heterogeneous devices. Designing such a controller is then particularly challenging as it needs to allows a high degree of adaptability to take into account the diversity in such a complex ecosystem.

Thesis Outline

This thesis is structured into six parts including the introduction and the conclusion.

A er a related work chapter, I dedicate one chapter to each of my contributions that respectively address the research questions described above.

• First, we describe the WallTokens project that o ers a solution for on-surface tangible interaction with vertical displays. A WallToken is an easy to fabricate and passive token whose footprint is recognized on a tactile surface. It is equipped with a push-handle that controls a suction cup. This makes it easy for users to switch between sliding the token or a aching it to the wall. We describe how to build such tokens and how to recognize them on a tactile surface.

We report on a study showing the benefits of WallTokens for manipulating virtual objects over multi-touch gestures. This project is a step towards enabling tangible interaction in a wall display context.

• Then, we propose to extend the interaction from the surface to the air with SurfAirs. SurfAirs are physical controllers that users can manipulate on screen (surface input), in the air (mid-air input), and transition from the surface to the air during a single manipulation (hybrid input). We report on two user studies that compare SurfAirs' performance with bare-hand input for both mid-air and hybrid input. Participants prefer and perform be er with SurfAirs.

• Finally, based on a survey that we conducted across four ACM conferences, we give an overview of the projects that use tangible controllers with physical displays over a span of 27 years. This survey was motivated by the desire to understand how we could design tangible controllers for multi-display environments containing a wall display. We propose 12 design dimensions to characterize the controllers, the displays and how they communicate, and provide a Web tool to navigate our corpus of references along these dimensions. We then conclude with an analysis of our corpus to discuss the challenges that underlie the design of tangible controllers in a multi-display environment.
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My thesis work investigates the use of tangible controllers with wall displays. This section, divided into five parts, presents the related work on the topic. The first two parts cover general related work about the benefits of both tangible interaction and vertical displays. The other three parts cover related work that is more specific to the precise research questions this thesis studies. The third part reviews projects about on surface tangible interaction for both horizontal and vertical displays. The fourth part focuses on previous work about hybrid interaction, i.e., solutions that combine on surface and mid-air control, in general (i.e., for various types of display surfaces) while the fi h part focuses on physical controllers that have been used for interacting with vertical displays. We will revisit some of this related work at the end of this manuscript, where we discuss the challenges that designing tangible controllers raise when they are considered in environments that combine a wall display with other displays.

Benefits of Tangible Controllers For Collaboration

The HCI literature has proposed applications that rely on tangibles for collaborative interaction in many domains such as art [START_REF] Jordà | The ReacTable: Exploring the Synergy between Live Music Performance and Tabletop Tangible Interfaces[END_REF], education [START_REF] Antle | Youtopia: A Collaborative, Tangible, Multi-Touch, Sustainability Learning Activity[END_REF], design [START_REF] Hartmann | Pictionaire: Supporting Collaborative Design Work by Integrating Physical and Digital Artifacts[END_REF] or document editing [START_REF] Weiss | SLAPbook: Tangible Widgets on Multi-Touch Tables in Groupware Environments[END_REF]. There are also empirical results that support tangibles' advantages in such contexts. For example, in Schneider et al.'s study [START_REF] Schneider | Benefits of a Tangible Interface for Collaborative Learning and Interaction[END_REF], pairs of apprentices in logistics had to design a warehouse on a tabletop using either multitouch interaction or tangibles. In such a high-level, problem-solving task, tangibles were preferred over touch gestures because they o ered a be er support to the exploration of alternatives. Antle et al. also showed that tangibles can be beneficial to the implementation of specific design strategies that enforce or encourage exchanges between users [START_REF] Antle | Youtopia: A Collaborative, Tangible, Multi-Touch, Sustainability Learning Activity[END_REF][START_REF] Fan | Exploring How a Co-Dependent Tangible Tool Design Supports Collaboration in a Tabletop Activity[END_REF]. Finally, Cherek et al. report on a study where participants were playing a game on a tabletop and had to react to others' actions while playing [START_REF] Cherek | Tangible Awareness: How Tangibles on Tabletops Influence Awareness of Each Other's Actions[END_REF]. When performed with tangibles, actions were be er detected than with virtual objects, suggesting that tangibles increase awareness of others' actions, which is key to collaboration [START_REF] Dourish | Awareness and Coordination in Shared Workspaces[END_REF][START_REF] Gutwin | The importance of awareness for team cognition in distributed collaboration. In Team cognition: Understanding the factors that drive process and performance[END_REF].

For Precise, Space-multiplexed or Eyes-free Control

Tangibles have also been studied at a lower level, demonstrating their e iciency for fine-grained manipulations of virtual objects. In their seminal study, Fitzmaurice and Buxton [START_REF] Fitzmaurice | An Empirical Evaluation of Graspable User Interfaces: Towards Specialized, Space-Multiplexed Input[END_REF] show that enabling space-multiplexed input with multiple specialized tangibles o ers more precision than a time-multiplexed input device such as a mouse. Later, Tuddenham et al. [START_REF] Tuddenham | Graspables Revisited: Multi-Touch vs. Tangible Input for Tabletop Displays in Acquisition and Manipulation Tasks[END_REF] compared the performance of multi-touch and tangible input when interacting with virtual objects displayed on a tabletop. They considered both a simple docking task and a pursuit task that involves four objects as in Fitzmaurice and Buxton's study. In these studies, participants were faster and more accurate with tangibles than they were with multi-touch manipulations. The advantages of tangibles have been further supported by other studies. Voelker et al. [START_REF] Voelker | Knobology Revisited: A Comparison of User Performance between Tangible and Virtual Rotary Knobs[END_REF] report on a study where they compared physical knobs and virtual knobs (manipulated with one or two fingers). They found that physical knobs outperform virtual ones in terms of both speed and accuracy, and that one-finger virtual knob performance degrades relatively more when used eyes-free than the other two types of knob (whose performance remained mostly unchanged). Hancock et al. [START_REF] Hancock | Exploring Tangible and Direct Touch Interfaces for Manipulating 2D and 3D Information on a Digital Table[END_REF] propose tangibles with a mounted trackball that provides an additional control dimension. They report on an experimental task that consists of manipulations with multiple degrees of freedom (DOF). Compared to touch gestures, tangibles did not significantly di er for 5-DOF tasks, but were much faster for 3-DOF tasks. Participants also felt more precise when controlling a parameter with tangibles, in particular for the data exploration task that they studied. However, Hancock et al. also mention the occlusion issues that can occur with tangibles. Finally, Tangible Tiles [START_REF] Waldner | Tangible Tiles: Design and Evaluation of a Tangible User Interface in a Collaborative Tabletop Setup[END_REF] is a system that provides a collection of transparent tokens for manipulating digital images on a tabletop. In a task where pairs of participants had to explore images to find hidden features, manipulations with tangible tiles were still less e icient than manipulations of paper images, but they were more e icient than single-touch manipulations.

Benefits of Vertical Display Surfaces

For Orientation-dependent or Multi-Scale Information Spaces Some studies have observed the e ect of display orientation on users' experience. First, Morris et al. [START_REF] Morris | A field study of knowledge workers' use of interactive horizontal displays[END_REF] have studied the impact of orientation for additional displays in an o ice environment for single users, and have reported that horizontal displays Both images illustrate how the concept of proxemic interaction enables displaying personal information on a public display. The closer to the display a user is, the more personal the information displayed is. Images source: [START_REF] Coenen | The Concurrent Use of Touch and Mid-Air Gestures or Floor Mat Interaction on a Public Display[END_REF] and [START_REF] Vogel | Interactive Public Ambient Displays: Transitioning from Implicit to Explicit, Public to Personal, Interaction with Multiple Users[END_REF].

can cause ergonomic discomfort for some tasks such as reading long documents in comparison with vertical ones. A vertical orientation is thus preferable in some cases, particularly when the information space has a reference orientation. Inkpen et al. [START_REF] Inkpen | Exploring display factors that influence co-located collaboration: angle, size, number, and user arrangement[END_REF] support such a dependency between the type of task and the relevance of a given display's orientation. In their study, participants were faster using a vertical display but also find it more tiring. Their participants also really liked the perspective given by the vertical display by moving toward or away from it. This particularity of movement in space opens a design space for proxemic interactions. In proxemic interactions, users' position relative to the display impacts what is actually displayed on the screen. A good example is Ballendat et al.'s media player in [START_REF] Ballendat | Proxemic Interaction: Designing for a Proximity and Orientation-Aware Environment[END_REF]. In this project, the interface is designed to react to both implicit and explicit interactions. For instance the interface gets more detailed as the user gets closer to it, implicitly inviting to interact with touch Figure 2.1, right. Output can also be modified for privacy purpose as seen in Vogel et al. [START_REF] Vogel | Interactive Public Ambient Displays: Transitioning from Implicit to Explicit, Public to Personal, Interaction with Multiple Users[END_REF] and Coenen et al.'s [START_REF] Coenen | The Concurrent Use of Touch and Mid-Air Gestures or Floor Mat Interaction on a Public Display[END_REF] projects. Designed for use in a public space, those projects divide the screen space to provide di erent level of information to di erent users. For instance, in [START_REF] Coenen | The Concurrent Use of Touch and Mid-Air Gestures or Floor Mat Interaction on a Public Display[END_REF] which is illustrated on the le of Figure 2.1, one user's personal information is displayed on the bo om display that is visible to that user only as he is close enough to the display to see that information while his body hides it to other, more distant users. However, proxemics can also be used to control input as in Jakobsen et al.'s information visualization project [START_REF] Mikkel | Information Visualization and Proxemics: Design Opportunities and Empirical Findings[END_REF]. Here, the user's position in space is directly used as input to navigate graph, maps or charts by panning or zooming on the data. In their study, participants "liked the idea of mapping physical space to data space" and found that "using body movement was intuitive or natural". Changing the zoom level according to user distance seemed useful as it reduced participants e ort while allowing smoother interaction compared to mouse control.

For Collaboration

In a collaborative context, Rogers and Lindley [START_REF] Rogers | Collaborating around vertical and horizontal large interactive displays: which way is best?[END_REF] conducted a study where teams of three participants had to solve a trip planning task. They compared three conditions: a desktop+mouse control condition, and two larger (∼1×1 meter) shared display conditions with a single pen controller that users have to exchange. The two shared display conditions di er in the display orientation: horizontal (table) or vertical (wall).

Overall, the horizontal condition seemed to be er promote collaboration between participants. A possible reason why users may have preferred the horizontal condition is the ease of both exchanging the pen and switching between paper-based and digital activities. In the vertical condition, participants complained about the fact that there was no obvious place to put the pen down. Interestingly, in Potvin et al.'s study [179] where each participant had their own pen and could keep holding it, there was no clear di erence between the horizontal and vertical orientations for completing a design task collaboratively. These results suggest that tangible artifacts can be cumbersome when working with a vertical display if users cannot easily put them down somewhere. When multiple users collaborate on the same display, the question of how users share the physical and virtual space become crucial. Azad et al. [START_REF] Azad | Territoriality and Behaviour on and around Large Vertical Publicly-Shared Displays[END_REF] showed in their study that, in a collaborative context, the on-screen territoriality of vertical displays is similar to the one on tabletop. Jakobsen and Hornbaek [102] showed that this similarity might be linked to the display size. Their study showed that larger display requires less negotiations for pairs of users as they mostly shared the space evenly. However, when the number of users increases as in the fast-paced game context given in the Miners project by VonZadow et al. [START_REF] Ulrich Von Zadow | Miners: Communication and Awareness in Collaborative Gaming at an Interactive Display Wall[END_REF], users tend to ignore social cues and other's interactions. Nonetheless, authors discuss the fact that those awareness and communication problems are strong when users are up-close to the wall but the observations might be di erent with distant interactions.

Tangibles for Interacting on the Surface

In 1997, H.Ishii and B.Ulmmer present their Tangible bits project which features [START_REF] Ishii | Tangible Bits: Towards Seamless Interfaces between People, Bits and Atoms[END_REF] two interesting prototypes: the metaDESK and the transBOARD. While the metaDESK is horizontal and looks like an interactive tabletop, the transBOARD is a vertical active whiteboard allowing to record users gestures while drawing or writing on it. This seminal work on tangible interaction already envisioned tangible uses both on horizontal and vertical surfaces. However, this project already shows the limitations of tangible when used in combination with vertical surfaces. While the metaDESK provides multiples phicons and tools, the transBOARD is limited to physical cards which can be a ached to the surface. This review section focuses on On Surface physical controllers, i.e., controllers that are in contact with the surface, and the impact of surface orientation on their design and use.

Horizontal Displays

With the advent of interactive tabletops, the metaphor with tables from our everyday life quickly inspired using tangible objects to interact with digital tables. The literature in HCI presents multiple projects about tangibles for tabletop interaction. One key challenge to interact with tangible controllers on display surfaces is the recognition technology used. Relying on a vision-based tabletop system, Jorda et al.'s Reactable enabled music creation on interactive tabletops with tangible controllers. Those controllers are identified using reacTIVision [START_REF] Bencina | Improved topological fiducial tracking in the reactivision system[END_REF] custom fiducial markers tracked by an infrared camera. [START_REF] Voelker | PUCs: Detecting Transparent, Passive Untouched Capacitive Widgets on Unmodified Multi-Touch Displays[END_REF] use conductive materials to create footprints. However, Capstones relies on user touching them to create conductivity while PUCS are standalone, cleverly using the screen itself as ground. Other projects propose either using magnetic fields with Hall sensors [START_REF] Liang | GaussBits: Magnetic Tangible Bits for Portable and Occlusion-Free near-Surface Interactions[END_REF][START_REF] Weiss | Madgets: Actuating Widgets on Interactive Tabletops[END_REF] or RFID markers [START_REF] Hosokawa | Tangible Design Support System Using RFID Technology[END_REF]185] to identify multiple markers on horizontal surfaces. The common point of all those projects is the possibility to create as many unique tangibles as the number of capacitive footprints the technology can discriminate. Designing multiple tangibles creates a set of tools to multiplex input in space, which is beneficial to contexts that involve multiple users (multi-user) or multiple tools (multi-tool). However, users are limited by the number of tangibles they can manipulate as they have only two hands and they might have to free their hands for other purposes. On horizontal displays, they can just leave the tangibles in place but, as discussed in the next section, this quickly becomes a problem with vertical displays.

Vertical Displays

Whatever the technology considered, there is no obvious way of making tangibles work as they do on horizontal surfaces with a vertical surface. As discussed above, the main issue to address is that of gravity, which prevents users from dropping tangibles without them falling to the floor. As mentioned in the introduction, locomotion is key to interaction with wall displays. Users interact with the wall both from up close and from afar [START_REF] Andrews | Information Visualization on Large, High-Resolution Displays: Issues, Challenges, and Opportunities[END_REF]. This means that the design of tangibles for wall displays should consider (at least) the following two themes in Hornecker and Buur's framework of Tangible Interaction [START_REF] Hornecker | Ge ing a Grip on Tangible Interaction: A Framework on Physical Space and Social Interaction[END_REF]: tangible manipulation to act on digital information through manipulation of material objects, and spatial interaction to take into account users' physical navigation in front of the wall. Carrying multiple controllers in this situation might quickly become cumbersome, hence the need for users to leave them somewhere meaningful.

Distant actions for interacting with a wall display can be performed with mid-air gestures (e.g., [START_REF] Nancel | Mid-Air Pan-and-Zoom on Wall-Sized Displays[END_REF]) and with physical objects such as personal devices (e.g., [START_REF] Chapuis | Smarties: An Input System for Wall Display Development[END_REF][START_REF] Ulrich Von Zadow | SleeD: Using a Sleeve Display to Interact with Touch-Sensitive Display Walls[END_REF]) or custom-made objects that are manipulated in the air [START_REF] Michel Beaudouin-Lafon | Multisurface Interaction in the WILD Room[END_REF]. However, when it comes to interaction within arms' reach, surface tangibles have rarely been considered. The Miners project [START_REF] Ulrich Von Zadow | Miners: Communication and Awareness in Collaborative Gaming at an Interactive Display Wall[END_REF] makes use of tangible+touch interactions for a multi-player game on a wall display. Such interactions proved very engaging for users. However, the use of tangibles remains underexplored, as each player manipulates a single token that is associated with a specific action. Furthermore, each player must always hold the token in their hand. The Vertibles project [START_REF] Hennecke | Vertibles: Using Vacuum Self-Adhesion to Create a Tangible User Interface for Arbitrary Interactive Surfaces[END_REF] relies on micro suction cups to a ach tangible controllers on a vertical surface. A camera and a projector are used to track the controllers and display information on them. However, the Vertibles are stuck once a ached making surface interactions such as slides or rotations impossible. The Geckos project [START_REF] Leitner | Geckos: Combining Magnets and Pressure Images to Enable New Tangible-Object Design and Interaction[END_REF] brings a promising solution with a projected screen on a magnetic surface to enable the use of magnet based controllers. Those controllers are recognized thanks to their magnetic footprint and can be easily moved on the display surface. Nonetheless, this solution is unadapted to active high resolution display as their surface can hardly become magnetic. My first project contribution aims at enabling an interaction style where users can not only manipulate tokens on a vertical surface but also leave them in place on that surface. This makes it possible for users to a ach controllers at locations of interest, to switch between di erent tangibles or to simply free their hands when needed.

Interacting on the Surface... and from a Distance

As explained above, wall displays profit from a large but complex interaction space. Interacting on the display surface is not enough and users needs to move along but also away from the display. This section focuses on HCI projects that investigate hybrid control that spans the surface and the volume around the surface. The scope of projects in this section is not restricted to tangible interaction and wall displays but rather to the hybrid nature of interaction independently from the type of input and display.

To address issues related to touch input on small-sized screens, several research prototypes (e.g. [START_REF] Brasier | AR-Enhanced Widgets for Smartphone-Centric Interaction[END_REF][START_REF] Butler | SideSight: Multi-"touch" Interaction around Small Devices[END_REF][START_REF] Jones | Around Device Interaction for Multiscale Navigation[END_REF][START_REF] Kratz | HoverFlow: Expanding the Design Space of around-Device Interaction[END_REF]) augment handheld devices with sensors to track hand input in the air around the device. But the advantages of extending touch to the [START_REF] Banerjee | Pointable: An in-Air Pointing Technique to Manipulate out-of-Reach Targets on Tabletops[END_REF] enables the manipulation of objects that are not within arms reach. On the right, the Talaria technique [START_REF] Rateau | Talaria: Continuous Drag & Drop on a Wall Display[END_REF] makes it possible to perform a continuous movement of a large amplitude by taking some distance from the wall during a drag-and-drop action. Source: [START_REF] Banerjee | Pointable: An in-Air Pointing Technique to Manipulate out-of-Reach Targets on Tabletops[END_REF] and [START_REF] Rateau | Talaria: Continuous Drag & Drop on a Wall Display[END_REF]. air around or above the screen are not limited to small devices. Marquardt et al. [START_REF] Marquardt | The Continuous Interaction Space: Interaction Techniques Unifying Touch and Gesture on and above a Digital Surface[END_REF] propose such a continuous interaction space above a tabletop, and list the many interaction techniques that it enables to, e.g., interact from up-close or afar, grab out-ofreach objects or perform high-precision manipulations. Prior to the conceptualization by Marquardt et al., projects such as SecondLight [START_REF] Izadi | Going beyond the Display: A Surface Technology with an Electronically Switchable Di user[END_REF] had investigated the detection of users' hand and objects beyond the tabletop's surface from a technological standpoint and proposed actual tabletop prototypes. For example, Hilliges et al. use this continuous interaction space to enable intuitive manipulations of virtual objects [START_REF] Hilliges | Interactions in the Air: Adding Further Depth to Interactive Tabletops[END_REF]. Banerjee et al.'s Pointables [START_REF] Banerjee | Pointable: An in-Air Pointing Technique to Manipulate out-of-Reach Targets on Tabletops[END_REF] project pursue this idea of interacting above a tabletop. Using bi-manual interaction combining touch + mid-air gestures (Figure 2.2-le ), they propose an unobtrusive in place manipulation to reach and manipulate distant target on the tabletop. Extended interaction spaces can also be very useful in multidisplay environments such as LightSpace [START_REF] Wilson | Combining Multiple Depth Cameras and Projectors for Interactions on, above and between Surfaces[END_REF] where users need both local power for interacting with the current display and remote powers for interacting with distant displays [START_REF] Nacenta | There and Back Again: Cross-Display Object Movement in Multi-Display Environments[END_REF].

Empirical studies show that physical navigation is key when working with large information spaces [START_REF] Ball | The E ects of Peripheral Vision and Physical Navigation on Large Scale Visualization[END_REF][START_REF] Ball | Move to Improve: Promoting Physical Navigation to Increase User Performance with Large Displays[END_REF]. It is valued over virtual navigation [START_REF] Mikkel | Is Moving Improving? Some E ects of Locomotion in Wall-Display Interaction[END_REF], and even more so for di icult tasks [START_REF] Liu | E ects of Display Size and Navigation Type on a Classification Task[END_REF]. Hybrid input can also facilitate collaborative work. On the one hand, touch input can help switch between di erent collaboration styles [START_REF] Mikkel | Up Close and Personal: Collaborative Work on a High-Resolution Multitouch Wall Display[END_REF] and handle concurrent access [START_REF] Mikkel | Negotiating for Space? Collaborative Work Using a Wall Display with Mouse and Touch Input[END_REF]. On the other hand, touch input can also cause physical conflicts or hide content from other users [START_REF] Hawkey | The Proximity Factor: Impact of Distance on Co-Located Collaboration[END_REF][START_REF] Mikkel | Negotiating for Space? Collaborative Work Using a Wall Display with Mouse and Touch Input[END_REF]. This advocates for enabling interaction both up close and from afar. Some systems implement hybrid input for wall displays, enabling interaction through either direct touch or mid-air gestures. For instance, Schick et al. [START_REF] Schick | Extending Touch: Towards Interaction with Large-Scale Surfaces[END_REF] rely on RGB cameras and computer vision methods to extend touch with a raycast along the user's arm. In a similar spirit, Jakobsen et al. extend a multitouch wall display with optical tracking to support mid-air raycast [START_REF] Mikkel | Should I Stay or Should I Go? Selecting Between Touch and Mid-Air Gestures for Large-Display Interaction[END_REF]. On the le , 5mm infrared markers a ached on the user hand to track precise gestures. On the right, users are equipped with a glove, a hat and a jacket with 10mm infrared markers a ached to them to track their body, right hand, head and selected fingers. Images source: [START_REF] Matulic | Multiray: Multi-Finger Raycasting for Large Displays[END_REF] and [START_REF] Vogel | Interactive Public Ambient Displays: Transitioning from Implicit to Explicit, Public to Personal, Interaction with Multiple Users[END_REF].

They report on studies that compare touch and mid-air input with contrasted observations. Participants preferred touch to interact with small objects, but tended to choose mid-air input over touch for large-scale manipulations or when they needed a large viewing angle. Like the Pointable technique [START_REF] Banerjee | Pointable: An in-Air Pointing Technique to Manipulate out-of-Reach Targets on Tabletops[END_REF] for tabletops or the MirrorTouch public display [START_REF] Müller | MirrorTouch: Combining Touch and Mid-Air Gestures for Public Displays[END_REF], the wall display in Jakobsen et al.'s studies does not integrate touch and mid-air input. Users can rely on either touch or mid-air, but they cannot, for instance, initiate a movement with a sliding gesture on the surface and continue with that same movement in the air like the Talaria technique does [START_REF] Rateau | Talaria: Continuous Drag & Drop on a Wall Display[END_REF]. Moreover, while projects such as Liu et al.'s Gunslinger [START_REF] Liu | Gunslinger: Subtle Armsdown Mid-Air Interaction[END_REF] or Langner et al. [START_REF] Langner | Multiple Coordinated Views at Large Displays for Multiple Users: Empirical Findings on User Behavior, Movements, and Distances[END_REF] divides touch and mid-air interaction between both hands, Talaria profit from uni-manual interaction (Figure 2.2-right). This is particularly interesting as it avoid preempting one of the user hands to enable continuity between the touch and the mid-air interaction spaces. My second project focus on those hybrid input and allows to go beyond surface manipulations using physical controllers by implementing the concept of O -Surface Tangibles, which has been sketched by Cherek et al. in the context of tabletops [START_REF] Cherek | O -Surface Tangibles: Exploring the Design Space of Midair Tangible Interaction[END_REF]. Those tangible controllers are tracked both on the surface and in the air, and enable interactions that span across the two.

Such hybrid input is particularly important for wall displays as users move physically in front of the display, however all the systems mentioned above rely on barehand, device-free techniques. Using bare hand gestures has the great advantage of leaving users' hands free, but it also has downsides. In particular, it su ers from a lack of haptic feedback and requires users to learn specific hand postures to perform actions as simple as mode switching [START_REF] Bhaskar Surale | Experimental Analysis of Barehand Mid-Air Mode-Switching Techniques in Virtual Reality[END_REF] or clicking [START_REF] Vogel | Distant Freehand Pointing and Clicking on Very Large, High Resolution Displays[END_REF]. Even for something as elementary as pointing, switching between absolute and relative mode is key to cope On the le , physical controllers are a ached to a handheld device that can be used in a remote control like way to interact with a wall from a distance. On the right, tangibles are used directly on the surface of a wall display. Images source: [START_REF] Jansen | Tangible Remote Controllers for Wall-Size Displays[END_REF] and [START_REF] Ulrich Von Zadow | Miners: Communication and Awareness in Collaborative Gaming at an Interactive Display Wall[END_REF].

with the inherent lack of precision and instability of raycasting [160]. In addition to the di iculty of learning and performing postures such as ThumbTrigger [START_REF] Grossman | Multi-Finger Gestural Interaction with 3d Volumetric Displays[END_REF][START_REF] Vogel | Distant Freehand Pointing and Clicking on Very Large, High Resolution Displays[END_REF], SideTrigger [START_REF] Banerjee | Pointable: An in-Air Pointing Technique to Manipulate out-of-Reach Targets on Tabletops[END_REF] or Multirays [START_REF] Matulic | Multiray: Multi-Finger Raycasting for Large Displays[END_REF], bare-hand input potentially conflicts with users' movements that are not intended to be interpreted by the system. This is particularly true when users move in space and discuss with each other in a collaborative context. Lastly, projects relying on bare hands gestures [START_REF] Banerjee | Pointable: An in-Air Pointing Technique to Manipulate out-of-Reach Targets on Tabletops[END_REF][START_REF] Liu | Gunslinger: Subtle Armsdown Mid-Air Interaction[END_REF][START_REF] Matulic | Multiray: Multi-Finger Raycasting for Large Displays[END_REF] or proxemics [START_REF] Ballendat | Proxemic Interaction: Designing for a Proximity and Orientation-Aware Environment[END_REF][START_REF] Mikkel | Information Visualization and Proxemics: Design Opportunities and Empirical Findings[END_REF][START_REF] Vogel | Interactive Public Ambient Displays: Transitioning from Implicit to Explicit, Public to Personal, Interaction with Multiple Users[END_REF] o en use vision based tracking. This requires to instrument the user with sometimes cumbersome or potentially di icult to calibrate equipment (Figure 2.3). Using tangible controllers in such cases allow to shi the tracked markers on the object itself avoiding those di iculties. Moreover, when they want to stop the interaction, users can simply leave the tracked object somewhere without having to remove the tracking equipment they might be wearing. When they want to resume interaction, they just take the tangible controller back while, with a wearable equipment, this might involve a new calibration procedure.

Physical Controllers for Interacting with Wall Displays

Several research prototypes complement or replace bare-hand input with an o -theshelf input device. The device can be a basic input device (such as a mouse [START_REF] Mikkel | Is Moving Improving? Some E ects of Locomotion in Wall-Display Interaction[END_REF][START_REF] Nancel | Mid-Air Pan-and-Zoom on Wall-Sized Displays[END_REF] or a multi-touch trackpad [START_REF] Liu | E ects of Display Size and Navigation Type on a Classification Task[END_REF]) or it can be a personal handheld device [START_REF] Chapuis | Smarties: An Input System for Wall Display Development[END_REF][START_REF] Langner | Multiple Coordinated Views at Large Displays for Multiple Users: Empirical Findings on User Behavior, Movements, and Distances[END_REF][START_REF] Mccallum | ARC-Pad: Absolute+relative Cursor Positioning for Large Displays with a Mobile Touchscreen[END_REF][START_REF] Nancel | Mid-Air Pan-and-Zoom on Wall-Sized Displays[END_REF]203]. Relying on an additional device enables e icient implementation of indirect pointing through e.g., an acceleration function and a mode switch between absolute and relative cursor control [START_REF] Mccallum | ARC-Pad: Absolute+relative Cursor Positioning for Large Displays with a Mobile Touchscreen[END_REF][START_REF] Nancel | High-Precision Pointing on Large Wall Displays Using Small Handheld Devices[END_REF]. In addition to acting as a pointing device, the screen of a handheld device can be used to recognize simple touch actions such as double tap or slide gestures [START_REF] Langner | Multiple Coordinated Views at Large Displays for Multiple Users: Empirical Findings on User Behavior, Movements, and Distances[END_REF]. The device's screen can even host some UI components to invoke commands and adjust parameters in the form of so ware components [START_REF] Chapuis | Smarties: An Input System for Wall Display Development[END_REF]203] or physical components [START_REF] Jansen | Tangible Remote Controllers for Wall-Size Displays[END_REF] (Figure 2.4-le ).

Rather than relying on conventional devices, some projects fall in the category of Tangible User Interfaces with tailored, ad hoc tangibles. Tangible User Interaction (TUI) means interacting with digital information through the physical environment. What TUI encompasses is debatable. For example, taken literally, a mouse is a physical object in the environment and in that sense can be seen as a tangible interaction device. However, the HCI community tacitly agrees that TUI does not encompass traditional workstation and input devices. This can be achieved by giving a physical shape to digital information [START_REF] Ishii | Tangible Bits: Towards Seamless Interfaces between People, Bits and Atoms[END_REF], by making everyday objects play an active role in the digital environment [START_REF] Wellner | The DigitalDesk Calculator: Tangible Manipulation on a Desk Top Display[END_REF] or by having one or several physical, specialized controllers that can multiplex input or output in space [START_REF] Fitzmaurice | An Empirical Evaluation of Graspable User Interfaces: Towards Specialized, Space-Multiplexed Input[END_REF][START_REF] Jordà | The ReacTable: Exploring the Synergy between Live Music Performance and Tabletop Tangible Interfaces[END_REF][START_REF] Tuddenham | Graspables Revisited: Multi-Touch vs. Tangible Input for Tabletop Displays in Acquisition and Manipulation Tasks[END_REF]. This la er approach is particularly relevant for environments that involve a large interaction space. Moreover, the feedthrough provided by the manipulation of physical artefacts can help increase group awareness and facilitate collaboration [START_REF] Nacenta | The E ects of Interaction Technique on Coordination in Tabletop Groupware[END_REF].

Regarding mid-air interaction, tangibles have received more a ention for immersive environments [START_REF] Bach | The Hologram in My Hand: How E ective is Interactive Exploration of 3D Visualizations in Immersive Tangible Augmented Reality[END_REF][START_REF] Billinghurst | Mixing realities in Shared Space: an augmented reality interface for collaborative computing[END_REF]52,[START_REF] Englmeier | A Tangible Spherical Proxy for Object Manipulation in Augmented Reality[END_REF][START_REF] Ens | Upli : A Tangible and Immersive Tabletop System for Casual Collaborative Visual Analytics[END_REF]74,[START_REF] Kato | Virtual object manipulation on a table-top AR environment[END_REF] than for wall displays. In the specific context of wall displays, tangibles have been almost exclusively proposed for interaction on the display itself (Figure 2.4-right). The seminal pick-and-drop technique [184] allows users to tap an object with a pen to pick it, and then tap again to drop it elsewhere. As one pen is associated with one user, pick-and-drop multiplexes input in space, enabling several users to perform concurrent manipulations. In the Seconds ma er project [START_REF] Fraser | Seconds Ma er: Improving Distributed Coordination Bytracking and Visualizing Display Trajectories[END_REF], Fraser et al. study the transition from o -screen space to onscreen space for pen input on a digital whiteboard. In their system, two users (say 1 and 2 ) collaborate synchronously but are located in two distant sites. The location of 1 's pen relative to 1 's whiteboard is displayed on 2 's whiteboard so that 2 can anticipate where interaction will take place and thus be er synchronize their own actions with that of 1 . Several projects have proposed other types of tangibles for surface manipulations on vertical displays. For example, in Miners [START_REF] Ulrich Von Zadow | Miners: Communication and Awareness in Collaborative Gaming at an Interactive Display Wall[END_REF], users rely on touch input combined with small tangibles in the form of tokens that are similar to TouchTokens [START_REF] Morales González | TouchTokens: Guiding Touch Pa erns with Passive Tokens[END_REF]. A tangible in the Miners game identifies a user. When in contact with the wall, it delineates an area where touch input is associated with that user. Some tangibles can also be a ached to the wall [START_REF] Hennecke | Vertibles: Using Vacuum Self-Adhesion to Create a Tangible User Interface for Arbitrary Interactive Surfaces[END_REF][START_REF] Leitner | Geckos: Combining Magnets and Pressure Images to Enable New Tangible-Object Design and Interaction[END_REF] and used as tangible widgets in the spirit of what SLAP widgets enable on tabletops [START_REF] Weiss | SLAP Widgets: Bridging the Gap between Virtual and Physical Controls on Tabletops[END_REF]. WallTokens [START_REF] Courtoux | WallTokens: Surface Tangibles for Vertical Displays[END_REF] are tangibles that can be both a ached to, or slid over, the surface. They can thus be used as either widgets or controllers. Empirical observations reveal the advantages of such tangibles over touch gestures in terms of comfort and speed when manipulating virtual objects displayed on a surface, either horizontal [START_REF] Hancock | Exploring Tangible and Direct Touch Interfaces for Manipulating 2D and 3D Information on a Digital Table[END_REF][START_REF] Tuddenham | Graspables Revisited: Multi-Touch vs. Tangible Input for Tabletop Displays in Acquisition and Manipulation Tasks[END_REF] or vertical [START_REF] Courtoux | WallTokens: Surface Tangibles for Vertical Displays[END_REF].

Relying on a physical controller for interacting with wall displays can address issues related to bare-hand input. Physical controllers can be organized into two categories: personal devices (i.e. tablets or smartphones) or ad hoc tangibles. While using a personal device to interact with a wall display enables powerful interaction tech-niques, it also means constantly holding this personal device. In addition to the fatigue this can cause, users do not have their hands free, which can be annoying when interacting with other artefacts as well as when performing bi-manual actions on the wall itself. Also, as mentioned earlier, such device-based interaction is indirect and does not integrate well with direct touch interaction on the wall, that users like to rely on [START_REF] Mikkel | Should I Stay or Should I Go? Selecting Between Touch and Mid-Air Gestures for Large-Display Interaction[END_REF].

A couple of research projects equip smartphones with additional sensors to recognize a contact between the smartphone and an external touchscreen [START_REF] Gary Perelman | Combining Tablets with Smartphones for Data Analytics[END_REF][START_REF] Schmidt | PhoneTouch: A Technique for Direct Phone Interaction on Surfaces[END_REF], enabling users with phone touch input. However, the form factor of a smartphone makes such direct phone touch actions typically limited to basic taps. On the opposite, tangibles that are tailored to wall displays can support richer surface manipulations on the wall itself such as sliding and rotating, which can even be combined with touch actions [START_REF] Courtoux | WallTokens: Surface Tangibles for Vertical Displays[END_REF][START_REF] Ulrich Von Zadow | Miners: Communication and Awareness in Collaborative Gaming at an Interactive Display Wall[END_REF]. As discussed above, those custom tangibles can even be designed so that users can a ach them to the wall to free their hands for other actions [START_REF] Courtoux | WallTokens: Surface Tangibles for Vertical Displays[END_REF][START_REF] Hennecke | Vertibles: Using Vacuum Self-Adhesion to Create a Tangible User Interface for Arbitrary Interactive Surfaces[END_REF][START_REF] Leitner | Geckos: Combining Magnets and Pressure Images to Enable New Tangible-Object Design and Interaction[END_REF].

Summary

This chapter is a review of di erent projects linked to my thesis research question. However, while the literature demonstrate that both large vertical displays and tangible user interfaces improve users' experience in multiple contexts, the intersection of these two domains is rarely explored. The main challenge resides in combining both large wall displays' wide interaction space and the haptic advantages of tangible controllers without impairing one or the other.

C 3 E O S T I W D
As detailed in the previous chapter, the interaction space with a wall display is not limited to its surface. However, as a first step, we started this PhD work with an indepth investigation of on surface interaction for wall displays. While many projects have investigated tangible interaction on the surface of active horizontal displays, very few projects have already investigated on surface tangible interaction on active vertical displays. The only projects that addressed this topic actually rely on a ached static controllers [START_REF] Hennecke | Vertibles: Using Vacuum Self-Adhesion to Create a Tangible User Interface for Arbitrary Interactive Surfaces[END_REF][START_REF] Ti Any Tseng | Mechanix: An Interactive Display for Exploring Engineering Design through a Tangible Interface[END_REF] that feature quite constrained manipulations such as turning a knob. In this project, our goal is to contribute surface tangible controllers that users can actually slide and rotate on a vertical display as they can usually do on horizontal displays.

For this purpose, we designed WallTokens which are tangibles that can be easily and comfortably a ached or detached from the vertical display surface. A WallToken is an easy-to-fabricate tangible. It is a passive token whose footprint is recognized on a tactile surface. It is equipped with a push-handle that controls a suction cup. This makes it easy for users to switch between sliding the token or a aching it to the wall. We describe our design and fabrication process as well as our approach to track and recognize such tangibles. We report on a study showing the benefits of WallTokens for manipulating virtual objects over multi-touch gestures. We finally illustrate their use with three demo applications, and make our development framework available to the community. This chapter is based on a full paper published at CHI '21 [START_REF] Courtoux | WallTokens: Surface Tangibles for Vertical Displays[END_REF]. Supplementary material for this project, including a video, is available at https://walltokens.lisn. upsaclay.fr/. 

Introduction

Large, ultra-high resolution displays (wall displays) make it possible for one or several users to interact with large volumes of data. Unlike horizontal screens such as tabletops, vertical displays make it possible for an audience to observe a scene from roughly the same perspective, which is particularly important when that scene has a preferred orientatione.g., text documents or maps. Users can also explore that scene at different levels of detail through physical navigation (stepping close to see the details, stepping back to gain an overview). However, designing e icient interaction techniques for large vertical displays is particularly challenging. Distant interaction can rely on mid-air gestures [START_REF] Nancel | Mid-Air Pan-and-Zoom on Wall-Sized Displays[END_REF] or personal devices used as remote controllers [START_REF] Chapuis | Smarties: An Input System for Wall Display Development[END_REF][START_REF] Jansen | Tangible Remote Controllers for Wall-Size Displays[END_REF]. Close interaction can rely on touch gestures (e.g., [START_REF] Liu | CoReach: Cooperative Gestures for Data Manipulation on Wall-Sized Displays[END_REF]). The la er have the advantage of leaving users' hands free of any controller, but they also lack precision and hardly scale to concurrent interactions from multiple users.

Surface tangibles can enrich interaction from close distance with a large surface. As opposed to tangibles that are tracked in the air (with e.g., an external optical system), surface tangibles get tracked by the system when they are in contact with the surface. They enable precise manipulations [START_REF] Fitzmaurice | An Empirical Evaluation of Graspable User Interfaces: Towards Specialized, Space-Multiplexed Input[END_REF][START_REF] Hancock | Exploring Tangible and Direct Touch Interfaces for Manipulating 2D and 3D Information on a Digital Table[END_REF][START_REF] Tuddenham | Graspables Revisited: Multi-Touch vs. Tangible Input for Tabletop Displays in Acquisition and Manipulation Tasks[END_REF], support eyes-free control [START_REF] Jansen | Tangible Remote Controllers for Wall-Size Displays[END_REF][START_REF] Voelker | Knobology Revisited: A Comparison of User Performance between Tangible and Virtual Rotary Knobs[END_REF], can encourage specific collaboration strategies [START_REF] Antle | Youtopia: A Collaborative, Tangible, Multi-Touch, Sustainability Learning Activity[END_REF][START_REF] Fan | Exploring How a Co-Dependent Tangible Tool Design Supports Collaboration in a Tabletop Activity[END_REF] or increase awareness of others' actions [START_REF] Cherek | Tangible Awareness: How Tangibles on Tabletops Influence Awareness of Each Other's Actions[END_REF]. Such tangibles have been considered to interact with horizontal surfaces, e.g., [START_REF] Jordà | The ReacTable: Exploring the Synergy between Live Music Performance and Tabletop Tangible Interfaces[END_REF][START_REF] Morales González | TouchTokens: Guiding Touch Pa erns with Passive Tokens[END_REF][START_REF] Weiss | SLAP Widgets: Bridging the Gap between Virtual and Physical Controls on Tabletops[END_REF], or with specific supporting structures [START_REF] Ullmer | Token+constraint Systems for Tangible Interaction with Digital Information[END_REF]. But they cannot easily be used with large vertical surfaces as multiple tangibles become cumbersome when they cannot be le on the display.

In the non-digital world, people work with tangibles on vertical passive surfaces. Whiteboards with magnets, investigation boards with pins and threads, architect desks with drawing tools are all examples of tangibles on vertical or inclined surfaces.

However, when it comes to vertical surfaces that actively emit light such as LCD or LED screens, the use of tangibles raises issues. Simple tools just fall, while pins and magnets damage electronics in screens.

In this chapter, we introduce WallTokens as a means to prototype tangible interaction for vertical surfaces (Figure 3.1). A WallToken is a light, passive tangible that is mounted on feet in order to generate a multi-touch pa ern (i.e., its footprint) when put in contact with the wall. A push-handle, located at the token's center, controls an additional foot which is equipped with a spring and terminated by a suction cup. Pushing this handle brings the suction cup in contact with the surface, a aching the token to the wall. Once a ached, the token can be manipulated as a rotary knob, or le as is to free the user's hands for any other action. Users can easily detach a token with a simple lever movement that uses any of the peripheral feet as a pivot. This pulls the suction cup away from the wall, which makes the central foot contract back. Users can thus a ach and detach tokens at will, making it easy to switch between di erent tokens or between barehand gestures and token manipulations.

In this chapter, we detail the design and fabrication process of WallTokens, which relies on 3D printing and basic supplies (i.e., springs and suction cups) only. We describe how well they get recognized on our wall display, which is equipped with an infrared frame for detecting multi-touch input. In a study, we compare the performance of tangibles and multi-touch gestures for manipulating virtual objects, showing that participants' experience is be er with tangibles than with multi-touch gestures. We finally report on our prototyping experience with a sample of applications that we developed on top of our library for handling token input.

Our main contributions are:

• a solution to enable tangible interaction for vertical displays;

• a low-cost approach to the prototyping of such tangibles;

• a study in which tokens performed be er than multitouch gestures for manipulating virtual objects.

WallTokens

WallTokens are tangibles that are low-cost and easy-to-fabricate, making them ideal for prototyping. They consist of basic supplies (spring, suction cup and felt) and 3D printed parts assembled together. They are passive, designed to be interacted with on multi-touch surfaces. Like some previous projects (e.g., [START_REF] Chan | Cap-Stones and ZebraWidgets: Sensing Stacks of Building Blocks, Dials and Sliders on Capacitive Touch Screens[END_REF][START_REF] Jansen | Tangible Remote Controllers for Wall-Size Displays[END_REF][START_REF] Kratz | CapWidgets: Tangible Widgets Versus Multi-touch Controls on Mobile Devices[END_REF][START_REF] Morales González | TouchTokens: Guiding Touch Pa erns with Passive Tokens[END_REF]), each WallToken is mounted on feet that generate a multi-touch pa ern when in contact with a tactile surface. A pa ern is specific to a token, making this token recognizable with a pa ern matching algorithm. 

Fabrication

A WallToken consists of several modular components that are then assembled together by means of screwing and interlocking. Figure 3.2-le details these di erent components.

• The base 4 is the main component. It consists of a plate with three feet underneath (i.e., a single 3D printing job). When in contact with the wall, the three feet will generate the multi-touch pa ern (i.e., the token footprint) that is specific to the token. Each foot is 25 mm tall and 12 mm wide. In order to avoid any scratch on the surface, each foot is carved with a placeholder where a piece of felt can be glued (each placeholder is a 4 mm side square of 1 mm depth). The plate is 3 mm thick. Its shape can vary (e.g., square, circle, triangle as illustrated in Figure 3.2-right). The plate not only gives the token a visually identifiable shape, it also prevents users' fingers from ge ing too close to the screen and thus interfering with the token footprint during the recognition process.

• The grip 3 is the knob where users put their fingertips to hold and manipulate the token. It is connected with the base thanks to a snap fit system. The grip is a 20 mm high cylinder of 4.85 mm radius at its base. Its contour is slightly curved to make it comfortable.

• The push-handle 1 is the top of the token. It is under the palm of users' hand when they hold the token. It is 15 mm long from the base to the tip, and the radius of its circular base is 16 mm. Users push this handle with their palm when they want to a ach the token to the surface. To detach a token, users pull its grip. This creates a lever e ect around one of the token's feet, making this action easy to perform.

• The central rod 5 is a 61.5 mm tall stick that connects the suction cup, which can a ach the token to the surface, to the push-handle. By default, the suction cup is not in contact with the surface. The bo om of the central rod is designed as a placeholder where the suction cup can be snapped. The top of the central rod ends with a thread on which the push-handle can be screwed.

• The suction cup 6 is a standard 20 mm diameter one, which generates a suction force of approximately 130 newtons. When the central rod is at its default height, the suction cup does not touch the screen, remaining 15 mm away from it.

• The spring 2 maintains the central rod at its default height when the suction cup is not a ached to the wall. It has 10 coils and is made of steel (AISI 304L stainless steel). Its length is 25 mm when free, 7 mm when compressed. Its inner diameter is 0.7 mm, and its outer diameter is 0.9 mm.

WallTokens are low-cost, yet robust. They do not require any electronics, but only passive materials. Apart from the suction cup, the spring and the felt, individual components are fabricated with a 3D printer using PLA or Tough PLA filament. 1 The assembly time for a token is less than a minute once the felt has been glued under the feet. We ran some informal tests to assess how long tokens can stay on the wall with such a design. Our tests revealed that they do not fall o for at least twelve hours when the wall is o , and for at least three hours when it is on (heat has an impact on how well the suction cups stick). WallTokens also proven quite robust against repetitive manipulations. In particular, we used the same unique token for the experiment that we report in section 3.3. However, in case a component gets broken, the modularity of the fabrication process makes it easy to replace the damaged part only.

Finally, modularity also makes it easy to test di erent token appearances, thus compensating for the lack of flexibility tangibles usually su er from when it comes to customizing their appearance (e.g., their shape or color) [START_REF] Schneider | Benefits of a Tangible Interface for Collaborative Learning and Interaction[END_REF]. For example, interaction designers can test di erent bases during the design phase of an application. Having designed tokens ourselves, we also found modularity very convenient for deciding on ergonomic details. In particular, we have tested several alternatives for the push-handle and grip components before choosing the ones that were the most comfortable during manipulations. SDF files for fabricating the di erent components are available as supplemental material. Others can easily use them as is, or edit them to test alternative shapes for the base, grip and push-handle.

Recognition

As mentioned above, we rely only on multi-touch tracking in order to recognize a token based on its footprint using the pa ern matching algorithm from [START_REF] Morales González | TouchTokens: Guiding Touch Pa erns with Passive Tokens[END_REF]. A token set is represented by a collection of templates, with one template per token. Then, when at least three contact points occur simultaneously,2 they are processed with the pa ern matching algorithm in order to identify the closest template. Relying on such a recognition strategy means that all tokens' footprints should be di erent from one another within a token set.

When a token is in contact with the wall, any contact point occurring inside the triangle formed by the token feet triggers the detection of the a ached state of that token. The token's state remains set to A ached until a token-up event occurs. Such an event occurs as soon as two token feet are li ed o the surface.

Although WallTokens could be made conductive to work with a capacitive surface, very large tactile surfaces usually rather rely on optical tracking for detecting touch input. We designed WallTokens to interact with such a very large wall display, which is made of tiled ultra-thin bezel screens. It is equipped with a PQlabs infrared touch frame, which is located 4.5 mm in front of the screens. Detailed specifications for such a technology are not available. We thus had to conduct a series of empirical tests to assess 1) the minimal diameter of a foot to be detected as a touch point (12 mm), 2) the minimal height that feet should have to keep the token base and the suction cup when in its default state out of tracking range (25 mm), and 3) the minimal distance between two feet to avoid ge ing them merged as a single touch point ( =5 mm). The tests mentioned above also revealed occlusion issues related to the infrared technology, which impacted our strategy for designing tokens' footprints. A foot, which is both aligned with a second foot along the x-axis and with a third foot along the y-axis, is not detected. In order to minimize the chances for such an issue to occur, the three feet of a token always form an isosceles triangle. Figure 3.3 illustrates feet configurations for the nine tokens in our set. The smallest footprint is a 58 mm side equilateral triangle. It corresponds to the smallest footprint that ensures a minimal distance of between two feet when they get projected on the x-or y-axis regardless of the token orientation.

The position of the central rod is set in order to optimize the detection of token states (A ached or Detached). State detection accuracy results from a trade-o between maximizing the distances from the central rod to the tokens' feet and avoiding the potential occlusion issues mentioned above. Depending on the token's feet relative placement, a good compromise for positioning the central rod is either the center of the circumscribed circle of the triangle formed by the token's feet (pink and white tokens in Figure 3.3), or the center of the inscribed circle (red tokens in Figure 3.3). We ran a small-scale experiment in order to validate WallTokens' design. We both consider recognition accuracy of tokens' identity and detection accuracy of their state (A ached or Detached). In order to get ecological observations, our experimental task collects measures in the context of pick-and-drop interactions (i.e., users put a tangible controller in contact at two locations consecutively) and of detach-then-a ach interactions (i.e., users move a tangible mark from one location to another).

Participants

Because of the COVID-19 pandemics , only the three authors of this submission participated in this experiment: one woman (40 year-old) and two men (27 and 53 year-old).

Apparatus

The experiment runs in full screen mode on a wall-sized display (75 ultra-thin bezel screens tiled in a 15 × 5 grid, resulting in a total surface of 5m90 × 1m95 for a resolution of 14 400 × 4 800 pixels), driven by 10 workstations 3 

and equipped with a multi-touch

A pink triangle appears. The participant puts the corresponding token on it.

pick-and-drop sequence

After a random delay, the triangle's texture changes (checkered pattern). The participant attaches the token to the surface and removes her hand from it.

Another pink triangle appears. The participant lifts the token up and puts it down on that triangle. PQLabs frame connected to a workstation. The experimental so ware was developed using Unity 3D (v. 2018.3). The whole setup is orchestrated by a laptop workstation. 4Task As Figure 3.4 illustrates, our experimental task consists of several steps in order to challenge the recognizer in di erent contexts. 1 A colored shape stimulus is displayed on the wall at 1.25 m above the floor in front of the user. Participants have to grab the token whose shape and color match that of the stimulus (e.g., the pink triangle token in Figure 3.4) and put it in contact with the wall at the stimulus' location. This makes the stimulus disappear, and another stimulus appear 60 cm to the right.

2 Participants have to put the token in contact with the wall at this new location. 3 The stimulus' texture turns into a checkered pa ern a er a 1-to-2 s random delay. As soon as the texture changes, participants have to a ach the token to the wall as fast as possible. 4 -5 In order to make sure that the token is actually a ached to the wall, participants have to release the token to touch a green circle that appears close to the token. They then have to put their hand back on the token to be ready to detach it. 6 The stimulus' fill texture turns into a checkered one a er a 2.5 to 3.5 s random delay, instructing the participant to detach the token from the wall as fast as possible. 7 A final stimulus appears 30 cm to the le . It is filled with a checkered pa ern as soon as it appears, indicating to participants that they should place the token in this location and a ach it as fast as possible. Measures. The token recognized by our algorithm is logged at steps 1 , 2 and 7 , allowing us to compute accuracy of token recognition (RecognitionAccuracy) over 108 × 3 = 324 observations. Regarding state detection, the green circle appears a er step 3 only if our algorithm actually detects the A ached state. In case it does not, the current task is canceled (with already recorded measures ignored), the operator counts an error (StateDetectionError) and restarts the task. StateDetectionError is incremented each time such an error occurs. The experiment so ware additionally logs two time measures: A achTime, which is the time between the first texture change and the A ached state detection that follows (step 3 ), and DetachTime, which is the time between the second texture change and the token up event that follows (step 6 ).

Procedure. Participants stand about 45 cm in front of the wall. The nine tokens are available on a table to their le . The session of tasks begins with a series of nine practice tasks, one task per token. Participants are allowed to redo the practice set until they feel comfortable enough. They then perform the 36 measured tasks.

Results

Table 3.1 reports the overall recognition accuracy, as well as a break-down per participant (A1, A2, and A3) (means and 95%-CIs).

Overall, seven token recognition errors occur among 324 measures. Two occurred at step 1 (both for participant A2), five at step 7 , and none at step 2 . There was no systematic pa ern regarding the confusion errors. This prevents us from drawing conclusions regarding the design of the tokens, as errors might as well result from the touchframe itself, which delivers noisy input on some rare occasions. Regarding state detection, there was only one error among 216 measures. This error occurred with the smallest token (PinkCircle), which happened for A2 at step 3 .

Time measures suggest that a aching and detaching a token can be performed in less than a second and that it can take an expert user as li le as 500 ms to a ach a token already in contact with the surface (time at 3 includes reaction time, and time at 7 additionally includes a movement), and 650 ms to detach a token ( 6 includes reaction time). Comparing time for a aching at step 3 with time for detaching suggests that it is easier to a ach a token than to detach it. This matches our initial impressions.

We acknowledge the limited ecological validity of these observations as they come from the authors themselves. These results cannot be generalized to average users. However, they give an indication of the performance envelope [START_REF] Dudley | Performance Envelopes of Virtual Keyboard Text Input Strategies in Virtual Reality[END_REF], i.e., the performance that expert users can reach.

Walltokens vs Touch Gestures

WallTokens can act as controllers on a wall display for, e.g., manipulating virtual objects or adjusting parameter values. We believe that they can be an e icient alternative to touch gestures when interacting with a wall from close distance. In this second experiment, we evaluate the performance of WallTokens when they are used as controllers on a wall display.

We hypothesize that WallToken manipulations are more e icient controllers on a wall display than touch gestures are. First, previous studies have shown that users are more accurate with tangibles than with bare finger input [START_REF] Hancock | Exploring Tangible and Direct Touch Interfaces for Manipulating 2D and 3D Information on a Digital Table[END_REF][START_REF] Voelker | Knobology Revisited: A Comparison of User Performance between Tangible and Virtual Rotary Knobs[END_REF]. We thus hypothesize that users will be faster with WallTokens than with touch gestures ( 1 ). Second, we hypothesize that a WallToken is more comfortable than touch gestures are for continuous manipulations ( 2 ). This is not only because of the felt under their feet that reduces friction with the wall, but also because of the possibility for users to reposition their fingers on the token while manipulating it. Finally, we also hypothesize that WallTokens' relative advantage will be lower when manipulating small virtual objects which are under their base than when manipulating large virtual objects ( 3 ). This is because tangibles cause more occlusion than bare hand gestures.

Participants

Twelve volunteers (9 men and 3 women), aged 24 to 44 year-old (average 28, median 25.5), participated in the experiment. 

Apparatus

The apparatus is the same as the one described in Section 3.2.

Task

Participants had to perform a docking task, where they had to manipulate a virtual object (Modulus) to make its position and orientation match that of a target placeholder (Stimulus). They had to perform such a task using either WallToken-based manipulations or common multi-touch gestures (Figure 3.5).

The task starts with the two objects displayed on screen: the Modulus as a black circle, and the Stimulus as an orange circle. Depending on the condition, the participant has to put his fingers or the token on the Modulus and drag it over the Stimulus. The task ends when the Modulus has been maintained for 1500ms inside the Stimulus with its orientation (indicated by a red line) matching that of the Stimulus. As soon as the position and orientation conditions are met, a blue ring starts to fill up. The ring is full when both conditions have been maintained for 1500ms (dwell), ending the task. The experiment so ware allows for some tolerance in both orientation and position. The di erence in orientation between the Stimulus and the Modulus should be less than 10°and the distance between their centers should be less than 1cm.

Contrary to Tuddenham et al.'s study [START_REF] Tuddenham | Graspables Revisited: Multi-Touch vs. Tangible Input for Tabletop Displays in Acquisition and Manipulation Tasks[END_REF], which also compares multi-touch with tangibles, our experimental task involves a single tangible. This is because we do not advocate for the use of WallTokens for spatial multiplexed input where one user would manipulate several objects concurrently with frequent switches between multiple WallTokens. The cost of repetitive a ach and detach actions would be too much of an overhead. In a wall display context, we rather envision the use of tangibles as controllers for longer interactions. For example, when each user has their own tangible, or when interactions with a given token are performed in sequence. Our experimental task operationalizes such interactions.

Design and procedure

Factors. Our experiment involves the following three primary factors:

• nput ∈ {Token, Touch}. The WallToken used in the Token condition was a red 9.4 cmdiameter circle. We chose a circle shape so that the amount of occlusion does not depend on the token's orientation. In the Touch condition, users perform 2-finger gestures to control both position (i.e., middle of the 2-finger segment) and orientation (i.e., orientation of the 2-finger segment).

• ize ∈ {Small, Medium or Large}. This controls the relative size of the Modulus relative to that of the token, and thus the amount of occlusion caused by the token (i.e., the smaller the object, the greater the occlusion caused by the token). Small (resp. Large) means that the Modulus' diameter is half (resp. twice) that of the token, and Medium means that the Modulus and the token have the same size.

• otation ∈ {0°, -90°, 90°and 180°} corresponds to the Stimulus' orientation.

The fourth factor, irection, is a secondary one that we introduced for ecological purposes. It specifies how the Stimulus is displayed relative to the Modulus when the task starts. It can take the following four cardinal directions: NW, NE, SW or SE. When the task starts, the Modulus is displayed within users' arm reach (within a 39 cm square at 1.05 m height), and oriented along the y-axis. Its precise location depends on the value of irection in order to ensure that both objects are displayed in the same screen. This is to avoid users having to cross bezels between the wall's screen cells, as they are an artifact of the specific wall prototype we use in this experiment. The distance between the Modulus and Stimulus is always 30 cm, but their relative positions depend on irection.

Design. Trials are blocked by nput. Each block contains three sub-blocks, one per ize. Each sub-block consists of 32 trials, i.e., each irection × otation combination, and is replicated twice. Presentation order of block is counterbalanced across participants, and presentation order of series of sub-blocks is counterbalanced across participants and nput conditions. Within a sub-block, trials are presented in a random order. This design results in 2304 trials in total: 12 participants × 2 nput × 3 ize × 4 irection × 4 otation × 2 replications.

Measures. We collect the following measures: 1) Time, the task completion time (i.e., the timer starts as soon as the token or two fingers touch the wall and stops when the 1.5 s dwell ends); 2) clutchActions, the number of times the token or participants' fingers leave the wall during the task; and 3) the Modulus' position and orientation at each input event.

Procedure. Participants first sign a consent form. They then stand in front of the wall at a distance of about 45 cm from it. The operator gives instructions for completing a task. Each nput block is preceded by three practice sub-blocks, one per ize, with each sub-block containing four trials (i.e., four irection × otation conditions randomly taken out of the sixteen combinations). Participants can request to do the practice session again if they do not feel comfortable enough. They then complete the 97 logged tasks of the first nput block. Before proceeding to the second block, they have to sit and rest their arm until they do not feel any more fatigue. In all cases, the break cannot be shorter than one minute.

At the end of the experiment, participants fill in a questionnaire where they grade on a 5-point Likert scale each nput along the following aspects: physical demand, mental demand, comfort, performance and occlusion. They then have to circle their preferred nput technique for each ize condition and overall. The operator also collects participants' informal feedback during this debriefing phase. The whole procedure lasts about 45 minutes.

Results

Completion Time. We first analyze the e ect of our primary factors 5 on completion time (Time) using a repeated measures for the model nput × otation × ize, and Bonferroni-Holm corrected paired post-hoc t-tests. Figure 3.6 illustrates our results.

First, nput has a significant e ect ( 1,11 = 35.5, < 0.001, 2 = 0.17), with all participants being consistently faster with Token, and Token being about 26% faster than Touch on average. This result supports 1 (i.e., users are faster with WallTokens than with touch gestures).

We also observe a significant e ect of otation on Time ( 3,33 = 56.2, < 0.001, 2 = 0.33). Unsurprisingly, participants were significantly faster in the translation-only condition (0°) than in all other conditions (-90°, 90°and 180°, all ' < 0.001). However, there is no significant di erence between conditions -90°, 90°and 180°( ' > 0.4). Interestingly, there is a significant nput × otation interaction on Time ( 3,33 = 6.78, = 0.001, 2 = 0.04). As Figure 3.6-(top) illustrates, the -90°, 90°and 180°conditions are not significantly di erent in the Token condition, while participants have been significantly faster with -90°rotations than with 180°rotations in the Touch condition ( = 0.016, and no significant di erence between pairs <90°,180°> and <90°,-90°>). This is consistent with previous experiments (experiment 2 in [START_REF] Zhao | Exploring and Modeling Unimanual Object Manipulation on Multi-Touch Displays[END_REF], and lateral condition in [START_REF] Hoggan | Multi-Touch Rotation Gestures: Performance and Ergonomics[END_REF]) where participants were faster for clockwise rotations (-90°) than for counterclockwise rotations (90°) with touch gestures. This might be because of a lower cost of movement planning [START_REF] Halla | Prospective Motor Control on Tabletops: Planning Grasp for Multitouch Interaction[END_REF] for right-handed users for clockwise rotations than for counterclockwise rotations. In comparison, WallTokens are less sensitive to di erences in orientations. This results in Token being faster in all conditions, but not significantly in the -90°condition ( = 0.072).

Finally, there is a significant e ect of ize on Time ( 2,22 = 7.79, = 0.003, 2 = 0.03), with participants being significantly slower with Small than they were with both Medium and Large ( ' < 0.015). This suggests that occlusion caused performance issues for Small targets. However, contrary to what we hypothesized, the interaction nput × ize is not significant ( 2,22 = 2.29, = 0.124, 2 = 0.01). Even more surprising, not only were participants significantly faster with Token than with Touch for all ize conditions ( < 0.001 for Small and Medium, = 0.014 for Large), but they seem to have been even more relatively faster when they had to manipulate small-sized objects (Cohen's = 1.39 for Small, = 0.99 for Medium and = 0.91 for Large). These results reject 3 : occlusion issues are not more detrimental with WallTokens than they are with touch.

Clutching. Our second measure, clutchActions, gets incremented each time either the fingers or the token loose contact with the wall during a task (i.e., they clutch to adopt a more comfortable posture in order to keep on controlling). As collected data do not follow a normal distribution, we use paired Wilcoxon signed rank tests for statistical analyses.

The average number of clutch actions is significantly lower in the Token condition than in the Touch condition (0.11 ± 0.04 vs 0.88 ± 0.16, < 0.001), and this di erence is consistent across di erent otation conditions ( ' < 0.003) and ize conditions ( ' < 0.002).

Interestingly, clutchActions hardly varies between the di erent ize levels in the Token condition ( ' > 0.41), while it significantly grows when ize decreases in the Touch condition (from 0.68 ± 0.25 to 1.11 ± 0.33 with significant di erence between Small and Medium and Large, ' < 0.027). This increasing need for repositioning their fingers with small objects might explain the relative disadvantage of touch gestures compared to tokens that gets higher in the ize=Small condition. Similarly, there is no significant di erence in clutchActions between the di erent otation levels for Token, while some di erences are significant for Touch. clutchActions is significantly lower for 0°(0.29±0.18) than for the other otation levels ( ' < 0.004, 0.84±0.30 for -90°, 1.05±0.39 for 90°, and 1.32 ± 0.36 for 180°), and -90°has also significantly less clutchActions than 180°( = 0.009). Here again, this seems to be related to time performance as 0°and -90°a re the conditions where participants performed best for Touch. Overall, the need for finger repositioning in the Touch condition seems to have a negative impact on users' performance. In comparison, WallTokens allow users to reposition their fingers individually on the token while keeping it in contact with the wall, allowing greater fluidity in control.

Integrality & Simultaneity.

A movement that a ects several dimensions (here translation and rotation) is integral if the movement can concurrently modify the value of the di erent dimensions [101]. Integrality gives an indication of the fluid-ity in the control of several dimensions, and is thus interesting for comparing touch gestures and token manipulations at a fine-grained level. There is no standard way to measure integrality. Here, we adapt the method from [101] with recommendations from [START_REF] Masliah | Measuring the Allocation of Control in a 6 Degree-of-Freedom Docking Experiment[END_REF] by considering as integral a portion of movement where both dimensions change simultaneously to get closer to their target values. Our Integral measure is thus the percentage of movement time during which the di erences in position and orientation between the stimulus and the modulus decrease each by more than a given threshold ℎ, or these di erences are both very small (i.e., the movement is stable as is typically the case during clutching actions and small adjustments at the end of the movement). The steps for computing Integral are as follows:

-we consider the movement from the trial start time to the first time the docking conditions are met (dwell start time), and segment it into 10 ms intervals. For each interval, we compute the di erence in position and orientation, Δ and Δ (normalized in [0, 1]);

-we smooth data to remove sensor noise (using R's smooth.spline function with default parameters);

-we classify each interval as:

(i) integral: Δ ≥ ℎ and Δ ≥ ℎ; (ii) stable: -ℎ < Δ < ℎ and -ℎ < Δ < ℎ; (iii) separate: neither integral nor stable;
-then, we compute the percentage of stable and integral intervals among all intervals.

With ℎ = 0.001 (0.1% of the movement amplitude),the average values for Integral are 41.9% ± 1.3 for Token and 29.8% ± 1.2 for Touch. The di erence is significant ( < 0.001), as di erences per positive otation condition are. This suggests that WallTokens enable manipulations that are more fluid than touch gestures do, allowing users to manipulate position and orientation in an integral movement. alitative Feedback. Figure 3.7 reports participants' qualitative feedback by nput. In the final questionnaire, they had to give grades for: comfort, mental demand, occlusion issues, perceived performance and physical demand. We compare these 5-point grades with paired Wilcoxon signed-rank tests.

Token receives be er scores regarding comfort ( = 0.002) and physical demand ( = 0.008). This supports 2 (i.e., WallTokens are more comfortable than touch gestures are for continuous manipulations). Touch actually causes more friction and clutching actions than Token does. Furthermore, touch detection through optical technology (such as the infrared frame on our wall) can cause more discomfort than e.g., capacitive screens as users may have to adopt hand postures that prevent other fingers from entering the tracking range of the frame. Perceived performance is consistent with actual performance, with WallToken outperforming Touch ( = 0.014). Conversely, grades regarding occlusion issues are in line with our hypothesis 3 , with participants reporting tokens to be causing more occlusion than touch gestures ( = 0.001). However, they are not consistent with quantitative observations as WallTokens did not perform worse than touch gestures with small objects. Finally, participants did not grade any of the two nput techniques as mentally demanding ( = 1).

Summary. Overall, participants were faster with a WallToken controller than with bare hand gestures for manipulating a virtual object displayed on the wall. Participants found touch gestures less comfortable than token-based manipulations, the la er enabling more fluid and integral movements. However, tokens also have some drawbacks in comparison with touch gestures. First, although users' performance did not degrade more with tokens than with touch gestures when the amount of occlusion increases, participants still found occlusion more hindering with tokens than with bare hand manipulations. We are currently working on the design of WallTokens with a translucent base in order to address such issues. Second, the touch resolution of our research equipment might be lower than that of smaller, commercial touch devices. The large touch frame, which has been custom-built for our wall display, does not come with detailed specifications. However, our empirical tests reveal the following limitations: 1) distinct touch points should be distant from at least 5mm in order not to get merged into a single point, and 2) accidental touch events can get triggered because of other fingers that are too close to the wall (less than 4.5mm). It would be interesting to replicate our experiment with other hardware setups.

Applications

Tangibles can play a lot of roles when interacting with a digital surface. They can materialize users, data and actions to act as identifiers, containers, filters, queries, commands, etc. Many of these di erent roles are particularly relevant when interacting with a wall display. First, as our experiment above suggests, tangibles can act as controllers when interacting with a wall within arm's reach. They can act as specialized controllers, freeing users from having to learn complex touch gestures. They can also be used for moving content between distant locations using pick-and-drop interactions [184,[START_REF] Waldner | Tangible Tiles: Design and Evaluation of a Tangible User Interface in a Collaborative Tabletop Setup[END_REF]. Second, tangibles are particularly useful in collaborative contexts. For example, associating each user with a specific tangible is a low-cost and robust way of identifying individual users (as in, e.g., [START_REF] Weiss | SLAPbook: Tangible Widgets on Multi-Touch Tables in Groupware Environments[END_REF]). This user identification method avoids relying on external optical systems, which are usually costly and vulnerable to occlusion issues that frequently occur in an environment where users physically move around. Moreover, tangibles avoid direct touch with the surface, and can thus limit potential sanitary issues when multiple users interact with it. Finally, wall displays are very large surfaces that raise challenges regarding workspace management. Tangibles can help in that regard as they can be used to mark specific positions. For example, they can be used for tagging personal areas as opposed to shared areas, or for bookmarking positions of interest.

Development Framework

To facilitate the development of applications involving WallTokens, we have developed a framework based on TUIO6 [START_REF] Kaltenbrunner | TUIO -A Protocol for Table Based Tangible User Interfaces[END_REF], a widely used protocol for programming Tangible User Interfaces. Client libraries for TUIO are available in most programming languages (C++, C#, Java, etc.). They connect to an input server and dispatch events according to the TUIO protocol, i.e., in the form of messages that consist of one action among {down, update, up} and the object that triggered this action. The protocol proposes three types of objects: TuioCursor (e.g., a touch point along with its position);

(ii) TuioObject (e.g., a tangible along with its position and orientation); and (iii) TuioBlob (e.g., an elliptic shape that o en corresponds to the contact area of a TuioCursor or a TuioObject). We developed a C# library that enriches the standard TUIO protocol with a new type of objects, TuioToken. The library connects to a standard TUIO server (e.g., the PQLabs driver that runs our wall touch frame). As Figure 3.8 illustrates, it runs the WallTokens recognizer each time at least three TuioCursor-down events occur simultaneously. In case a token is recognized, it dispatches a TuioToken-down event. Otherwise, it passes on the three initial TuioCursor-down events. Then, any TuioCursor-update event from a cursor that has been recognized as being part of a token is turned into a TuioToken-update event until the three cursors leave the surface (which triggers a TuioToken-up event). Any TuioToken event consists of its action type ({down, update, up}), as well as the token's identity, contour shape, color and state. In addition, each time a cursor down (resp. up) event occurs within the envelope defined by the three token feet, the library dispatches a TuioToken-update event to communicate the token's A ached (resp. Detached) state.

Any C# object can implement the TuioWallTokenListener interface to listen to such TuioToken events with dedicated callback methods (addTuioWallToken, updateTuioWallToken and removeTuioWallToken). In order to also support any programming language, we developed a WallToken TUIO server that any application can connect to in order to receive enriched TUIO events. As illustrated in Figure 3.8, this server can either dispatch TuioToken events as described above, or it can downgrade these events into TuioObject and TuioBlob events, or even simple TuioCursor events. Such a downgrade makes it possible to run any existing TUIO-based application with WallTokens without modifying its source code. For instance, the Map application described in the next section was anterior to the WallTokens project. It was developed in Java with input based in part on touch TuioCursors. In order to enable WallToken input, we first ran the server in downgraded mode so that the WallTokens are considered as simple TuioCursors. This enabled WallToken input without writing any single line of code. We then progressively added callbacks specific to TuioTokens in order to handle events such as token rotations and a achments. 

Demo Applications

We used the framework described above to develop three demo applications (Figure 3.9): a picture classification application (Picture); a map application (Map); and an artistic demo (Art). The Picture application displays a collection of pictures for users to classify by grouping them spatially. Large vertical displays are actually good at supporting the classification, grouping and comparison of visual components [START_REF] Mikkel | Up Close and Personal: Collaborative Work on a High-Resolution Multitouch Wall Display[END_REF][START_REF] Liu | E ects of Display Size and Navigation Type on a Classification Task[END_REF][START_REF] Rajabiyazdi | Understanding Researchers' Use of a Large, High-Resolution Display Across Disciplines[END_REF]. The Map application is a multiscale interface that allows users to pan & zoom a large map and instantiate multiple DragMags [START_REF] Ware | The DragMag Image Magnifier[END_REF] to magnify specific areas. Finally, the Art application displays a water texture on the entire wall and lets users generate waves interactively, creating an aesthetically-pleasing rendering. This art demo was inspired by the ReactTable [START_REF] Jordà | The ReacTable: Exploring the Synergy between Live Music Performance and Tabletop Tangible Interfaces[END_REF], which combines tangibles and a tabletop into an electronic instrument for collaborative musical performances.

Rather than providing a full description of each of these applications, we list below some of the roles that WallTokens play in them:

• WallTokens as data containers. In the Picture (resp. Map) application, a WallToken can be used to pick-and-drop [184] a picture (resp. a DragMag) from one location to the other. Pick-and-drop interactions are particularly important with large displays as dragging an object over a long distance quickly causes discomfort.

• WallTokens as controllers. In the Map application, sliding a WallToken pans the map while rotating it adjusts the zoom factor. Depending on the WallToken's location, such pan & zoom operations apply to the whole map or are restricted to a specific DragMag. In the Art demo, users can a ach a WallToken to the wall to make water drops fall on the large water surface, and then rotate it to adjust the frequency at which drops fall.

• WallTokens as cursors. In the Picture application, users can perform drag-anddrop operations to adjust a picture's position. In the Art demo, users can drag a WallToken to cut through the water surface and generate waves.

• WallTokens as bookmarks or pins. A aching a WallToken to the wall in the Picture application lets users change how they populate selections. Once a ached to the wall, a finger swipe gesture that is initiated on a picture and oriented toward a WallToken actually adds the picture to the selection that is associated with that token. In the Map application, a aching a WallToken to a DragMag locks it. This is useful to, e.g., prevent any other user from interacting with a DragMag or simply acts as a salient cue that facilitates later access to it. As mentioned above, in the Art application, users can also pin a WallToken to create a source of water drops.

• WallTokens as identifiers. In the Picture application, each WallToken is associated with a distinct selection. Users can add or remove a picture from a selection by tapping it with the associated WallToken. Performing a zigzag sliding gesture with a WallToken clears the associated selection. As a WallToken is uniquely identified, multiple selections do not conflict with each other, making it easy to manage several selections concurrently. In the Map application, users perform a tap with a WallToken on a DragMag in order to pair them. Once paired, the WallToken acts as a proxy to the DragMag, allowing users to manipulate it from anywhere on the wall.

• WallTokens as collaborative tools. In the Picture application, WallTokens can be used to implement a range of multi-user contexts. In a competitive context, each user can have their own set of tokens in order to compare individual performance. In a collaborative context, users can work on di erent regions towards a shared goal, exchanging tokens if needed. As they are uniquely identified, WallTokens also enable concurrent pick-and-drop operations from multiple users. A WallToken can even be duplicated to enable multi-user pick-and-drop where one user picks a picture and the other drops it [START_REF] Liu | Shared Interaction on a Wall-Sized Display in a Data Manipulation Task[END_REF].

We chose this specific set of demo applications as they highlight the unique advantages of large vertical displays: in the Picture application, users can step away from the wall in order to view many pictures at once; in the Map application, several users can concurrently work with a map displayed in its preferred orientation; and in the Art application, the performer can share their creative space with a potentially large audience.

Limitations

Expressive power. In our study, WallTokens had advantages over touch gestures in terms of e iciency and comfort. But a single WallToken has three degrees of freedom only (2D translation and rotation), while touch gestures can control more degrees of freedom (e.g., pinch to scale). When more degrees of freedom are needed, a combi-nation of touch gestures and tangibles could be interesting (e.g., holding a finger still, close to the token, to switch between rotate and scale modes, or sliding a finger towards or away from the token to control scale). This could avoid users experiencing di iculties when performing multi-touch gestures for the integral control of several dimensions, when they want to act on one dimension without a ecting the others [START_REF] Nacenta | Separability of Spatial Manipulations in Multi-Touch Interfaces[END_REF]. We could also think of more elaborate token designs with e.g., an adjustable cursor as in [START_REF] Tuddenham | Graspables Revisited: Multi-Touch vs. Tangible Input for Tabletop Displays in Acquisition and Manipulation Tasks[END_REF], to increase the number of degrees of freedom that a token can control.

Passive tokens. Our WallTokens are fully passive so as to make them compatible with any active display technology. Their mechanism relies on basic supplies only (suction cup and spring). As people are familiar with such supplies, we expect Wall-Tokens to a ord their manipulations. One first limitation of suction cups is that they work only on smooth surfaces. But this should not be a major issue with most display technologies, as these generally emit light and thus have flat, smooth surfaces to avoid any di raction e ect. A second limitation is that WallTokens require an additional action with the push-handle in comparison with approaches based on magnets on a projection-based whiteboard [START_REF] Leitner | Geckos: Combining Magnets and Pressure Images to Enable New Tangible-Object Design and Interaction[END_REF]. However, this extra action, which we estimate to take less than 1s in our first experiment, makes WallTokens harmless to any active screen technology as opposed to magnets that would damage electronics in screens.

Conclusion and Future Work

We contribute WallTokens, which enable tangible user interfaces on vertical displays. WallTokens' low-cost design combined with our development framework make it possible to prototype applications that involve multiple tokens. Not only can users manipulate those tokens on the wall, they can also a ach them to, and detach them from it at will. This opens up a design space for applications based on multi-token input that could only run on horizontal surfaces until now (e.g., [START_REF] Er | Materializing the ery with Facet-streams: A Hybrid Surface for Collaborative Search on Tabletops[END_REF][START_REF] Jordà | The ReacTable: Exploring the Synergy between Live Music Performance and Tabletop Tangible Interfaces[END_REF]). As users do not have to keep on holding tokens, our contribution also makes tangible input easy to combine with other input channels such as finger touch or pointing devices on vertical displays. Future work includes the design of such interaction techniques that actually combine tangibles with other modalities. We also plan to refine the design of WallTokens to track their position and orientation when users hold them in the air, as recently proposed with the concept of O -Surface Tangibles [START_REF] Cherek | O -Surface Tangibles: Exploring the Design Space of Midair Tangible Interaction[END_REF], in order to make it possible for users to rely on WallTokens for distant interactions with the wall. While my first project focuses on proposing on surface interaction with wall displays, it does not provide a solution for distant interaction. This chapter fills this gap in order to make users take the full benefit of the large space in front of the wall. Some projects in the literature propose solutions that combine on surface and o surface interactions on tabletops [START_REF] Banerjee | Pointable: An in-Air Pointing Technique to Manipulate out-of-Reach Targets on Tabletops[END_REF] or vertical displays [START_REF] Langner | Multiple Coordinated Views at Large Displays for Multiple Users: Empirical Findings on User Behavior, Movements, and Distances[END_REF][START_REF] Liu | Gunslinger: Subtle Armsdown Mid-Air Interaction[END_REF]. However, they either rely on bi-manual or multi-modal interactions. In contrast, the solution that we propose focuses on enabling on surface and o surface with a single, uni-manual tangible controller. This approach actually supports an interaction paradigm where the wall surface and its surroundings are seen as a single and seamless interaction space in order to facilitate continuous actions within it. This chapter presents SurfAirs, my second project. SurfAirs are physical controllers that users can manipulate on screen (surface input), in the air (mid-air input), and transition from the surface to the air during the same, continuous manipulation (hybrid input). We report on two user studies that compare SurfAirs' performance with barehand input for both mid-air and hybrid input. Participants prefer and perform be er with SurfAirs.

This chapter is based on a full paper accepted for publication at CHI '23 [START_REF] Courtoux | SurfAirs: Surface + Mid-air Input for Large Vertical Displays[END_REF]. Supplementary material for this project, including a video, is available at https:// surfairs.lisn.upsaclay.fr/.

Introduction

Large vertical surfaces such as high-resolution wall displays allow users to work with a very large information space. Such displays are particularly suited to, e.g., interacting with geographic data [START_REF] Ball | Move to Improve: Promoting Physical Navigation to Increase User Performance with Large Displays[END_REF][START_REF] Courtoux | WallTokens: Surface Tangibles for Vertical Displays[END_REF], performing visual analysis [START_REF] Jansen | Tangible Remote Controllers for Wall-Size Displays[END_REF][START_REF] Langner | Multiple Coordinated Views at Large Displays for Multiple Users: Empirical Findings on User Behavior, Movements, and Distances[END_REF]203], sorting large collections of data [START_REF] Mikkel | Up Close and Personal: Collaborative Work on a High-Resolution Multitouch Wall Display[END_REF][START_REF] Liu | CoReach: Cooperative Gestures for Data Manipulation on Wall-Sized Displays[END_REF], or even playing games collaboratively [START_REF] Ulrich Von Zadow | Miners: Communication and Awareness in Collaborative Gaming at an Interactive Display Wall[END_REF]. Large vertical surfaces enable two levels of interaction. Users can come close to the display to see details, but they can also step back to get a wider view of the workspace [START_REF] Ball | Move to Improve: Promoting Physical Navigation to Increase User Performance with Large Displays[END_REF][START_REF] Mikkel | Up Close and Personal: Collaborative Work on a High-Resolution Multitouch Wall Display[END_REF]. The interaction space is thus not limited to the display surface itself but also encompasses the physical space in front of it, where users should be able to move freely. Designing input techniques that e ectively work across this large interaction space is challenging, however. Bare-hand input may be considered the most intuitive interaction technique for interacting with wall displays. Users can rely on mid-air gestures [START_REF] Matulic | Multiray: Multi-Finger Raycasting for Large Displays[END_REF][START_REF] Nancel | Mid-Air Pan-and-Zoom on Wall-Sized Displays[END_REF][START_REF] Vogel | Distant Freehand Pointing and Clicking on Very Large, High Resolution Displays[END_REF] to interact from afar, and on direct touch gestures on the wall to interact up close. But while bare-hand input has the advantage of keeping users' hands free, it also raises important challenges in terms of interaction design. In particular, as the design space of hand movements is unstructured yet constrained and user-dependent, designing barehand input that is steady, accurately recognized and that does not collide with regular hand movements is very di icult. Even an action as simple as clicking is challenging to design and implement [START_REF] Banerjee | Pointable: An in-Air Pointing Technique to Manipulate out-of-Reach Targets on Tabletops[END_REF][START_REF] Vogel | Distant Freehand Pointing and Clicking on Very Large, High Resolution Displays[END_REF]. As a result, interaction with wall displays o en involves a handheld device that serves as a remote controller (e.g. [START_REF] Chapuis | Smarties: An Input System for Wall Display Development[END_REF][START_REF] Jansen | Tangible Remote Controllers for Wall-Size Displays[END_REF][START_REF] Mccallum | ARC-Pad: Absolute+relative Cursor Positioning for Large Displays with a Mobile Touchscreen[END_REF]203,[START_REF] Ulrich Von Zadow | SleeD: Using a Sleeve Display to Interact with Touch-Sensitive Display Walls[END_REF]). While this o ers a good solution for indirect control, it requires users to always hold a device and it does not integrate smoothly with direct touch interaction on the wall display.

Taking inspiration from projects with tabletops such as [START_REF] Jordà | The ReacTable: Exploring the Synergy between Live Music Performance and Tabletop Tangible Interfaces[END_REF][START_REF] Voelker | Knobology Revisited: A Comparison of User Performance between Tangible and Virtual Rotary Knobs[END_REF][START_REF] Weiss | SLAP Widgets: Bridging the Gap between Virtual and Physical Controls on Tabletops[END_REF], some systems rely on tangible controllers to interact with vertical displays [START_REF] Courtoux | WallTokens: Surface Tangibles for Vertical Displays[END_REF][START_REF] Hennecke | Vertibles: Using Vacuum Self-Adhesion to Create a Tangible User Interface for Arbitrary Interactive Surfaces[END_REF][START_REF] Leitner | Geckos: Combining Magnets and Pressure Images to Enable New Tangible-Object Design and Interaction[END_REF][START_REF] Ulrich Von Zadow | Miners: Communication and Awareness in Collaborative Gaming at an Interactive Display Wall[END_REF]. Recent empirical results suggest that such tangible controllers are even more e icient and more comfortable than touch gestures for manipulating virtual objects displayed on the wall [START_REF] Courtoux | WallTokens: Surface Tangibles for Vertical Displays[END_REF]. When their design makes it possible for users to a ach them to the surface [START_REF] Courtoux | WallTokens: Surface Tangibles for Vertical Displays[END_REF][START_REF] Hennecke | Vertibles: Using Vacuum Self-Adhesion to Create a Tangible User Interface for Arbitrary Interactive Surfaces[END_REF][START_REF] Leitner | Geckos: Combining Magnets and Pressure Images to Enable New Tangible-Object Design and Interaction[END_REF], users can free their hands at will. They can also easily switch between multiple tangibles.

However, existing tangible controllers are limited as they support interaction either on the display surface itself or in the air, but not both. This is a strong limitation with vertical displays that a ord movements in space to interact either up close or from afar. In this paper, we contribute SurfAirs, a new generation of controllers for vertical displays that support various interaction styles. As Figure 4.1 illustrates, users can manipulate them on screen (surface input), in the air (mid-air input) and transition from the surface to the air during a single manipulation (hybrid input). Like WallTokens [START_REF] Courtoux | WallTokens: Surface Tangibles for Vertical Displays[END_REF] or Geckos [START_REF] Leitner | Geckos: Combining Magnets and Pressure Images to Enable New Tangible-Object Design and Interaction[END_REF], a SurfAir can be a ached to, and detached from the vertical surface, making it easy for users to free their hands or grab another SurfAir.

A er a review of related work, we present our contributions: 1) a characterization of hybrid input on wall displays; 2) the prototyping of physical controllers that support such hybrid input; 3) a user study that evaluates their performance for mid-air interaction only; and 4) a user study that evaluates their performance for both surface and mid-air input as well as for transitioning between these two types of input. In both studies, we compare SurfAirs with bare-hand input as a baseline. Participants prefer and perform be er with SurfAirs.

Controllers for Hybrid Input with Wall Displays

Hybrid controllers can treat the surface and the air in front of it as a continuous interaction space [START_REF] Marquardt | The Continuous Interaction Space: Interaction Techniques Unifying Touch and Gesture on and above a Digital Surface[END_REF]. Marquardt et al. have introduced this concept in the context of tabletops, demonstrating how such an extended interaction space can not only improve existing interaction techniques but enable novel techniques as well. In this section, we look at hybrid interaction from a lower-level perspective, describing it at the input device level (i.e., the physical controller, not the interaction technique). We list the low-level properties that hybrid (touch+air) brings over touch only. To quantify the expressive power of a hybrid controller, we also characterize it in terms of input states and transitions in the spirit of Buxton's 3-state model [START_REF] Buxton | A Three-State Model of Graphical Input[END_REF]. As opposed to a surface controller that typically supports only two states (Out of Range and Touching), a hybrid controller is much more expressive. Figure 4.2 details the four states and multiple transitions within and across those states.

Distance-independent Touch. The most fundamental property that hybrid controllers bring over surface controllers is the ability for users to interact from afar and benefit from a large viewing angle. Enabling users to touch from afar requires tracking the position of the controller in the air (3D) in order to implement some raycast from the controller to the wall display (Tracking state in Figure 4.2-Right). It also requires mounting a switch on the controller to change from the Tracking state to the Dragging state without having to touch the wall. The addition of a switch has the positive side-e ect of enriching surface interaction as well. When already in contact (Touching), users can activate the switch to enter an additional Dragging & Touching state.

Ideally, users should be able to smoothly transition from the Touching to the Dragging state (and vice versa) to perform continuous interactions while being able to adjust their physical position in space. This typically happens in the case of quasimodal interactions such as drag-and-drops or area-based selections (rubber band or lasso). It can be because such interactions span a large distance but require precision as well. For instance, users can start interacting on the surface to precisely select a location or object and then step back to get a wider viewing angle and end their interaction far from where it started. Or, reciprocally, they can have to come in contact at the end of their interaction to benefit from the guidance of the surface to drop an object at a precise location. Transitioning from on surface to the air is also sometimes necessary because of physical constraints. For instance, regions of a large display that are too low or too high can be uncomfortable or impossible to reach while interacting on surface. Similarly, in a multi-user context, some regions of the display might not be available for on-surface interaction without disturbing other users. In such cases, being able to transition from the Touching to the Dragging state enables users to adapt their position and viewing angle without interrupting their ongoing interaction.

From 2D control to 3D control. In the case of a surface controller that must be kept in contact with the surface, users can manipulate that controller along a limited number of Degrees of Freedom (DoF). The surface provides haptic support that facilitates and improves the precision of surface manipulations but it also limits manipulations to translations on the surface itself (2 DoFs) and rotations along the axis that is orthogonal to the surface (1 DoF). On the opposite, when in the air, the controller can be positioned and oriented in 3D, enabling less steady but richer, 6-DoF manipulations (3D translation + 3D rotation). Interaction designers can use all of these degrees of freedom to enable full 3D manipulations. They can also use only a subset of these degrees of freedom to cope with some limitations of surface controllers for 2D manipulations. For example, a surface controller usually does not support scaling operations as the physical object cannot be stretched or compressed [START_REF] Englmeier | A Tangible Spherical Proxy for Object Manipulation in Augmented Reality[END_REF]. A hybrid controller can enable modal input to activate di erent virtual actions with the same physical action on the controller. For instance, rotating or scaling a virtual object could be achieved by either rotating the controller on or above the surface.

Distance-to-screen as a parameter. In addition to the absolute 3D positioning of the controller, interaction designers can use the position of the controller relative to the screen as an input parameter. This distance can be used as a discrete parameter to create a personal layer to enable interaction with personal data only when close enough to the screen [START_REF] Vogel | Interactive Public Ambient Displays: Transitioning from Implicit to Explicit, Public to Personal, Interaction with Multiple Users[END_REF], or even a series of discrete layers as in [START_REF] Hasan | Air-Panes: Two-Handed Around-Device Interaction for Pane Switching on Smartphones[END_REF]. The distance to the screen can also be used as a continuous parameter. For example, distance can control the precision at which an action is performed in the spirit of high-precision sliders [START_REF] Brasier | AR-Enhanced Widgets for Smartphone-Centric Interaction[END_REF][START_REF] Marquardt | The Continuous Interaction Space: Interaction Techniques Unifying Touch and Gesture on and above a Digital Surface[END_REF].

SurfAirs

This section describes the SurfAir controllers that we prototyped to implement the concept of hybrid input. As illustrated in Figure 4.3, users can interact with SurfAirs from di erent distances: on the surface itself or at varying distances that provide di erent viewing angles on the scene. SurfAirs are custom physical controllers that users can manipulate both on the surface and in the air. In this scene, three users interact with SurfAirs: i) the user on the le uses a SurfAir as a surface controller, sliding and rotating it to pan and zoom in the inset window; ii) the user in the middle interacts from afar as she needs a wide view to perform a large lasso selection (in red); and iii) the user on the right is adjusting the position of the area to be magnified. He picked the viewport's proxy on the wall, and then stepped back to perform a large movement towards North-West without disturbing other users.

Design Requirements

Our main design requirement is to allow users to perform manipulations from close and afar as well as manipulations over varying distances. Our goal is to build a controller that users can manipulate consistently on the surface and in the air. We discard solutions that are based on a combination of finger-based input for surface interaction and controller-based input for distant interaction for the sake of a continuous interaction space where users can perform precise and comfortable input. Indeed, a touch+controller solution would either require users to perform some interaction with their non-dominant hand, thus loosing precision, or it would require them to move the controller from one hand to the other, thus breaking the continuity of interaction. To address these issues, we target a physical controller that users can manipulate with their dominant hand alone and in a consistent way for di erent types of input. Such a controller should be both usable as a surface controller so that users can perform precise manipulations by taking advantage of the guidance provided by the surface (as the user on the le in Figure 4.3) and usable as a mid-air controller that supports eyes-free manipulation so that users can interact from a distance without having their a ention divided between the controller and the action that is taking place on the distant wall screen (as the user in the middle in Figure 4.3).

In addition to support for hybrid input, designing controllers for large vertical screens entails two additional requirements. First, large vertical displays are o en used in a multi-user context. The system should thus support the concurrent use of multiple controllers. This not only makes it possible for users to work collaboratively but also for them to use multiple controllers as they would use multiple specialized tools. Second, the controllers should comply with verticality. In particular, users should be able to leave them on the surface to either free their hands for other purposes (e.g., switching to another controller or answering a phone call) or just leave the controllers in place for later use.

Design and Fabrication Process

We adopted a modular fabrication process with several components that we assemble together by means of screwing and interlocking. This modular approach makes SurfAirs customizable to some extent. During our iterative design process, it had the advantage of making it fast and easy to test and refine the di erent parts of SurfAirs.

In our case, it was particularly useful to test di erent handle designs, but it could also make it easy for customizing their appearance. For instance, creating a set of tokens that have di erent appearances simply requires designing bases with varying shapes and combine them with a given handle design.

When designing our SurfAirs, we first took inspiration from the simple suction cup mechanism for a aching and detaching a tangible on a vertical display that has been recently introduced in the WallTokens project [START_REF] Courtoux | WallTokens: Surface Tangibles for Vertical Displays[END_REF]. Like a WallToken, a SurfAir is mounted on a base that features three feet and a central suction cup. By default, the suction cup is not in contact with the screen, so that users can slide the SurfAir on the surface without experiencing any friction. When they want to a ach the SurfAir to the surface, they push its handle. This has the e ect of bringing the suction cup in contact with the surface to stick the SurfAir in place.

A SurfAir's handle is more elaborate than the simple door-knob-like handle of a WallToken. In particular, it features a switch. This requires combining several components, which leads to a di erent balance in terms of weight. In order to make the whole controller stable when users move, push and pull it, we designed a robust connection between the base and the handle involving rail-guided cylinders (Figure 4.4). Thus, the SurfAir remains steady when the user pushes the handle to a ach it to the surface. Most of the design process then focused on finding a good trade-o between comfort when pointing and stability when activating the switch. In particular, not all fingers should be involved in the grip's handle so that users can easily free one of them to manipulate the switch. This led us to consider two types of grip.

Our first design, Torch, builds on the metaphor of a torch light (Figure 4.4-Top). The thumb is not necessarily involved in the grip and is independent enough to activate a switch. As illustrated in Figure 4.4-Bo om, the cylinder-shape of a Torch's handle is completely symmetric and can be grasped in any orientation. While this gives the user flexibility in how they grab and hold the controller, it also means that the switch must be such that it can be activated regardless of how the user grabs the controller. To ensure that the switch can be activated in any orientation, we designed it as a gear rather than a simple push bu on. This gear is connected to the base with a spring so that users can rotate it with their thumb tip to switch on or to switch o . The e ort that is necessary to activate this gear-like switch is minimal as it requires only a rotation of small amplitude (∼ 15 • ) for the system to detect a change in switch state reliably. The direction of the force that users apply is around the main axis of the controller, which likely minimizes unintentional deviations of the controller when activating the switch. This Torch design has thus the advantage of being orientationindependent. In particular, it a ords two types of grip. In the air, it seems natural to hold the controller as a torch but, when on the surface, the long handle can also a ord a pen-like grip.

Our second design, Handle, a ords a door-handle-like grip (Figure 4.4-Bo om). Here again, the thumb is not necessarily involved in the grip. We can take advantage of its independence from the other fingers [START_REF] Charlo E Häger-Ross | antifying the Independence of Human Finger Movements: Comparisons of Digits, Hands, and Movement Frequencies[END_REF]170] to push a simple spring-mounted bu on that is located on one end of the handle. Contrary to the Torch design, the Handle design is orientation-dependent, and a ords the same grip for both on-surface and mid-air interaction. 

Tracking and Recognition

We tested our SurfAirs on a wall display equipped with a multi-touch PQLabs © frame. The room also features a Vicon © motion-capture system with 20 cameras. We chose this motion-capture system not only because it is optimized for our experimental setup (room and display) but also and mainly because it is able to track both SurfAirs and bare-hand input, eliminating the tracking technology as a confounding factor in the studies that we report in the following sections.

Like several tangibles for on-surface interaction (e.g., [START_REF] Courtoux | WallTokens: Surface Tangibles for Vertical Displays[END_REF][START_REF] Voelker | PUCs: Detecting Transparent, Passive Untouched Capacitive Widgets on Unmodified Multi-Touch Displays[END_REF][START_REF] Weiss | SLAP Widgets: Bridging the Gap between Virtual and Physical Controls on Tabletops[END_REF]), a SurfAir generates a multi-touch pa ern when in contact with the tactile surface. Each SurfAir is mounted on three feet whose spatial configuration is specific so that a SurfAir can be recognized when in contact with a multi-touch surface using the simple pa ernmatching algorithm described in [START_REF] Courtoux | WallTokens: Surface Tangibles for Vertical Displays[END_REF][START_REF] Morales González | TouchTokens: Guiding Touch Pa erns with Passive Tokens[END_REF].

As illustrated in Figure 4.5, SurfAirs are equipped with two constellations of infrared markers that we can track with the motion-capture system in the air. The controller's base features a rail where infrared markers can be a ached in flexible configurations to define the first constellation (orange-colored markers in Figure 4.5). We rely on this constellation to track the 3D position and orientation of a SurfAir, from which we can obtain a raycast. The second constellation of four markers is a ached to a movable part of the SurfAir (blue-colored markers in Figure 4.5). This constellation's relative position to the base depends on whether the user activates the switch or not. This allows us to recognize the state of the switch (on or o ) based on the distance between the two constellations of markers.

SurfAirs vs bare hand for mid-air input

Before evaluating hybrid input, we test the performance of our SurfAirs for performing elementary pointing and docking tasks from a distance. We run a comparative study between our two SurfAir prototypes and assess their performance using bare-hand input as a baseline. Although this first study does not involve input on the surface itself, our ultimate goal, which we test in the following study, is to support hybrid input. Bare-hand input is therefore the most relevant baseline to consider as it is the only single-handed input technique in the literature that allows for both surface and mid-air interaction while also enabling smooth transitions between those two [START_REF] Rateau | Talaria: Continuous Drag & Drop on a Wall Display[END_REF].

In this experiment, participants perform pointing and docking tasks using a controller, which can be one of the two SurfAirs or their bare hand, depending on the condition. In all cases, users can point thanks to a raycast originating from the controller/hand, and rotate by adjusting the orientation of the controller/hand. They can select by clicking using either the SurfAir's switch or by changing their hand posture. In the bare-hand condition, we use the SideTrigger gesture [START_REF] Banerjee | Pointable: An in-Air Pointing Technique to Manipulate out-of-Reach Targets on Tabletops[END_REF][START_REF] Mikkel | Should I Stay or Should I Go? Selecting Between Touch and Mid-Air Gestures for Large-Display Interaction[END_REF] for clicking (Figure 4.6). Our general hypothesis is that users will perform be er with SurfAirs than with bare-hand input (

). Although the SideTrigger gesture [START_REF] Banerjee | Pointable: An in-Air Pointing Technique to Manipulate out-of-Reach Targets on Tabletops[END_REF][START_REF] Mikkel | Should I Stay or Should I Go? Selecting Between Touch and Mid-Air Gestures for Large-Display Interaction[END_REF] has proven good enough in recent studies to achieve remote selections, we hypothesize that participants will feel more confident when activating a mechanical switch than when switching between hand postures ( ). This is not only because a button constrains the possibilities to two states only, but also because it is less subject to variations across users. In comparison, the space of hand postures is much less constrained and more user-dependent. As a result, the system's recognition and tracking performance will likely be be er with SurfAirs than with bare-hand input. Second, a SurfAir provides haptic support which should help users be more stable when clicking and thus enable more precision in selection actions (

). Finally, we expect the haptic feedback provided by a SurfAir to also reduce the sensation of fatigue in comparison with maintaining hand postures ( ).

Design and Procedure

Participants. Nine volunteers (8 men and 1 woman), all right-handed, aged 24 to 44 year-old (average 29, median 26), participated in the experiment.

Apparatus. The experiment runs in full screen mode on a cluster-driven wall-sized display (75 ultra-thin bezel screens tiled in a 15 × 5 grid, resulting in a total surface of 5m90 × 1m95 for a resolution of 14 400 × 4 800 pixels). The experimental so ware was developed using Unity 3D (version 2018.3). the Point&Click phase, they rate the click gesture and the pointing action separately before giving a final performance rating for the entire task.

At the end of each phase, the participants fill in a global questionnaire where they rank the three di erent nput techniques along the following aspects: physical demand, mental demand, cumbersomeness and preference. The operator also collects participants' informal feedback. Each phase lasts about 1 hour.

Phase 1: Point&Click. The first phase is a classic pointing experiment. It consists of clicking a series of 8 circular targets of the same size. The distance between two successive targets in a series is constant. A click outside a target is counted as an error but participants have to continue the task until they successfully select the target. Each nput-block consists of 3 sub-blocks, each featuring 6 series of pointing tasks: 2 ist × 3 idth. Following Jota et al.'s recommendations for raycast-based techniques [START_REF] Jota | A Comparison of Ray Pointing Techniques for Very Large Displays[END_REF], we use angular size and angular distance. Each participant experiences two values for ist ({20°and 90°}) 1 and three for idth ({1.8°, 3.6°and 5.4°}). 2 The presentation order of the 6 series within a sub-block is random. The first sub-block is used for practice.

This design results in 2268 measured pointing tasks in total: 9 participants × 3 nput × 3 idth × 2 ist × 2 sub-blocks × 7 pointing tasks (the first pointing task is ignored as the cursor's initial location is not controlled).

Phase 2: Docking. The second sub-experiment is a docking experiment. As illustrated in Figure 4.7, participants have to manipulate a virtual object (the Modulus) to make its position and orientation match that of a target placeholder (the Stimulus). A 1 86cm and 490cm on screen. 2 For the 20°angular distance, the 1.8°target is 8cm wide, the 3.6°target is 16cm wide and the 5.6°t arget is 24cm wide. For the 90°angular distance, the 1.8°target is 15cm wide, the 3.6°target is 30cm wide and the 5.6°target is 45cm wide. 

Results: Point & Click

Pointing Time. We remove 17 points from our collection of 2268 data points: 10 outliers (6 Hand, 3 Torch, 1 Handle) and 7 trials in which participants experienced tracking issues (5 Torch, 2 Hand). We then run a repeated-measures factorial with Greenhouse-Geisser correction for sphericity, and Bonferroni-Holm corrected paired post-hoc t-tests. Figure 4.8 illustrates our results. In all our bar plots, an error bar represents the 95% confidence interval relative to all the data points collected in the corresponding condition. Our primary nput factor has a significant e ect on pointing time ( 1.2,9.7 = 17.5, = 0.001, 2 = 0.22), and post-hoc tests show that Handle is faster than both Hand ( = 0.006, = 1.48) and Torch ( = 0.007, = 0.84), and that Torch is faster than Hand ( = 0.007, = 0.81).

As expected, the test also reveals significant e ects of both idth ( 1.1,8.5 = 33.4, < 0.001, 2 = 0.33) and ist ( 1,8 = 33.7, < 0.001, 2 = 0.12) on pointing time, with participants being significantly faster when idth increases ( ' < 0.002) or when ist decreases ( < 0.001). Moreover, we have a significant nput × idth interaction e ect 4 ( 1.3,10.0 = 8.22, = 0.013, 2 = 0.08): Handle is faster than Hand and Torch for each idth, but Torch is significantly faster than Hand only when idth is small. Error Rate. We notice an unexpectedly high error rate for Torch even for the larger targets (26% for 5.4°-large targets). Looking at the event-level logs, many of these errors with Torch occur either at the beginning or in the middle of the pointing movement. We believe that these errors actually reflect tracking issues. Indeed, the switch mechanism of a Torch is along the direction of movement and might have been accidentally triggered because of the movement's acceleration. Such errors should not have an impact on pointing performance. In order to focus on errors that can actually impact pointing performance, we filter out errors to consider only those that are close enough to the target (> 2 3 of the distance) to be actual selection errors. This filtering operation significantly decreases the error rate for Torch, and marginally reduces it for Handle and Hand.

Figure 4.9 shows this corrected error rate. As participants had to continue with the current pointing task in case of an error, it is not surprising to observe e ects that are similar to the ones we observed on Pointing Time. We observe a significant e ect of nput ( 2,16 = 38, < 0.001, 2 = 0.28), with Handle having a lower error rate than both Hand ( < 0.001, = 1.95) and Torch ( = 0.013, = 0.75), and Torch having a lower error rate than Hand ( = 0.001, = 1.05). Unsurprisingly, the target's idth ( 2,16 = 28.6, < 0.001, 2 = 0.38) has a significant e ect as well: the error rate decreases as the idth increases ( < 0.001 and = 0.051). Finally, we observe a significant nput × idth interaction e ect but with a small e ect size ( 4,32 = 3.77, = 0.013, 2 = 0.04).

These results support : SurfAirs enable higher selection precision than bare-hand input does. Looking at the movement deviation during a click action, we observe that participants were actually more stable when clicking with a SurfAir than when switching between two free-hand postures. The average absolute angle deviation between press and release events of a successful click is 0.45°±0.03°for Handle, 0.58°±0.03°for Torch, and 0.73°±0.04°for Hand, all pairs being significantly di erent ( ' < 0.025).

Subjective Feedback. There is no significant di erence between the nput conditions for questions related to the pointing phase (we use paired Wilcoxon signed-rank tests). Overall, participants performed this part of the task with confidence (4.30±0.67), and found it easy to perform (4.22 ± 0.70) with low mental and low physical demand (1.22 ± 0.42 and 2.07 ± 0.92). However, participants found it easier to click with Handle and Torch than with Hand (4.56±1.01 and 4.78±0.44 vs. 2.89±1.17, = 0.031 and = 0.023). They were also more confident with Handle and Torch than with Hand (4.56 ± 0.73 and 4.44±0.53 vs. 2.33±1, ' = 0.012). The di erences regarding physical and mental demand were not significant (1.85 ± 1.2 and 1.33 ± 0.73). This resulted in participants feeling that they were performing be er with Handle and Torch than with Hand (4.56 ± 0.73 and 4.56 ± 0.53 vs.2.89 ± 1.17, ' = 0.012).

Regarding global rankings, all participants ranked either Handle (5 participants) or Torch (6 participants, 2 ex-aequo ranking) as their preferred technique, and all participants ranked Hand last (di erences in ranking are significant: ' = 0.012). Di erences in ranking regarding physical demand and cumbersomeness are not significant, but they are significant regarding mental load, with Handle and Torch ranked be er than Hand ( ' = 0.012).

Results: Docking

Docking Time. We remove 20 points from our collection of 1296 data points: 6 outliers (3 Hand, 2 Torch, 1 Handle) and 14 trials where participants experienced tracking issues (8 Torch, 3 Hand, 3 Handle). We then run a repeated-measures factorial . Figure 4.10 illustrates our results.

The nova reveals a significant e ect of nput ( 2,16 = 21.4, < 0.001, 2 = 0.28) on Docking Time. Handle is significantly faster than both Hand ( < 0.001, = 1.6) and Torch ( = 0.037, = 0.77), and Torch is significantly faster than Hand ( = 0.037, = 0.93). Unsurprisingly, otation has a significant e ect on time as well ( 3,24 = 21.8, = 0.25, 2 = ), with participants being faster with 0°than with all other otation angles ( ' < 0.008). They were also faster with -90°than with 180°( = 0.007). Since the timer starts as soon as the Modulus and Stimulus appear, Docking Time includes both the preparation time (the time taken to grab the modulus) and the manipulation time. Analyses on either the preparation time or the handling time in isolation lead to the same conclusions.

Clutching, Integrality & Simultaneity. About 92% of the trials have been performed without clutching, i.e., in "one movement" without releasing the switch since the initial press to grab the Modulus. This percentage is high in all three conditions, without any significant di erences between them. This suggests that the three techniques are adapted to control two dimensions (translation and rotation) in a single movement.

To be er understand how both dimensions are manipulated by the participants, we computed the movement's integrality [101] for trials where otation is not zero. For this purpose, we divide the drag motion until the instant all docking conditions are met for the first time into a series of 50ms intervals. For each of these intervals, we compute the di erence in position and orientation, Δ and Δ (normalized in [0, 1]), these di erences being positive if the di erences in position or orientation between the Stimulus and the Modulus decrease. We classify each interval as either (i) integral if both Δ and Δ ≥ ℎ; (ii) stable ifℎ < Δ < ℎ andℎ < Δ < ℎ; (iii) separate if neither integral nor stable. Then, we remove the stable intervals, and compute the percentage of the intervals that are integral.

With ℎ = 0.005 (0.5% of the movement amplitude), the average integrality score is 44.6% ± 1.9 for Handle, 43.5% ± 1.9 for Torch, and 36.4% ± 1.7 for Hand. The di erence between Handle and Torch is not significant, but both Handle and Torch have a significantly higher integrality score than Hand ( ' < 0.002, ∼ 1).

Precision. The above results suggest that participants had be er control with Handle and Torch than with Hand for both position and rotation in a single movement. Regarding the precision of that movement, we focus on the end of the task and an-alyze the number of overshoot errors, i.e., the number of times the Modulus leaves its docking position a er having met the conditions. On average, the number of overshoot errors is 0.47 ± 0.07 for Torch, 0.48 ± 0.07 for Handle, and 0.70 ± 0.09 for Hand, with Hand leading to significantly more overshoot errors than both Torch and Handle ( ' < 0.008, ∼ 1). This suggests that participants have be er stabilization and finer control abilities with Handle and Torch than with Hand.

Subjective Feedback. For this Docking phase, participants' subjective feedback is not significantly di erent across nput conditions. Overall, participants performed the task with confidence (4.5 ± 0.59). They found it easy to perform (4.19 ± 0.52), requiring low physical (2.11±0.87) and mental (1.67±0.76) demand. Regarding the global ranking between techniques, six participants ranked Handle first, 5 participants ranked Torch first, and 1 participant ranked Hand first (ex-aequo rankings were allowed).

Summary of Results

Overall results of this experiment support our main hypothesis ( ): SurfAirs perform be er and are preferred over bare-hand input. For both Point&Click and Docking, participants were more accurate with SurfAirs than with hand gestures ( ). In particular, participants were more stable when clicking with the mechanical switches of the SurfAirs than with hand gestures, which likely contributed positively to the confidence they had when interacting with a physical controller (

). Observations in the Docking phase also suggest that participants are be er at controlling two dimensions concurrently with a physical controller than with their bare hand. Although both SurfAir prototypes outperformed bare-hand input, Handle seems to be a more promising design than Torch. Participants are very stable when clicking in the air with Handle, allowing for precise selection. However, while participants' informal feedback suggested more fatigue with bare-hand input than with SurfAir-based input, quantitative answers in the questionnaire does not support : participants did not find bare-hand input more tiring than SurfAirs.

SurfAirs vs bare hand for both on surface and mid-air input

In this second experiment, we evaluate SurfAirs' performance for tasks that involve both precise manipulations on screen and coarse manipulations in the air. We use a docking task to operationalize manipulations at these two levels of precision, as well as transitions between both. We conduct a comparative evaluation of our Handle prototype against bare-hand input (Hand). We do not include the Torch prototype in this second study for several reasons. First, we wanted to keep our experiment reasonably short for participants. Second, Handle performed slightly be er than Torch in our first experiment. Finally, as opposed to Torch, the grip of a Handle is the same whether held on a surface or in the air.

The docking task consists of adjusting the orientation, scale and position of a virtual square (Modulus) to make it match the spatial configuration of another square (Stimulus). The translation to perform is fairly large (i.e., 160cm), and participants are instructed to interact from afar (mid-air) to perform it. On the opposite, they are instructed to interact directly on screen (surface) for rotating and scaling the modulus. In order to operationalize the case where users have to do both types of interactions in a single and continuous chunk, participants are also instructed to switch from the surface to the air (or vice versa) during the translation manipulation without releasing control (hybrid).

Interaction

Mid-air interaction. As in the first experiment, participants can point with a raycast that departs either from the index finger (Hand) or from the controller (Handle). Participants can grab an object by adopting a SideTrigger posture (Hand) or by pressing the bu on (Handle) and then drag the object.

Surface interaction. In the Hand condition, participants use standard multi-touch gestures: one finger slides the Modulus (whether the hand adopts a SideTigger or a released posture), and two fingers both rotate (according to the orientation of the segment defined by the two contact points) and scale (pinch). However, when two fingers are in contact, the translation is disabled. Pilot tests showed that it was very di icult for participants to adjust the rotation and scale without unintentionally moving the object. Participants can still translate on surface by simply li ing one of their two fingers o the surface. Similarly, in the Handle condition, the translation is disabled when the bu on is released. Participants can adjust the Modulus orientation by rotating the controller and its scale by sliding the controller up or down. To adjust the Modulus position, they must explicitly enter the dragging state by pressing the controller's button.

Mid-air/Surface transition. Users simply put either the controller (Handle) or their finger (Hand) on the surface to transition from mid-air to surface control. Participants can drag an object mid-air using ray-casting, then come in contact with the surface where they can still drag the object until they release the controller's bu on (Handle) or put a second finger on the surface (Hand). They can then continue interacting (rotate and scale). Surface/Mid-air transition. This type of transition is more elaborate as the system must distinguish between releasing control and continuing the ongoing interaction. We consider two techniques, Grab and Flick (Figure 4.11), to leave the surface without releasing control. With Grab, participants have to activate the switch (SideTrigger posture or bu on press) while being in contact with the surface and maintain the switch on when they leave the surface. They then release control by releasing the switch. With Flick, participants must perform a flick gesture (i.e., accelerating the movement as in [START_REF] Rateau | Talaria: Continuous Drag & Drop on a Wall Display[END_REF]) when they leave the surface to continue with the ongoing interaction in the air. The flick can be performed with the switch either on or o . They then release control when the switch state changes (on → o or o → on). This o ers more flexibility and avoids relying on clicks, which caused precision issues with Hand in our first experiment.

Tasks

Participants had to perform two types of tasks, either transitioning from the air to the surface or the opposite. In both cases, participants are instructed not to release control during the transition. For AirToSurface, participants must hold (drag) the Modulus when they come in contact with the surface. For example, they cannot drop the Modulus over the Stimulus using mid-air interaction and then come close to the wall for docking it. For SurfaceToAir, once the Modulus is docked, participants must use either the Grab or Flick technique before stepping back.

AirToSurface. The task starts with the Stimulus displayed in the center of the wall, and the Modulus (a square of 30 side) located at 160 on the le or the right of the Stimulus. Participants have to face the center of the wall, and be at a distance of at least 150 from it. Participants have to grab the Modulus and drag it over the Stimulus using mid-air interaction, while at the same time coming close to the wall to eventually come in contact with it. When in contact, they can precisely adjust the Modulus position (tolerance = 7cm) and dock the Modulus in the Stimulus: rotate (tolerance = 10°) and scale (tolerance = 10%). The task is validated once the docking conditions have been maintained for 1s.

SurfaceToAir. The task starts with both the Modulus and the Stimulus displayed in the center of the wall. Participants have to first dock the Modulus into the Stimulus on surface (like they do in the second part of an AirToSurface task). They then leave the surface without releasing control (using either Flick or Grab depending on the condition as detailed in the design below). This makes a second Stimulus appear on the right or the le at 160 from the center of the wall. They must drop the Modulus over this second Stimulus with a tolerance of 7 . The second Stimulus appears only when the controller or hand is at 150 from the wall in order to operationalize the case where users decide on where to position an object only a er they have a wider view angle.

Hypotheses

We formulate the following two hypotheses:

: SurfAir-based input outperforms bare-hand input overall. Our first experiment suggests that SurfAirs perform be er for mid-air input. In addition, studies reported in [START_REF] Courtoux | WallTokens: Surface Tangibles for Vertical Displays[END_REF] suggest that tangibles act as be er surface controllers than multitouch gestures. As for the transition, we do not expect to observe strong di erences between the two types of input. As a result, we expect a SurfAir to perform be er than bare-hand input overall.

: For transitioning from the surface to the air, we hypothesize that Flick is a be er technique for Hand, while Grab is be er for Handle. This is because 1) state switching is more costly for Hand than it is for Handle (as suggested by our first experiment) and 2) a SurfAir is more rigid and has a larger contact surface than a finger, which could make the Flick's accelerating gesture more di icult to perform.

Experimental Design and Procedure

Participants & Apparatus. Twelve volunteers (5 men and 7 women), all righthanded, aged 21 to 32 year-old (average 25.33, median 25), participated in the experiment. We use the same apparatus as in the first experiment. The wall display is equipped with a multi-touch PQLabs © frame, which we rely upon for on-surface interaction.

Design and Procedure. We follow a within-subject design with primary factor nput = { Hand, Handle }. Trials are blocked by nput. With each nput, participants had to perform both AirToSurface and SurfaceToAir types of transition. We also test the two di erent techniques for transitioning from the surface to the air ( ech = { Grab, Flick }). We thus have three types of tasks: AirToSurface, SurfaceToAir and SurfaceToAir . Each nput-block is a series of three sub-blocks, one per task. The presentation order of blocks and sub-blocks is counterbalanced across participants.

At the beginning of the experiment, participants sign a consent form a er having read the general procedure and goal of the experience. Each task sub-block starts with the operator explaining how to perform the task. Participants then perform 16 trials = 2 repetitions (one training, one measured) × 2 rotations (-90°, 90°) × 2 scales (-50%, +50%) × 2 directions (right, le ). The presentation order of the 8 trials within a repetition is random.

Between two task conditions, participants must sit and rest. During that break, the operator asks them to rate on a 5-point Likert scale the condition that they have just experienced regarding easiness, confidence, physical demand, mental demand and performance. They rate not only the task in general but also the transition specifically. Moreover, at the end of the experiment, participants rank the two nput conditions and the transition techniques.

The whole experiment lasts about 75 minutes. Answering the questionnaire represents about half of this time.

Results

Task Time. Among the 576 measured trials, we remove 9 data points where we experienced logging issues and 7 outliers based on a linear analysis (all from Hand). A er checking the normality of our data, we run two nova tests: 1) nput ∼ Time for AirToSurface tasks and 2) nput × ech ∼ Time for SurfaceToAir tasks. Figure 4.12 illustrates the di erent e ects that we observe, and Figure 4.13 details the test results. experiment, with participants needing a wide viewing angle to decide on where to place the Modulus. As they do not know the direction of their future movement when they leave the surface, they make an arbitrary choice regarding the direction of their flick gesture. This could have played against the Flick technique. Second, we observe more transition errors with Hand than with Handle ( = 0.037, = 0.8) for both transition techniques. Contrary to our hypothesis about Flick being be er suited for Hand and Grab for Handle ( ), participants consistently performed be er transitions with Handle than with Hand whatever the transition technique considered.

Surface. For the time spent on the surface (i.e., time for docking), the comparison between Hand and Handle is very similar to what it is for the total task time. This supports results from previous studies [START_REF] Courtoux | WallTokens: Surface Tangibles for Vertical Displays[END_REF], where tangibles were be er than multi-touch gestures when used as surface controllers. We looked at some specific lower-level events to be er interpret those observations. The table below reports the percentage of trials where participants (i) had to perform at least one Clutch action during the docking on surface; and (ii) entered and then le the target docking position (Enter/leave): There are significantly fewer clutch actions with Handle than with Hand, suggesting a more continuous control with Handle.for AirToSurface tasks than with Surface-ToAir tasks (going down to 3.2% of trials with Handle). This is probably because participants came in contact while maintaining a SideTrigger posture. Pu ing the thumb down from this posture led to uncomfortable positions. Participants then tended to li o their finger and reposition their hand in order to make future on-surface manipulations more comfortable. Finally, in the Handle condition, participants performed less enter/leave actions than in the Hand condition, suggesting a be er precision control and stability with Handle.

Mid-air. For the time spent in the air, Handle is significantly faster than Hand for the SurfaceToAir task ( 1,11 = 27.4, < 0.001, 2 = 0.28). However, for the AirToSurface task, the di erence between Hand and Handle is not significant ( 1,11 = 0.92, = 0.358, 2 = 0.01). These di erent results can be easily explained by the nature of the tasks and their di iculty: -In AirToSurface tasks, participants had no di iculty with either Hand or Handle to put the Modulus over the Stimulus with the required tolerance of 7 when coming in contact with the wall (participants almost never adjusted the position of the Modulus once on the surface).

-In SurfaceToAir tasks, participants had to release the Modulus over the Stimulus from afar with the same 7 tolerance. Consistently with our first experiment, it was more di icult with Hand (error rate 30%) than with Handle (error rate 10%). A larger tolerance would certainly lead to di erent results.

Subjective Feedback. Overall, participants were more confident with Handle (4.8 vs. 3.9, = 0.002) and found that Handle was easier to use (4.5 vs. 3.5, = 0.002), was less physically demanding (1.3 vs. 2.2, = 0.004), and performed be er (4.5 vs. 3.9, = 0.012). The di erence regarding mental demand is not significant (1.3 vs. 1.7, = 0.203).

For the transition-specific questions, there are significant di erences neither between the nput conditions nor between Flick and Grab. Overall, the participants performed transitions with confidence (4.6), found the transition techniques easy to use (4.4), with low physical and mental demands (1.4 and 1.3), and perceived their performance as good (4.5).

Regarding rankings, Handle was be er than Hand for all participants. For Surface-ToAir tasks, Handle with Grab is always ranked first (7 participants) or second (5 participants). Handle with Flick has also very good rankings: first for 5 participants, and second for 5 other participants. Looking at Hand only, a majority of participants [START_REF] Avrahami | Portico: Tangible Interaction on and around a Tablet[END_REF] ranked Grab before Flick. For rankings related to the transition action only, 8 participants ranked first Handle with Grab, 3 participants ranked Handle with Flick first, and 3 participants ranked Hand with Flick first (2 ex-aequo).

Overall, Handle obtained be er subjective scores than Hand, and was preferred by the participants. However, we could not observe clear di erences between the transition techniques.

Summary of results

Our results support (

): SurfAirs performed be er and were preferred over barehand input for hybrid interactions involving both surface and mid-air control as well as transitions between both. Moreover, participants were able (with a low error rate) to transition from the surface to the air with both the Grab and Flick techniques. Although Grab performed slightly be er than Flick, our observations do not support ( ): there is statistical evidence neither that Grab is be er for Handle nor that Flick is be er for Hand. Finally, contrary to our first experiment, participants found SurfAir-based input significantly less tiring than bare-hand input.

Limitations

As opposed to o -the-shelf technologies, experimental setups like our wall room are unique. Observations are thus dependent on the specificities of the setup. In particular, tracking accuracy depends on the motion-capture system, the number of cameras and their positioning in the room. In our case, we optimized tracking accuracy for the volume e ectively used during the studies. However, we chose to implement all our conditions using the exact same tracking setup so that it cannot be a confounding factor in comparisons across conditions. This means that even if absolute numbers are likely to be di erent in another setup, the comparison between conditions should be the same.

The tracking accuracy might also be impacted by the specific PQLab© frame that we use for capturing multi-touch input. Such a frame is based on optics, meaning that the fingers that are in contact with the surface can be occluded by other parts of the hand. In addition, fingers that are very close to the screen may even be considered to be in contact with it. Bare-hand input might have been impacted more than SurfAirs by these issues. However, whatever the technology considered, the rigid structure of a controller reduces variability. Controller-based input is thus usually more resistant to technological imperfections.

We have tested a specific implementation of bare-hand input, using the SideTrigger gesture for clicking and the flick gesture for transitioning. We chose the Side-Trigger gesture because both our personal experience and the literature indicate that it reaches good performance in terms of speed, stability and precision [START_REF] Banerjee | Pointable: An in-Air Pointing Technique to Manipulate out-of-Reach Targets on Tabletops[END_REF][START_REF] Mikkel | Should I Stay or Should I Go? Selecting Between Touch and Mid-Air Gestures for Large-Display Interaction[END_REF]. We chose the flick gesture to transition for multiple reasons. Firstly, a flick gesture can be performed independently from the click state for each input technique. Secondly, a flick starts on the surface and finishes in the air, strengthening the metaphor of moving control from the surface to the air. However, alternative gestures within the very large space of multi-touch gestures could be considered and tested. Similarly, alternative handle and switch designs could be considered for a physical controller. But, a high-level property that remains independent from the design choices is that a gesture requires training or per-user calibration while a mechanical action on a physical controller does not.

Finally, participants in the two experiments were researchers, engineers, or graduate students in Computer Science. They were all familiar with multi-touch gestures from their experience with personal devices such as smartphones and tablets. However, except for two participants, they had no experience interacting with a wall display, and none of them had ever used multi-touch gestures on a wall display. Although post-experiment questionnaires suggest that participants were comfortable in all the experimental conditions, replicating the experiment with expert users may decrease the di erence between bare-hand gestures and SurfAirs as bare-hand input might more benefit from learning e ects. We also observe some anecdotal evidence that bare-hand input conditions may have been impacted by hand anatomy, with participants with large hands being more comfortable with multi-touch gestures than participants with small hands. We did not observe such a tendency in SurfAir conditions, which reinforces the hypothesis that SurfAirs' performance is less user-dependent.

Conclusion and Future Work

SurfAirs are physical controllers that can be tracked both on a surface and in the air. They enable controlling multiple degrees of freedom: translation and rotation on 2D surfaces, and full 6-DoF manipulation in the air. They are equipped with a switch that not only enables selection from afar but also enriches surface interaction with an additional state. For example, in our second experiment, we took advantage of this additional state to support translation, rotation and scaling on surfaces with a single controller. SurfAirs also feature mechanism based on a spring and suction cup [START_REF] Courtoux | WallTokens: Surface Tangibles for Vertical Displays[END_REF] that makes them particularly well suited for interaction with vertical surfaces, as users can a ach and detach them at will.

Our empirical studies compare the performance of SurfAir-based input against bare-hand input. Across the two studies, participants had to perform pointing and docking tasks in the air, on a surface, and across the air and a surface. SurfAirs performed be er than, and were preferred to, bare-hand input. They enable steadier selections in the air, and more precise control both in the air and on-surface. In comparison with bare-hand input, they also have strong advantages by design. First, their manipulation is user-independent. Activating a switch with a change of hand posture is subject to both intra-user and inter-user variability as postures may vary over time and between users. In comparison, SurfAirs do not require any per-user calibration or pre-training. Second, SurfAirs do not require instrumenting the user, which is o en cumbersome. For instance, even light instrumentation such as the finger sleeves we used (Figure 4.6) made it di icult for participants to fill out questionnaires during the study.

The fabrication of a SurfAir is relatively simple, relying on passive components, an optics-based multi-touch frame, and an optical tracking system that can accurately capture motion in 3D. Relying on modular components without any electronic connection was particularly convenient for testing alternatives during the design phase. For example, it allowed us to design the Torch SurfAir that features a switch that is orientation-independent. Such a switch would have been challenging to design with electronic components.

In our studies, we consider basic tasks with a single SurfAir in a specific technological setup. As future work, we would like to replicate our second experiment with other technologies such as a capacitive display or an electronic bu on for the Handle SurfAir. Future work should also evaluate SurfAirs with more ecological, high-level tasks that involve e.g., a higher cognitive demand, multiple controllers and multiple users. Finally, it would be worth studying SurfAirs in the context of multi-display environments that can feature both vertical and horizontal displays such as tabletops. Multi-display environments are now common and o en ask users to interact with different devices. In addition to desktops and laptops, those spaces can include large screens such as wall displays [START_REF] Bragdon | Code Space: Touch + Air Gesture Hybrid Interactions for Supporting Developer Meetings[END_REF][START_REF] Wu | A Nested APi Structure to Simplify Cross-Device Communication[END_REF] or tabletops [START_REF] Bartindale | Media Crate: Tangible Live Media Production Interface[END_REF][START_REF] Hartmann | Pictionaire: Supporting Collaborative Design Work by Integrating Physical and Digital Artifacts[END_REF] to enable collaborative work as well as personal devices such as smartphones [START_REF] Langner | Multiple Coordinated Views at Large Displays for Multiple Users: Empirical Findings on User Behavior, Movements, and Distances[END_REF][START_REF] Mcadam | Using Mobile Phones to Interact with Tabletop Computers[END_REF][START_REF] Schmidt | PhoneTouch: A Technique for Direct Phone Interaction on Surfaces[END_REF] and tablets [START_REF] Besançon | Hybrid Touch/Tangible Spatial 3D Data Selection[END_REF][START_REF] Jansen | Tangible Remote Controllers for Wall-Size Displays[END_REF][START_REF] Nunes | TACTIC: An API for Touch and Tangible Interaction[END_REF] that allow users to keep interacting while being mobile. From the smallest to the biggest devices reviewed above, HCI literature investigated the use of tangible controllers. Such controllers have proven e icient to interact with digital displays both on surface or in the air. On surface, they take advantage of eyes-free and precise manipulations [START_REF] Courtoux | WallTokens: Surface Tangibles for Vertical Displays[END_REF][START_REF] Fitzmaurice | An Empirical Evaluation of Graspable User Interfaces: Towards Specialized, Space-Multiplexed Input[END_REF][START_REF] Hancock | Exploring Tangible and Direct Touch Interfaces for Manipulating 2D and 3D Information on a Digital Table[END_REF][START_REF] Voelker | Knobology Revisited: A Comparison of User Performance between Tangible and Virtual Rotary Knobs[END_REF][START_REF] Waldner | Tangible Tiles: Design and Evaluation of a Tangible User Interface in a Collaborative Tabletop Setup[END_REF], and increase other users' awareness [START_REF] Cherek | Tangible Awareness: How Tangibles on Tabletops Influence Awareness of Each Other's Actions[END_REF] and improve collaboration between them [START_REF] Antle | Youtopia: A Collaborative, Tangible, Multi-Touch, Sustainability Learning Activity[END_REF][START_REF] Fan | Exploring How a Co-Dependent Tangible Tool Design Supports Collaboration in a Tabletop Activity[END_REF]. In the air, they can propose a rich set of interactions [START_REF] Besançon | Hybrid Touch/Tangible Spatial 3D Data Selection[END_REF][START_REF] Po S | Tangible-Touch: A Toolkit for Designing Surface-Based Gestures for Tangible Interfaces[END_REF], are faster and more precise than traditional devices [START_REF] Besançon | Mouse, Tactile, and Tangible Input for 3D Manipulation[END_REF] or bare hand gestures [START_REF] Clark | Seamless Interaction in Space[END_REF], and provide a wide variety of haptic feedback [START_REF] Nadeau | Tactful Interaction: Exploring Interactive Social Touch through a Collaborative Tangible Installation[END_REF][START_REF] Zigelbaum | Slurp: Tangibility Spatiality and an Eyedropper[END_REF]. However, tangible controllers are mainly used in a single device context [START_REF] Avrahami | Portico: Tangible Interaction on and around a Tablet[END_REF][START_REF] Bianchi | MagnID: Tracking Multiple Magnetic Tokens[END_REF][START_REF] Büschel | T4 -Transparent and Translucent Tangibles on Tabletops[END_REF][START_REF] Cherek | PERCs Demo: Persistently Trackable Tangibles on Capacitive Multi-Touch Displays[END_REF][START_REF] Courtoux | WallTokens: Surface Tangibles for Vertical Displays[END_REF][START_REF] Coutrix | Which Tangible Control for Which Visual Task?[END_REF][START_REF] Han | Pneu-Module: Using Inflatable Pin Arrays for Reconfigurable Physical Controls on Pressure-Sensitive Touch Surfaces[END_REF][START_REF] Hennecke | Vertibles: Using Vacuum Self-Adhesion to Create a Tangible User Interface for Arbitrary Interactive Surfaces[END_REF][START_REF] Marky | 3D-Auth: Two-Factor Authentication with Personalized 3D-Printed Items[END_REF][START_REF] Yu | Clip-on Gadgets: Expanding Multi-Touch Interaction Area with Unpowered Tactile Controls[END_REF]. A couple of projects take interest in creating frameworks to provide ways of enabling tangible interaction in a multi-display environment [START_REF] Baraldi | Evolving Tuis with Smart Objects for Multi-Context Interaction[END_REF][START_REF] Nunes | TACTIC: An API for Touch and Tangible Interaction[END_REF][START_REF] Wu | A Nested APi Structure to Simplify Cross-Device Communication[END_REF], but they mainly contribute so ware architectures to help developers with multidevice applications without discussing the design aspects of a physical controller that would be used to interact with multiple displays.

In fact, creating versatile tangible controllers for di erent devices can quickly become challenging. Tangibles are o en designed for contexts relying on specific hardware setups as they need to be recognized and tracked by the system. Recognition and tracking approaches are thus o en coupled with the technology of the display itself. Such approaches are o en based on vision [START_REF] Ens | Upli : A Tangible and Immersive Tabletop System for Casual Collaborative Visual Analytics[END_REF][START_REF] Gomes | Bit-Drones: Towards Using 3D Nanocopter Displays as Interactive Self-Levitating Programmable Ma er[END_REF][START_REF] Jordà | The ReacTable: Exploring the Synergy between Live Music Performance and Tabletop Tangible Interfaces[END_REF][START_REF] Zu Erey | TinkerSheets: Using Paper Forms to Control and Visualize Tangible Simulations[END_REF] or capacitive technology [START_REF] Blagojevic | CapTUI: geometric drawing with tangibles on a capacitive multi-touch display[END_REF][START_REF] Chan | Cap-Stones and ZebraWidgets: Sensing Stacks of Building Blocks, Dials and Sliders on Capacitive Touch Screens[END_REF][START_REF] Cherek | Tangible Awareness: How Tangibles on Tabletops Influence Awareness of Each Other's Actions[END_REF] but they can also rely on magnetic fields [START_REF] Leitner | Geckos: Combining Magnets and Pressure Images to Enable New Tangible-Object Design and Interaction[END_REF]130], wireless communication [START_REF] Maekawa | MADO Interface: A Window like a Tangible User Interface to Look into the Virtual World[END_REF][START_REF] Sureyya Tarkan | Toque: Designing a Cooking-Based Programming Language for and with Children[END_REF] or RFID tags [START_REF] Gnoli | Back to the Future: Embodied Classroom Simulations of Animal Foraging[END_REF][START_REF] Hosokawa | Tangible Design Support System Using RFID Technology[END_REF]. Moreover, the targeted display's physical characteristics (i.e., size and orientation) o en drive the controllers' form factor which have to be adapted to that display. For instance, a tangible controller that has been built for a tabletop will probably not be usable on a smartphone if size constraints are not considered in the first place. This example illustrates how the form factor of a multi-display tangible has to be cautiously thought early in the design process to ensure its compatibility with multiple devices.

The third research question I address in this chapter is about extending tangible interaction to the other devices that o en surround a wall display. A wall display is rarely used in isolation. It is most o en used as an additional, shared display space that is used in conjunction with individual workstations, handheld devices or tabletops. Designing physical controllers that can work with multiple displays would o er advantages. In particular, it could unify some interactions [START_REF] Baraldi | Evolving Tuis with Smart Objects for Multi-Context Interaction[END_REF] (for instance, the same physical controller could be used to control a magnifying lens over a map independently from where this map is displayed) and facilitate the transfer of data between different devices [START_REF] Ullmer | MediaBlocks: Physical Containers, Transports, and Controls for Online Media[END_REF]. As a first step toward designing multi-display controllers, we survey the literature of tangibles that are used to control a physical display and analyze the di erent dimensions that impact their design. This chapter presents an overview of the literature about tangible controllers through a systematic survey reviewing 284 papers along with a tool to explore this corpus. We then present an analysis categorizing tangible controllers regarding 12 dimensions that impact tangibles' design and form factor. We highlight the projects proposing multi-display interactions and extract the physical design choices that make it possible. Based on those projects and our personal experience, we propose directions for interaction designers to create multi-display tangible controllers.

Survey Scope and Methodology

As TUI literature is wide and spans across multiple sources, we had to refine our exploration to cover as many projects as possible without going out of the scope of our research question. The data collection method we used is a selective literature survey of 4 di erent ACM conferences using the advanced search tool of the ACM digital library. Those conferences, CHI, UIST, TEI and ISS (formerly ITS), were chosen either because of there flagship status as HCI conferences or because tangible user interface projects usually represent a significant part of their proceedings. We thus start with the following query: : articles in CHI, UIST, TEI or ISS (ITS); and : the title or abstract contains the word "tangible". This query outputs 2386 items. To reduce this corpus, we decided to only consider contributions of type Research Article to focus on "complete" projects, reducing the cor-pus to about 1185 articles (note that the specific Research Article tag was introduced in the ACM DL in 2008 only, so we had to manually classify articles published before 2008 that would be not considered as Research Article -mostly CHI extended abstracts). Moreover, we defined a query that captures contributions that are about physical controllers used for interacting with one or several displays. To define such a query, ( ), we took inspiration from an initial corpus ( ) of 43 papers that we were familiar with (mostly because we studied them in the context of my first two projects: WallTokens and Surfairs). Thus we added the following criteria to ( ) and ( ):

: contributions of type Research Article; and

: the title or abstract contains at least one of the following words: "physical controller", "display", "surface", "screen", "table", "tabletop" or "wall".

And we obtained a corpus of 263 papers that we named . We first evaluated the coverage of that corpus using our corpus, which we know to be relevant to our topic of interest. contains 8 papers that could not be in because they came from other venues than CHI, UIST, TEI, and ISS: two at AVI, and one in each of the following venue: OZCHI, GROUP, IEEE TVCG, IEEE TLT, IEEE Computer, and INTERACT. Among the 35 remaining papers of , 22 are in and 13 are not. Among these 13 papers not in , 11 papers are not in because the word "tangible" is not in the title neither in the abstract (typically because the article uses an other word to describe its central concept, such as "graspable UI" [START_REF] Fitzmaurice | Bricks: Laying the Foundations for Graspable User Interfaces[END_REF], or focuses on an input device, e.g., VisionWand [START_REF] Cao | VisionWand: Interaction Techniques for Large Displays Using a Passive Wand Tracked in 3D[END_REF], or a system, e.g., Miners [START_REF] Ulrich Von Zadow | Miners: Communication and Awareness in Collaborative Gaming at an Interactive Display Wall[END_REF], rather than on tangible input). The 2 remaining papers are not in because they do no satisfy the query. Then, we manually went through the corpus of 263 items and found out that some papers were out of the scope of this survey which focuses on the use of a tangible controller for manipulating or adjusting parameters of an object of interest that is displayed on a physical screen spatially distinct from the tangible itself. We defined the following list of Exclusion Criteria ( ) to filter out papers that do not fall within that scope: 5.1, Le ): Projects presenting tangible user interface that only provide output capabilities are excluded. For instance, examples of this exclusion case can be found in Yannier et al.'s project [START_REF] Yannier | Learning from Mixed-Reality Games: Is Shaking a Tablet as E ective as Physical Observation?[END_REF] where children observe how towers made from construction blocks fall in an earthquake simulation. In a similar way, Marshall et al. [START_REF] Marshall | Ultra-Tangibles: Creating Movable Tangible Objects on Interactive Tables[END_REF] propose to move a tangible sphere using ultrasound waves but the sphere is never used as an input controller. This "No Input" criterion also excluded projects where the tangible is the main focus of the interaction and the display is only used as a way to augment it. In such cases, the Examples of project illustrating our exclusion criteria. On the le , a human-shaped avatar giving vitals output only. In the center, a controller used on the street without additional display. On the right, unmodified smartphones used to display additional information on tabletop. Images source: [START_REF] Gervais | TOBE: Tangible Out-of-Body Experience[END_REF], [START_REF] Boucher | Designing and Making the Datacatchers: Batch Producing Location-Aware Mobile Devices[END_REF] and [START_REF] Leigh | THAW: Tangible Interaction with See-Through Augmentation for Smartphones on Computer Screens[END_REF].

• 1 : No input (Figure
tangible is the object of interest while we rather focus on tangibles that act as controllers to interact with an object of interest displayed on a distinct screen. For example, this criterion excluded Suzuki et al.'s project [START_REF] Suzuki | RealitySketch: Embedding Responsive Graphics and Visualizations in AR through Dynamic Sketching[END_REF] where physical objects are augmented using a tablet camera to explain physics phenomena, or Bonnard et al.'s [START_REF] Bonnard | Tangible Paper Interfaces: Interpreting Pupils' Manipulations[END_REF] project where pieces of paper are augmented to help pupils in primary school classify quadrilaterals. This criterion also excluded projects where the tangible is the display itself without providing any means of decoupling the controller from the display [START_REF] Robinson | Emergeables: Deformable Displays for Continuous Eyes-Free Mobile Interaction[END_REF].

• 2 : No distinct display (Figure 5.1, Center): Projects where interaction does not rely on a physical display are excluded. These mainly represent projects where the tangible controllers are standalone embedding a display themselves [START_REF] Börütecene | Through the Glance Mug: A Familiar Artefact to Support Opportunistic Search in Meetings[END_REF][START_REF] Boucher | Designing and Making the Datacatchers: Batch Producing Location-Aware Mobile Devices[END_REF] or projects that do not involve a display at all [START_REF] Marzo | Ghost Touch: Turning Surfaces into Interactive Tangible Canvases with Focused Ultrasound[END_REF][START_REF] Morales | LeviProps: Animating Levitated Optimized Fabric Structures Using Holographic Acoustic Tweezers[END_REF]. We also relied on this criterion to exclude projects that target immersive contexts of use where users interact with a fully virtual world that does not feature any physical display [194,[START_REF] Tao | Altering Perceived So ness of Real Rigid Objects by Restricting Fingerpad Deformation[END_REF].

•

3 : No tangibles (Figure 5.1, Right): Projects not relying on a custom tangible controller are excluded. These includes projects where either no tangible controllers are used for interaction [START_REF] Antle | Futura: Design for Collaborative Learning and Game Play on a Multi-Touch Digital Tabletop[END_REF][START_REF] Bianchi | The Phone Lock: Audio and Haptic Shoulder-Surfing Resistant PIN Entry Methods for Mobile Devices[END_REF][START_REF] Lee | Tangible Interactive Microbiology for Informal Science Education[END_REF] or projects where the controller is an already existing device such as a smartphone, a tablet or a smartwatch [START_REF] Leigh | THAW: Tangible Interaction with See-Through Augmentation for Smartphones on Computer Screens[END_REF][START_REF] Mcadam | Using Mobile Phones to Interact with Tabletop Computers[END_REF][START_REF] Mehta | Active Pathways: Using Active Tangibles and Interactive Tabletops for Collaborative Modeling in Systems Biology[END_REF], leaving no space for any design considerations.

Note that, in some cases, a project could meet one of the exclusion criteria for some of its parts but not for all of its parts. This is the case, for instance, of Jansen et al.'s project [START_REF] Jansen | Tangible Remote Controllers for Wall-Size Displays[END_REF] where a tangible slider is fixed on a tablet and the user manipulate that slider to adjust parameters of a visualization displayed on a distant wall. In that specific case, the tablet is not a distinct display but is rather part of the tangible itself ( 2 ) but the wall is actually a distinct display that the user interacts with using the tangible slider. We thus do not exclude that project but we focus on the relationship between the tangible slider (which includes the tablet it is mounted on) and the wall display.

Filtering out our ( ) corpus of papers with those criteria le us with a corpus, (

), of 126 papers (excluding 137 papers). To obtain our final corpus ( ), we added the 21 missing papers from ( ) resulting in 147 papers in . Years distribution of our corpora is shown in Figure 5.2.

Survey Dimensions

In this section, we describe and analyze each of the 12 dimensions that we used to classify the 147 papers in (

). Those dimensions where chosen based on the importance they have on the design aspects of tangible controllers. Among those dimensions, four of them are linked to the display properties, six of them are linked to the controller properties and two of them are linked to the posture of the user during the interaction. Each of those dimensions can take di erent values which we describe below. It is important to note that values on a dimension are not exclusive and that a project can belong to multiple categories of a given dimension. In such a case, we count the project in each of the categories it belongs to. Note that it entails that the sum of percentages in a category for a dimension, which we report below, can be higher than a 100%.

To set the values of the di erent dimensions for each project, we relied on:1 

• the user study or studies when the project reported on some,

• the text descriptions, illustrations or videos when the user study did not provided those information or when there was no user study reported. However, some of the dimension values are sometimes hard to identify and/or not described at all. In such cases, we chose not to make any assumption and used the Unknown value for the dimension in question.

Display properties

• Display Size (Small, Medium, Big): This dimension describes the physical size of a display. The possible values are Small for tablet-and smartphone-sized devices, Medium for displays that typically fit a desktop workstation, and Large for tabletop-, smartboard-or wall-sized displays. The size of a display plays an important role on the form factor of a tangible and even more when the tangible is used as a surface controller. It typically constrains the size of the tangible itself which then impacts its weight, its portability, how the user can grab it, how much occlusion it creates on the display, and the number and type of additional features (e.g., bu ons) that can be mounted on or included in it.

As illustrated by Figure 5.3, we observe that most of the projects from our corpus use tangible controllers with a Large display (69.39%). Tangible controllers for small-or medium-sized displays are rarer and represent respectively 15.32% and 19.73% of our corpus. This is not very surprising as the smaller the display is, the smaller the controller must be, and designing small but meaningful controllers is challenging. For instance, a WallToken (chapter 3) is roughly 10cmlarge. This is good for a wall display but it can hardly be used on a tablet or a smartphone without causing major occlusion. In a multi-display environment, the controller's form factor should fit all displays, and, in particular, its size is constrained by the smallest one. However, there might be some trade-o to consider as, at the same time, a too small controller might have drawbacks. For • Display Orientation (Horizontal, Vertical, Handheld): This dimension describes the orientation of the display. The possible values are: Horizontal for displays such as tabletops or setups where a handheld device must be put flat on a table, Vertical for displays such as desktop displays or walls, and Handheld for mobile devices used normally. The display orientation mainly impacts the ability of le ing the controller in place. As we discussed in previous chapters, this is useful for users to free their hands or give physical cues about the current state of the system. For horizontal surfaces, the controller form factor is not really impacted but for vertical ones, leaving the controller on the surface requires to design a feature to a ach it. This is also true for tilted surfaces or handheld devices when they are actually held in hand and not put flat on a table .   In Figure 5.4, we can see that only a third of our corpus allows tangible controllers to be used with vertical displays (29.25%) or handheld devices (1.36%) compared to 76.87% for horizontal displays. This can be explained by the fact that tangible controllers used on vertical displays, or handheld displays, requires to be held by the user while interacting, making them more cumbersome compared to horizontal surfaces where users can free their hands. However, this does not impact controllers that are used in a desktop context, where the display is vertical but the controller can stay on the desk surface if needed (e.g., [START_REF] Follmer | DeForm: An Interactive Malleable Surface for Capturing 2.5D Arbitrary Objects, Tools and Touch[END_REF][START_REF] Gervais | Tangible Viewports: Ge ing Out of Flatland in Desktop Environments[END_REF][START_REF] Han | Pneu-Module: Using Inflatable Pin Arrays for Reconfigurable Physical Controls on Pressure-Sensitive Touch Surfaces[END_REF][START_REF] Hausen | StaTube: Facilitating State Management in Instant Messaging Systems[END_REF][START_REF] Hook | A Reconfigurable Ferromagnetic Input Device[END_REF]. In a similar spirit to the tension about the right size for a controller mentioned above, designing for vertical displays can make controllers less meaningful as the a ach feature can become a hindrance for other horizontal displays such as tabletops [START_REF] Hennecke | Vertibles: Using Vacuum Self-Adhesion to Create a Tangible User Interface for Arbitrary Interactive Surfaces[END_REF]. Also, the orientation of the display has an influence on the posture of users' hands when they hold the tangible on the sur- • Display -Controller Distance (Surface, Close, Distant): This dimension describes the distance at which the controller must be from the display. The possible values are: Surface, when the tangible has to be in contact with the display, Close when the controller has to be used in a restricted space nearby the display (hovering or surrounding it) and Distant when there is conceptually no limit regarding the distance the controller can be from the screen. In this la er case, the limit will rather be imposed by the physical environment (e.g., the size of the room) or the user's visual perception. This dimension is tightly coupled with the following one as it is practically constrained by the technology used to track the controller. However, the controller form factor is also impacted by this dimension as, for instance, leaving the surface of a display o er additional degrees of freedom regarding how users can manipulate the controller, which means that the controller's form factor must account for these richer manipulations.

As pointed out by Cherek et. al in [START_REF] Cherek | O -Surface Tangibles: Exploring the Design Space of Midair Tangible Interaction[END_REF] and confirmed in our survey, tangible controllers that are not used in contact with the display surface are rarer. If we combine both projects used close and at a distance from the display, they represent less than a third 29.25% of our final corpus (respectively 20.41% and 10.2%) Figure 5.5. This might be partly due to the technologies that o en make it easier to identify and track a controller when it actually is on the display. However, in a multi-display environment, finding ways to enable distant interactions is highly desirable as it not only expands individual displays' interaction space, but it can also enable continuous interaction between di erent displays. technology allowing the use of a controller with a display. The possible values are Cable, for controllers relying on wire-based communication, Capacitive for controllers equipped with capacitive footprint pa erns, InfraRed for controllers equipped with physical footprints that can be detected using an infrared touch frame, Magnetic for controllers endowed with magnetic footprint, Vision for controllers endowed with markers and tracked using cameras, RFID for controllers with embedded RFID tags, Wireless for controllers embedded with wifi or bluetooth modules and finally Pressure for controllers using physical footprint to be used with pressure sensitive surfaces. This dimension is, if not the most important, critical regarding the controller's form factor. For the controller to be usable, the communication between it and the device must go as flawless as possible. However, pu ing forward the quality of the tracking in a tangible controller design might impact multiple things according to the technology used.

For instance, while it is easy to a ach a passive marker under a tangible to be used on a tabletop that feature a camera under it, embedding some electronics in or mounting some infrared markers on a tangible will have a more important impact on its form factor.

Regarding the tracking/recognition technologies used, we see a clear unbalance in favor of technologies that can work with passive controllers (passive in the sense that they do not embed any electronics). In such cases, the recognition and tracking aspects heavily rely on the display's built-in technology. 14.2%). This unbalance could be explained by the constraint active tracking puts on a controller. Even though active parts like bu ons or actuators can enable new interactions, they make the tangible design more di icult as they require knowledge in assembling and programming with electronics. In all cases, it is di icult to completely avoid technologies that rely on passive tracking, because it is very di icult to achieve accurate tracking with only electronics embedded in a tangible object.

Controller properties

• Controller Form Factor (Generic, Specific): This dimension describes if the controller shape is designed for generic or specific tasks. The possible values are Generic, when the controller shape relies on basic geometries and can be used in multiple scenarios or Specific, if the controller is designed for a very specific task or to depict a specific virtual object in the display's scene. This dimension is also crucial as the more complex a controller shape has to be, the more it will constrain other design dimensions.

Figure 5.7 illustrates that most of the projects in our corpus propose generic form factors (75.51%). Specialized controllers are o en used in combination with generic ones when the project proposes a set of tangibles (48.3%). Only 23.81% of our corpus is about tangibles that have a specific form factor only. This makes sense as simple geometrical shapes like pucks, squares or other basic geometrical shapes are less restrictive in terms of possible applications than tangibles whose shape is specific to a role or application domain. Generic shapes are likely desirable in a multi-display environment as di erent displays may show di erent scenes and types of data. However, some manipulations may require specific grips that a generic shape might fail to support. For instance, writing or drawing need both a specific grip and a contact surface which minimize occlusion on capabilities also impacts the form factor, o en making it more complex. In addition to the electronic embedding it might require, the physical placement of additional components quickly becomes a design issue. For instance, a bu on or a tactile surface must be placed thoroughly on the controller in order for it to be used comfortably. The same is true for output to be easily perceived and understood by the user.

In 55.78% of our survey corpus, controllers do not embed any additional input or output capabilities (Figure 5.8). The rest of the corpus is shared between input (38.78%) and output (21.77%). This gives a hint that, in most cases, manipulations of the controller itself is a su icient enough input channel. Adding more features, in addition to making the design more complex, also puts constraints on the form factor as the way the user grasps the controller needs to account for both interactions with the distinct display and and interactions on the controller itself. This is a challenge we faced when designing the switch in the SurfAirs project (chapter 4). However, a multi-display environment may require controlling a large variety of functions and commands, which can put some weigh in favor of more I/O capabilities on the tangible itself. Heterogeneous Set, if a project relies on multiple tangible controllers with different form factors. Using a set of controllers as opposed to a single controller has consequences as the system must be able to identify each of them independently. This typically can have an impact on the form factor to make those tangibles feature identifiable traits. Moreover, this is also tightly linked to the other Display Dimensions, such as the Display Size or the Display Orientation, as multiple controllers can mean having enough display real estate to host them concurrently but it can also mean for the user to be able to put them down.

We observe that, in most of the articles, controllers are used in a set (83.99%) versus 17.01% cases where control is achieved with a unique controller (Figure 5.9). Providing a set of controllers diversifies the interactions available to the user. Multiple controllers open space for both generic and specific form factors as well as distributing the di erent controls across di erent tangible tools [START_REF] Ens | Upli : A Tangible and Immersive Tabletop System for Casual Collaborative Visual Analytics[END_REF][START_REF] Hinrichs | Diving in at the Deep End: The Value of Alternative In-Situ Approaches for Systematic Library Search[END_REF][START_REF] Müller | Back to Tangibility: A Post-WIMP Perspective on Control Room Design[END_REF]. In a multi-display environment, profiting from multiple controllers might be an interesting design option to consider. However, it requires to take into account that, in a multi-display environment, the mobility of users could be impaired if they have to carry multiple controllers from one place to another.

• Controller Modularity (Modular, Not Modular): This dimension describes the degree of modularity of a tangible controller. A controller is Modular when it proposes ways of physically adapting its shape or function for di erent tasks. Such modularity can be achieved either automatically [194,[START_REF] Suzuki | ShapeBots: Shape-Changing Swarm Robots[END_REF] or manually with reconfigurable modules [START_REF] Nakagaki | Dis)Appearables: A Concept and Method for Actuated Tangible UIs to Appear and Disappear Based on Stages[END_REF]. We also consider as Modular when several tangibles within a set can be combined to propose new form factors and/or interactions [START_REF] Chan | Cap-Stones and ZebraWidgets: Sensing Stacks of Building Blocks, Dials and Sliders on Capacitive Touch Screens[END_REF][START_REF] Koushik | StoryBlocks: A Tangible Programming Game To Create Accessible Audio Stories[END_REF][START_REF] Liang | GaussBricks: Magnetic Building Blocks for Constructive Tangible Interactions on Portable Displays[END_REF].

As illustrated in Figure 5.10, our survey corpus shows that tangible controllers are modular in only 15.65% of the projects. The vast majority of projects (84.35%) uses a single controller whose shape cannot be altered or a set of predefined controllers that cannot be combined. This dimension could however be key for multi-display interaction as it can impact impact all of the other dimensions covered in this section. In a multi-display environment, both for a controller set or a single controller, the lack of modularity means that they do not profit from a flexible form factor to adapt to di erent displays. The low number of projects that propose modularity can likely be explained by the fact that modular controllers ask more thinking regarding their design than a monolithic tangible. Furthermore, modularity can also mean more engineering e ort as recognizing a controller that can take multiple shapes can be tricky.

• Controller Transparency (Transparent, Opaque): This dimension defines the transparency of a controller. The possible values are Transparent, if the display can be seen through the controller or Opaque otherwise. Making a controller transparent has great advantages as it allows to avoid occlusion but it also requires specific material which can impact the form factor of the controller as well as making the embedding of electronic components complicated.

As illustrated in Figure 5.11, only 21.77% of the controllers are transparent. Some projects propose both values if they propose a set of tangibles that feature both Transparent and Opaque tangibles. Transparency is an interesting feature for controllers used with a display, but loses some significance as soon as the controller is not used on the surface. Moreover, full transparency can be di icult to achieve when the controller has a non-flat shape as light gets deflected as it passes through the object. However, when it comes to interaction in a multidisplay environment, transparency could be an interesting way to adapt large controllers to small displays, removing e iciently the occlusion problem without changing the controller's form factor.

• Based on existing controller (Yes, No): This dimension defines if the tangible controller is made from scratch or built upon an existing device. The possible values are No, if the controller is specifically built for the system or Yes if the controller relies on an existing device such as a smartphone or a smartwatch that is augmented for the project's needs. As mentioned above, our corpus does not include projects that use o -the-shelf devices only as they set aside all designrelated questions. We consider solutions as soon as they have an impact on the form factor of the existing devices even if the impact is small (e.g., equipping it with a specific casing [START_REF] Sabbir Arif | Sparse Tangibles: Collaborative Exploration of Gene Networks Using Active Tangibles and Interactive Tabletops[END_REF][START_REF] Manshaei | Tangible MtDNA: A Tangible Tabletop System for Exploring Genetic Mutations on Mitochondrial DNA Cancer Data[END_REF] or a aching additional grips [START_REF] Sureyya Tarkan | Toque: Designing a Cooking-Based Programming Language for and with Children[END_REF][START_REF] Wibowo | Dres-sUp: A 3D Interface for Clothing Design with a Physical Mannequin[END_REF]). Even though adaptation of existing devices give some flexibility for the designer, it usually is quite constraining regarding the final form factor of the controller.

It is interesting to see that our survey corpus is mainly composed of fully cus- tom controllers (93.2%). On the opposite, as illustrated in Figure 5.12, 6.8% of projects propose controllers that are built by enhancing pre-defined ones such as Nintendo Wii controllers [START_REF] Sureyya Tarkan | Toque: Designing a Cooking-Based Programming Language for and with Children[END_REF], mice [START_REF] Wibowo | Dres-sUp: A 3D Interface for Clothing Design with a Physical Mannequin[END_REF], smartwatches [START_REF] Manshaei | Tangible MtDNA: A Tangible Tabletop System for Exploring Genetic Mutations on Mitochondrial DNA Cancer Data[END_REF] or smartphones [START_REF] Langner | Multiple Coordinated Views at Large Displays for Multiple Users: Empirical Findings on User Behavior, Movements, and Distances[END_REF]. This suggests that designers of tangible controller tend to opt for homemade solution to adapt to their setups. This e ect can be even more pronounced in a multi-screen environment, as the more di erent screens there are, the more constraints the controller design piles up. In this case, and even though relying on existing controller allows interaction designer to profit from already e icient designs, going from scratch might be the way-to-go to get a controller that is e icient with the various screens.

User Posture

• User Posture (Standing, Si ing): This dimension describes the posture of the user when interacting with the controller. The possible values are Standing if the user stands when interacting or Si ing if the user is seated when interacting. This dimension might impact the form factor. In particular, designers should take a particular care to the weight of a controller if the user will have to stand and keep holding it in the air. See Figure 5.13.

• User Mobility (Mobile, Static): This dimension describes if the user is mobile or not while using a controller. The possible values are Mobile if the user has to move in space while interacting with the controller or Static, if the user stays in place during the interaction. In addition to increased tracking requirements, this dimension also impacts the form factor as a mobile user aims for a more portable and lightweight controller. See Figure 5.14. 

Survey Exploration Tool

To explore the corpus resulting from our survey, we created an exploration tool Figure 5.15. This Web page, available at https://tangibles4displays.lisn.upsaclay.fr/ lists the references and proposes a list of facets to filter out those references according to the dimensions described above. We used it to help us interpret the analysis that we present above, and we make it available to the community in order to help TUI designers explore the literature and take design inspiration for their specific setups. The le panel features one facet per dimension. Each facet can be set to either select the union (OR model) of the selected values or the intersection (AND model) of the selected values for that facet. By default, all values are selected and the facet filters according to a OR model. Each facet also features two small bu ons that allow users to sort the references according to the values of that facet. Sorting along a facet will group references according to the number of values they take for that dimension. For instance, when sorting along Display Size, a reference that considers only Small displays will be listed before a reference that considers both Small and Large displays. Within a group of references that is tagged with the same number of values, the order matches that of the presentation order of the values under that facet title in the le side panel. For instance, a reference that considers only Small displays will be listed before a reference that considers only Medium displays. Each facet proposes two bu ons for sorting according to an ascending or descending order.

To support visual exploration of the corpus, we designed icons for each value of a dimension. Those icons are designed so that they can be superimposed when a project combines multiple values for a single dimension. For instance, a project that proposes controllers for Small displays only will be depicted by Figure 5.16-a), a project that proposes controllers for Large displays only will be depicted by Figure 5.16-c), and a project that consider both Small and Large displays only will be depicted by . We designed icons for most of our dimensions. However, when a dimension has too many values or is simply di icult to match with a simple visual representation, we kept a textual description. Users can also turn o visual representations to get text-only representations by clicking the Show text-only descriptors at the top le .

In addition to the 12 dimensions of interest, the tool also proposes a couple of additional filters:

• In/Out ACM search: To indicate whether the project was a result of our search in the ACM DL or whether we added it (i.e., projects from that were not in are marked "Out ACM Search").

• Application domain: The application domain for the project. Possible values include Art, Education, Visualization, Health, etc.2 

At the very bo om of the page, users can click a link to see the list of projects that we put aside because of the exclusion criteria that we list above.

We made this information available to make the way we built our corpus transparent and because we believe that they might be useful to practitioners who would be, for example, interested in a specific application domain.

Designing for Multi-Display Environments

Designing tangibles for multi-display environments requires to take into account the variety of each display's properties. Thanks to the taxonomy and the tool that we present above, we can take a closer look at projects that cover multiple values regarding the di erent display dimensions. These projects are likely to provide clues about how to make tangible input that is versatile enough to adapt to di erent display type. For instance, even if they do not propose a straightforward multi-display interaction, projects that present controllers that work with displays of multiple sizes, or that rely on di erent communication technologies, or that can be used with either horizontal and vertical displays are worth to be investigated. We thus carefully look at the controller properties for these projects in order to understand the design solutions that they adopted to support multiple types of displays.

Among our final corpus of 147 projects, 53 of them take multiple values along at list one of the display dimensions described in section 5.3: 13 of them allows multiple Display Distances, 7 of them can support at least 2 Display Sizes, 11 of them are usable on multiple Display Orientations and 22 of them relies on multiple Display -Controller Communication. This section presents our analysis of these specific projects.

Display Size

As illustrated in Figure 5.3, only 5.44% of the projects propose interaction on more than one display size. Some of them simply propose controllers that are small enough to be usable with small display surfaces without causing to much occlusion [57,[START_REF] Yu | TUIC: Enabling Tangible Interaction on Capacitive Multi-Touch Displays[END_REF]. Another solution consists in not supporting on surface interactions (Display-Controller Distance ≠ Surface), which somehow decouples the controller's form factor from the display size as they do not have to be in contact with each other [START_REF] Gnoli | Back to the Future: Embodied Classroom Simulations of Animal Foraging[END_REF][START_REF] Po S | Tangible-Touch: A Toolkit for Designing Surface-Based Gestures for Tangible Interfaces[END_REF]. Other projects such as PUCs [START_REF] Voelker | PUCs: Detecting Transparent, Passive Untouched Capacitive Widgets on Unmodified Multi-Touch Displays[END_REF] or CapStones [START_REF] Chan | Cap-Stones and ZebraWidgets: Sensing Stacks of Building Blocks, Dials and Sliders on Capacitive Touch Screens[END_REF] propose a set of tangible objects of di erent sizes so that users can choose the one that is adapted to the considered display. Finally, GaussBits [START_REF] Liang | GaussBits: Magnetic Tangible Bits for Portable and Occlusion-free Near-surface Interactions[END_REF] propose another approach where the magnetic tangible is not tracked by the technology of the display but rather by an external magnetic grid which can be a ached to a smartphone, a tablet or a laptop.

However, some of these approaches have drawbacks that we already mentioned above. For instance, smaller controllers can adapt to any display size but they can suffer from uncomfortable grips and may be di icult to visually perceive on large screens. Avoiding on surface interaction is an interesting solution but it comes at the cost of not o ering the precise and comfortable manipulations that on surface interaction enables. Having a set of controllers seems to benefit from all the advantages described above as users can switch at will from one controller to another according to the task and display at hand. However, the more di erent displays, the more controller might be needed to interact with those various displays, eventually impairing the user mobility. Decoupling the tracking technology from the surface is a good solution from a technological standpoint but does not address the design aspects related to the form factor a controller should take to support e icient and comfortable interactions. One solution that we personally think would be worth to investigate would consist of making modular tangible controllers, which would be able to adapt their shape according to the display size.

Display Orientation

Only 8.16% of the projects propose to interact with displays having multiple orientation (Figure 5.4). However, in most cases, this combination relies on a vertical and a horizontal display alternatively taking the role of display of interest and, when the display of interest is the vertical one, the user relies on the horizontal one for manipulating the tangible. Indeed, in projects such as [START_REF] Ho | Mapping Place: Supporting Cultural Learning through a Lukasa-Inspired Tangible Tabletop Museum Exhibit[END_REF][START_REF] Coppins | Combining Mobile, Tangible and Virtual World Platforms to Support Participatory Campus Planning[END_REF][START_REF] Ens | Upli : A Tangible and Immersive Tabletop System for Casual Collaborative Visual Analytics[END_REF][START_REF] Hinrichs | Diving in at the Deep End: The Value of Alternative In-Situ Approaches for Systematic Library Search[END_REF][START_REF] Nakagaki | Dis)Appearables: A Concept and Method for Actuated Tangible UIs to Appear and Disappear Based on Stages[END_REF][START_REF] Price | The E ect of Representation Location on Interaction in a Tangible Learning Environment[END_REF][START_REF] Wu | Tangible Navigation and Object Manipulation in Virtual Environments[END_REF], users manipulate the tangible on the horizontal surface to act on the representation displayed on the vertical surface. Such a solution not only makes the position of one display dependent on that of the other display but also reduces users' mobility as they must stay close to the horizontal display to interact, thus losing the advantages of movements in space. In Jansen et al.'s project [START_REF] Jansen | Tangible Remote Controllers for Wall-Size Displays[END_REF], a tablet is used to interact with a wall display. This time, as the tangible is manipulated on a mobile device, the user can freely move in space. However, while a aching tangibles to a handheld device makes users free to move in space without worrying about gravity, it also entails that users cannot manipulate the tangibles directly on the display of interest.

Interestingly, Gomes de Siqueira et al.'s project about tangibles for interacting with scientific posters [57] is the only one showing a capacitive controller used on display surfaces that have di erent orientations, making the assumption that, in a near future, scientific posters will likely be presented in environments that feature multiple capacitive displays. However, as those tangible knobs cannot be a ached to the display, the possibilities in terms of interaction quickly become limited on vertical surfaces. Some projects actually address this issue and, even if they do not propose multi-display interactions, give hints on how the possibility for a token to be a ached to a surface can enable interactions for both vertical and horizontal displays. For instance, WallTokens (chapter 3), Vertibles [START_REF] Hennecke | Vertibles: Using Vacuum Self-Adhesion to Create a Tangible User Interface for Arbitrary Interactive Surfaces[END_REF] and Back to Tangibility [START_REF] Müller | Back to Tangibility: A Post-WIMP Perspective on Control Room Design[END_REF] use suction cups to achieve this while Geckos [START_REF] Leitner | Geckos: Combining Magnets and Pressure Images to Enable New Tangible-Object Design and Interaction[END_REF] and Mechanix [START_REF] Ti Any Tseng | Mechanix: An Interactive Display for Exploring Engineering Design through a Tangible Interface[END_REF] use magnets. However, when the design includes a solution to make the controller a achable on vertical surfaces, this solution must not impair the use of the controller on horizontal ones. For instance, Vertibles' design makes the controllers a achable on vertical displays, but they are then static once put on the display surface. WallTokens, on the opposite, rely on a physical mechanism that supports two states, a ached or detached, and transitions between these states in order to make users able to slide tangibles on the surface. Geckos and Mechanix relies on magnetic surfaces o ering both a achment and movement at the same time but such magnetic-based solutions require some trade-o s. In particular, they rely on projection-based displays as this makes it easy to make a display magnetic, but this is at the cost of losing the high resolution that an active display can o er.

Designing controllers for multiple display orientations requires trade-o s that have repercussions either on the display technology or on the controller's form factor as it is di icult to design physical objects that are both convenient and comfortable to use on both vertical and horizontal displays. One solution that we personally think would be worth to investigate and that has not been considered in the literature is either to build sets of tangibles that propose di erent types of controllers suitable to di erent display orientations or to make modular controllers onto which di erent handles and a achment mechanisms could be placed as needed.

Display-Controller Distance

As pointed out by Cherek et al. [START_REF] Cherek | O -Surface Tangibles: Exploring the Design Space of Midair Tangible Interaction[END_REF], smoothly transitioning between on-surface control and distant control allows interaction designers to empower their tangible controllers. However, projects proposing multiple value for the Display-Controller Distance dimension represent only 8.84% of our corpus (Figure 5.5). Most of these projects rely on multiple technologies to track the controllers both on the display surface, close, or afar from it. This can be achieved by combining the display tracking technology with cameras [START_REF] Baraldi | Evolving Tuis with Smart Objects for Multi-Context Interaction[END_REF][START_REF] Nunes | TACTIC: An API for Touch and Tangible Interaction[END_REF] or by using active controllers with embedded wireless communication technologies [START_REF] Elkin | Manipulation, Learning, and Recall with Tangible Pen-Like Input[END_REF][START_REF] Grote | Eugenie: Multi-Touch and Tangible Interaction for Bio-Design[END_REF][START_REF] Villar | Project Zanzibar: A Portable and Flexible Tangible Interaction Platform[END_REF][START_REF] Zigelbaum | Slurp: Tangibility Spatiality and an Eyedropper[END_REF]. Some projects also use a single technology that is able to cover not only the surface, but also the space surrounding it. For instance, the Portico project [START_REF] Avrahami | Portico: Tangible Interaction on and around a Tablet[END_REF] mounts cameras on a tablet to track the space on the surface but also surrounding it. In a similar spirit, Wu et al.'s project [START_REF] Wu | Tangible Navigation and Object Manipulation in Virtual Environments[END_REF] uses a camera mounted above a tabletop to allow the tangible to be li ed and lowered to zoom in/out while allowing panning at a specific zoom level. Magnetic-based track-ing systems also allows interacting while hovering [START_REF] Liang | GaussBits: Magnetic Tangible Bits for Portable and Occlusion-free Near-surface Interactions[END_REF] or being close to the display surface [START_REF] Bianchi | MagnID: Tracking Multiple Magnetic Tokens[END_REF]. Another solution to interact from di erent distances is to rely on a set of controllers [START_REF] Chan | Enabling Beyond-Surface Interactions for Interactive Surface with an Invisible Projection[END_REF][START_REF] Ens | Upli : A Tangible and Immersive Tabletop System for Casual Collaborative Visual Analytics[END_REF][START_REF] Zigelbaum | Slurp: Tangibility Spatiality and an Eyedropper[END_REF], with some usable on the display surface and other usable from a distance.

In a multi-display environment, interacting from various distances is important not only because users will typically move in space, but also because it might be desirable to empower the whole environment with the possibility of making continuous interactions between displays. This dimension is tightly linked to the technology used for the controller-display communication as not all these technologies are on an equal footing regarding the interaction space covered. While it is possible to rely on a set of controllers to switch to di erent distances, using a global technology that covers the whole environment seems the most promising solution. Vision-based tracking seems the most obvious solution. However, such an approach o en entails heavy and complex hardware setups and its tracking accuracy may quickly degrade in a large space involving multiple users and objects that will cause a lot of occlusion.

Display-Controller Communication

In our corpus, 15.64% of the controllers communicate with displays using more than one technology Figure 5.6. Most of them use a combination of vision-based system to track the controller position on the surface and a wireless communication system embedded in the controller. This combination is mostly used to provide input and output capabilities to active controllers [START_REF] Sabbir Arif | Sparse Tangibles: Collaborative Exploration of Gene Networks Using Active Tangibles and Interactive Tabletops[END_REF][START_REF] Hancock | Exploring Tangible and Direct Touch Interfaces for Manipulating 2D and 3D Information on a Digital Table[END_REF][START_REF] Izadi | Going beyond the Display: A Surface Technology with an Electronically Switchable Di user[END_REF]130,[START_REF] Mi | HATs: Interact Using Height-Adjustable Tangibles in Tabletop Interfaces[END_REF][START_REF] Spindler | Spatially Aware Tangible Display Interaction in a Tabletop Environment[END_REF][START_REF] Spindler | Use Your Head: Tangible Windows for 3D Information Spaces in a Tabletop Environment[END_REF][START_REF] Suzuki | ShapeBots: Shape-Changing Swarm Robots[END_REF]. As mentioned above, combining technologies can also enable tracking at di erent display-controller distances [START_REF] Baraldi | Evolving Tuis with Smart Objects for Multi-Context Interaction[END_REF][START_REF] Elkin | Manipulation, Learning, and Recall with Tangible Pen-Like Input[END_REF][START_REF] Grote | Eugenie: Multi-Touch and Tangible Interaction for Bio-Design[END_REF][START_REF] Manshaei | Tangible MtDNA: A Tangible Tabletop System for Exploring Genetic Mutations on Mitochondrial DNA Cancer Data[END_REF]. Cables are also used in combination with vision-based technologies for active controllers that have some I/O capabilities [START_REF] Chan | Enabling Beyond-Surface Interactions for Interactive Surface with an Invisible Projection[END_REF][START_REF] Jeong | WIKA: A Projected Augmented Reality Workbench for Interactive Kinetic Art[END_REF]. Combining technologies can also help increase the accuracy when tracking controllers [START_REF] Giraud | Can You Help Me Move This over There?": Training Children with ASD to Joint Action through Tangible Interaction and Virtual Agent[END_REF].

A multi-display environment o en features displays that rely on di erent technologies. A tangible for such an environment should thus support various communication technologies to be versatile. This is a challenging design concept. A solution to address this is to use a set of controllers with each one of them being adapted to different communication system. While this may seem like a purely technical question, it is actually not completely technical, as it o en requires the integration of certain components in the controller so that it can be tracked (e.g., a specific footprint/marker or some electronics). This can have an impact on the form factor. In all cases, multidisplay environments likely call for combining technologies in order to get a good tracking accuracy anywhere in the environment. Controllers should thus be able to get tracked by each display surface using the surface's native communication system, and by a global vision system when interacting in between displays. However, it certainly causes non-trivial challenges for integrating heterogeneous tracking systems.

Limitations

Although we tried to give an overview of the literature focused on the use of tangibles with physical displays, our survey may have some limitations. First, our research was focused on ACM conferences. Although we think that it certainly is the most relevant source, other sources from the IEEE digital library might be interesting to look at to cover a wider range of the literature. Second, the exclusion criteria (section 5.2) that we used to refine our results helped reduce the scope of our set of references, they may have also excluded interesting design solutions that were applied in another context and that could prove relevant for multi-display environments. Finally, the dimensions we chose to classify the di erent projects were the ones we thought would be the most useful regarding the design of tangible controllers but they do not cover all aspects of the fabrication and development process. Other considerations such as material cost and availability, production and assembly time or so ware implementation complexity were not considered in this work. When producing a physical object, those considerations are nevertheless important but they are rarely central to research activities and are therefore rarely discussed in articles. Such a lack of detail is even true for some of the dimensions that we considered. For example, user posture and mobility are o en not explicitly described (Figure 5.9, Figure 5.10). In some cases, even the tracking technology used is not reported [START_REF] Ulrich Von Zadow | Miners: Communication and Awareness in Collaborative Gaming at an Interactive Display Wall[END_REF]. Despite those limitations, we still believe that the dataset resulting from our survey, as well as the exploration tool we provide (section 5.4) should be useful to designers for creating tangible controllers for multi-display environment or for a single display.

Conclusion and Future Work

In this chapter, we present a survey on the use of tangible controllers with physical displays that we built with a systematic search among four ACM conferences and an initial corpus of relevant papers that we were familiar with. Our motivation was to identify interesting design approaches to enable tangible interaction in a multi-display environment. Our survey covers 27 years of projects using tangible controllers with displays. However, apart from a few projects that took interest in using such controllers in a multi-display environment [START_REF] Baraldi | Evolving Tuis with Smart Objects for Multi-Context Interaction[END_REF][START_REF] Nunes | TACTIC: An API for Touch and Tangible Interaction[END_REF][START_REF] Wu | A Nested APi Structure to Simplify Cross-Device Communication[END_REF], most contributions are about single display setups. As we discuss in this chapter, this can be explained by the numerous constraints that underly the design of a versatile controllers.

We organize our corpus of references along 12 dimensions that we group into two main categories: display properties and controller properties. Those dimensions are chosen to represent the constraints that the designer of a tangible controller has to consider when creating a controller for a specific setup. Our work contributes a classification of 147 papers along those dimensions and a Web-based tool to present and explore them. We also contribute an analysis of the corpus along those dimensions showing that few controllers actually support some degree of versatility. We discuss those specific projects, discuss the trade-o s they require and suggest approaches that are worth exploring in the context of a multi-display environment. In particular, we believe that modular controllers are promising.

As future work, we want to widen our corpus by considering more sources and include dynamic interactive charts in the Web-based tool to facilitate the exploration of the dataset and identify trends in physical controller design. We would also like to open it for other researchers to contribute to the database. Finally, we plan to build some prototypes of modular tangibles to investigate how this design dimension could impact tangible multi-display interaction. C

C P

This thesis investigated the use of Tangible User Interfaces (TUIs) to empower interactions with wall displays. TUIs have been investigated in many contexts, but rarely for interacting with large vertical displays. As discussed in this manuscript, using tangibles with vertical surfaces raises many challenges regarding interaction design that are mostly related to the vertical orientation of the display and the large space users evolve in. My thesis work addresses these challenges to answer the broad research question: "How to enable tangible interaction with wall displays?". This final chapter summarizes my contributions towards answering that question and discusses possible future research directions to push further tangible interaction with wall displays.

Summary of Contributions

My thesis contribution is three-fold, addressing the three specific Research estions ( ) introduced in section 1.1.

1 : How to enable on surface tangible interaction on a wall display?

Interacting with wall displays can happen from a distance or close to it. In this second case, users usually rely on the tactile technology the wall display features. Using tangibles for on surface interaction has been widely explored on horizontal surfaces. However, with vertical surfaces, users cannot leave tangibles on the display surface without holding them, which quickly impairs user experience. My first contribution, WallTokens (chapter 3), proposes a solution to this problem with a set of tangible tokens designed for on surface interaction with wall displays. In particular, each WallTokens features a simple mechanism with a push-handle that controls a suction cup. This makes it easy for users to switch between sliding the token or a aching it to the wall. Those tangibles are easy to fabricate and are recognized on the display 97 surface passively thanks to their physical footprints. In addition to the low-cost and easy-to-replicate design that we propose, we report on a study showing the benefits of WallTokens for manipulating virtual objects over multi-touch gestures. WallTokens proved more precise and comfortable than bare-hand gestures to perform low-level manipulation tasks on a wall display surface. This project is a first step towards enabling tangible interaction in a wall display context.

Major parts of this contribution were published as a full paper at CHI'21 [START_REF] Courtoux | WallTokens: Surface Tangibles for Vertical Displays[END_REF] 2 : How to enable continuous tangible interaction from the wall surface to the air?

Enabling tangible interaction on wall displays requires to not limit the interaction space only to its surface. Even if interacting on the display itself enables precise manipulations with a detailed view on the scene, users o en move in space along the wall or away from it. Taking some distance actually allows users to have a wide viewing angle and makes large-scale manipulations easier. My second project, SurfAirs (chapter 4), aims at making users able to interact both up-close and afar from the wall while o ering some continuity across these two types of interaction. SurfAirs are physical controllers that users can manipulate on screen (on surface input), in the air (mid-air input), and transition from the surface to the air during a single manipulation (hybrid input). We propose two di erent SurfAir prototypes usable in a wall display environment and report on two user studies that compare SurfAirs' performance with bare-hand input for both mid-air and hybrid input. SurfAirs performed be er on low-level manipulation tasks than bare-hand gestures regarding accuracy, speed and user preferences.

Major parts of this contribution have to appear as a full paper at CHI'23 [START_REF] Courtoux | SurfAirs: Surface + Mid-air Input for Large Vertical Displays[END_REF] 3 : How to design a multi-display/multi-purpose tangible controller for interactive rooms that feature more than just a wall?

A wall display is o en located in an environment that features multiple devices such as tabletops, laptops, tablets or even Augmented Reality headsets. While all these devices can work independently, a richer user experience could be achieved if those devices could actually work in concert, e iciently complementing one another. In my third contribution, I thus consider interaction with a wall display in a larger context, tackling the challenges that entail the design of tangibles for interacting with multiple displays. We contribute a survey (chapter 5) that reviews projects that have investigated the use tangible controllers with various types of displays over the last 27 years. We systematically explore a corpus of references built over the four main ACM conferences that present contribution in the domain of TUIs. We filter out projects that made use of tangible controllers in combination with a physical display, resulting in a dataset of 147 research articles. We present 12 dimensions to describe and organize this dataset, capturing properties of the controller, the display and the communication between the two. We present a Web tool to explore our dataset along those dimensions, and we use it to identify the projects that feature interesting properties for designing tangibles that are versatile enough to work with diverse displays. We discuss these projects, and propose some directions for designing multi-display tangibles. Although we focused on the specific use case of multi-display tangibles, our survey and tool can help TUI designers in general to identify projects that rely on a specific setup.

This project is presented for the first time in this thesis manuscript, it has not been submi ed for publication yet.

Future Work

My thesis studies tangible interaction with wall displays, considering the rich interaction space they can propose. This interaction space is actually not limited to the surface of the wall itself but rather encompasses the potentially large volume in front of it that can accommodate multiple users who move in space and multiple devices. From the surface to the air, and finally to the surrounding devices, we empirically or theoretically investigated the use of tangibles for interacting with wall displays. However, while this thesis is a step towards enabling tangible interaction with wall displays, it also opens up several research questions that we would like to explore in the future.

Tangibles for Vertical Displays

Both WallTokens and SurfAirs are tangible objects that users can a ach on the wall display. While it has the obvious advantage for users to free their hands when needed, we believe that it o ers other interesting properties in terms of manipulation and perception. In terms of manipulation, the user can set the token's position in space while still being able to rotate it to use it as a rotary knob. In terms of perception, leaving a physical object on a digital scene can serve as a visual marker that is easy for users to spot. Our personal experience is that, on a large display, a physical object is much more salient than a virtual object is, especially when the digital information space is complex. We would like to study this pop out e ect, taking inspiration from studies in experimental psychology on prea entive processing [202]. Factors such as the size of the visual marker, the complexity of the digital scene and the user's distance to the wall would be interesting to study when comparing physical and virtual markers regarding their visual saliency.

Related to the question above, a design challenge that would be interesting to tackle is the construction of self-actuated controllers that would be able to move along vertical surfaces. It would require to find a means to make tangibles stick on the display surface without preventing their mobility. On horizontal surfaces, Weiss et al. [START_REF] Weiss | Madgets: Actuating Widgets on Interactive Tabletops[END_REF] propose a solution to actuate tangibles with magnets. As magnets can also be used as an a ach solution on vertical surface, they could be used to combine both actuation and an a aching mechanism. However, as we discussed earlier in this manuscript, using magnets is not possible with many active displays so this would probably require to rely on passive, projection-based displays or on displays that are equipped with specific technology (as in e.g., [START_REF] Liang | GaussBits: Magnetic Tangible Bits for Portable and Occlusion-Free near-Surface Interactions[END_REF]). An alternative could consist of embedding motors in passive tangibles to eventually reproduce caterpillar-like movements while relying on suction cups.

Tangibles for Multi-display Environments

In chapter 5, our analysis of projects on tangible interaction reveals that tangible controllers are o en declined into sets of controllers when used with displays. While this enables a certain versatility as users can switch from one tangible to another depending on their needs or on the display technology, it can not only prevent continuous interactions but also be quickly cumbersome when users move around as they have to carry multiple tokens. Investigating how to address this issue would be a promising direction to enable tangible interaction in multi-display environments. One solution could consist of making users able to leave their tangibles in place even in the air. While the tangibles presented in this thesis work can be easily a ached to a vertical surface, it does not provide a solution when interacting from a distance. Taking inspiration from projects like BitDrones [START_REF] Gomes | Bit-Drones: Towards Using 3D Nanocopter Displays as Interactive Self-Levitating Programmable Ma er[END_REF] could help design controllers that can stay in place mid-air making users able to pick them on the go or leave them floating in the interaction space. Combined with the idea presented in the section above, such tangibles could be self-actuated to go back and forth between the surface and the air.

An alternative or complementary design solution that we also discuss to enable multi-display tangible interaction is modularity. Users could reconfigure tangibles to e.g., adapt their form factor depending on the manipulations they want to do and the displays they are interacting with. Studying how to design such modular tangibles is a question that we would like to explore. For instance, the grip and the contact surface of a tangible could be made modular so that users could change them according to the display it is used on, or the task it is used for. Such modularity could also make the tangible customizable, changing its form factor according to the user's hand size or handedness. Modularity could also be used to plug/unplug some input or output capabilities on the tangible when needed. The challenge lies mainly in the design of such controllers because changes to the tangible must be easy to make and the modular parts must not become cumbersome when not needed. We could think of modules designed as drawers or modules that can be folded so that users do not end up in a situation that is close to handling a set of distinct controllers.

Tangibles for Collaboration

Although we demonstrate in WallTokens's companion video how multiple users can interact with tangibles on a wall display, this thesis mostly focused on the situation where only one user is interacting with the wall display. Studying tangibles' performance and the role they can play in multi-user scenarios is an interesting research topic. Tangibles have been shown to improve user collaboration on horizontal surfaces [START_REF] Tuddenham | Graspables Revisited: Multi-Touch vs. Tangible Input for Tabletop Displays in Acquisition and Manipulation Tasks[END_REF] but does it transfer to the specific interaction space a wall display o ers? We actually believe that tangibles could help collaboration not only in contexts that involve single wall display but also in multi-display contexts. For instance, the physicality of the tangibles might change the way users exchange roles and information when accomplishing collaborative tasks in a multi-display environment, which could be er support coordination. Studying such phenomena requires to design scenarios that operationalize high-level collaboration tasks that involve tightly-coupled collaboration and/or loose collaboration such as e.g., sensemaking tasks [2] or classification tasks [START_REF] Liu | Shared Interaction on a Wall-Sized Display in a Data Manipulation Task[END_REF].

We also believe that considering collaboration during the design process of tangibles could generate interesting alternative design solutions with e.g., specific form factors or output capabilities that promote awareness of other users' actions. In multiuser contexts, it is important for users not only to be aware of other users' actions but also to be aware of the workspace state to ensure an e icient coordination. While we focused on tangible controllers, ambient tangibles could complement our approach to convey information about the workspace and about other users. Such tangibles could be hung to the ceiling [START_REF] Bouzbib | CoVR: A Large-Scale Force-Feedback Robotic Interface for Non-Deterministic Scenarios in VR[END_REF][START_REF] Peek | Hangsters: Tangible Peripheral Interactive Avatars for Instant Messaging[END_REF], a ached to the walls [START_REF] Sabinson | Plant-Human Embodied Biofeedback (PheB): A So Robotic Surface for Emotion Regulation in Confined Physical Space[END_REF], or put on the ground [START_REF] Coenen | The Concurrent Use of Touch and Mid-Air Gestures or Floor Mat Interaction on a Public Display[END_REF][START_REF] Jamil | The Design of an Interactive Surface for Supporting Rehabilitation of Children with Developmental Coordination Disorder[END_REF][START_REF] Schmidt | Kickables: Tangibles for Feet[END_REF] to take into account the large space users evolve in. Mon deuxième projet, SurfAirs, propose des tangibles permettant des interactions avec les murs d'écrans en surface, quand les utilisateurs ont besoin de détails et de précision, mais aussi à distance quand ils ont besoin d'un grand angle de vue. Les SurfAirs permettent également une transition continue entre ces deux modes d'interaction. Nous présentons deux études qui comparent les SurfAirs avec des gestes à main nue pour eectuer des tâches de manipulation de bas niveau. Les Sur-fAirs sont plus performants que les gestes à main nue en termes de précision et de vitesse et les utilisateurs les préfèrent. Le troisième projet propose une étude de la littérature sur l'utilisation de contrôleur tangible avec des écrans. Chaque article étudié est classié selon 12 dimensions qui reètent les aspects de la conception du contrôleur et de l'écran. Nous proposons un outil Web qui permet l'exploration de notre corpus d'articles à travers ces dimensions de classication. Nous discutons ensuite les dés qui sous-tendent la conception de contrôleurs tangibles dans un environnement multi-écrans.

Wall displays immerse users in large, highresolution information spaces. They are well suited for data analysis, as users only need to move around the physical space to explore the virtual information space displayed on the wall. They also facilitate collaboration as their large physical size can accommodate multiple users. However, designing eective ways of interacting with wall displays is challenging. Traditional input devices, such as mice and keyboards, quickly show their limitations in an environment where multiple users can interact and move freely.

HCI literature oers interesting alternatives to traditional input techniques. In particular, Tangible User Interactions (TUIs), where users rely on custom tangible objects to interact with the virtual scene, have proved ecient with dierent types of displays ranging from smartphones to tabletops. Tangible controllers have natural advantages such as the haptic feedback they provide that enables eyes-free manipulations. They also aord specic grasps and manipulations, guiding users on what they can do with them. Empirical studies that compare tangibles to other forms of input also report quantitative gains in regarding manipulation speed and precision in dierent hardware setups. However, designing tangible controllers for wall displays is dicult. First, the large size and vertical orientation of walls must be taken into account to design tangibles with a suitable form factor. Second, users move in space. They move away to get a wider view, move closer to see details, or adjust their physical position based on other users and objects in the room. This means that tangible controllers must be usable regardless of the user's position in the room, which has some impact on design and engineering aspects. Finally, a wall display is often located in an environment that feature other devices and displays. In such cases, designing tangible controllers for a wall display requires to consider the whole multi-display environ-ment, which constrains even more the tangibles' form factor and the underlying technologies.

My thesis work makes three contributions towards enabling tangible interaction with wall displays.

The rst project, WallTokens, contributes tangibles for enabling on surface interaction with wall displays. WallTokens are low-cost, passive controllers that users can manipulate directly on the wall's surface. WallTokens have a mechanism that allows users to easily attach and detach them from the wall surface, so that when users are done interacting, they can leave them in place and free their hands for other purposes. We report on two studies assessing WallTokens' usability, showing that they are more precise and comfortable than barehand gestures to perform low-level manipulations on walls.

The second project, SurfAirs, contributes tangibles that support not only on surface interaction but also distant interaction with wall displays. We present two possible designs for versatile tangible controllers that can be used both on the wall surface when users need precision and detail, and in the air when they need a wide viewing angle. Sur-fAirs support both types of input, as well as smooth transitions between the two. We report on two studies that compare SurfAir prototypes with bare hand gestures for performing low-level manipulation tasks. SurfAirs outperform bare hand gestures regarding accuracy, speed and user preference.

The third project contributes a survey about the use of physical controllers to interact with a physical display. Each project is described along twelve dimensions that capture the design aspects of the controller, the properties of the display and how they communicate with each other. We contribute a Web page to explore this list of references along the dierent dimensions, and use it to discuss the challenges that underlie the design of tangible controllers in a multi-display environment.
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Figure 1 . 1 :

 11 Figure 1.1: Examples of large interactive displays. On the le , a wall display and on the right a tabletop. Images source: [181] and [114].

Figure 1 . 3 :

 13 Figure 1.3: Examples of di erent tangible form factors.On the le and in the middle, generic cubic or spherical controllers. On the right, the controller is designed as a human brain proxy. Images source:[START_REF] Gomes | Bit-Drones: Towards Using 3D Nanocopter Displays as Interactive Self-Levitating Programmable Ma er[END_REF],[START_REF] Englmeier | A Tangible Spherical Proxy for Object Manipulation in Augmented Reality[END_REF] and[START_REF] Michel Beaudouin-Lafon | Multisurface Interaction in the WILD Room[END_REF].

Figure 1 . 4 :

 14 Figure 1.4: Tangible use in the non-digital on horizontal or non horizontal surfaces. On the le , an antique depiction of the senet game, played on tabletop. Second le , people exchanging paper documents during a meeting. Second right, an investigation board used for crime investigation. Right, a dra ing table with an attached ruler. Images source: https://fr.wikipedia.org/wiki/Senet, https://www.pexels.com/photo/ colleagues-exchanging-papers-8369218/, https://www.pexels.com/fr-fr/photo/gens-main-stylo-crime-8369520/ and https://digitaltmuseum.se/021027069178/ritbord.

Figure 1 . 6 :

 16 Figure1.6: Large vertical screens used with other displays. On the le , tablets are used to control the cursors on the wall. In the middle, the user can position a tangible on a map displayed on a tabletop to display a street view of that location on a vertical display. On the right, users equipped with headsets to augment a wall display. Images source:[START_REF] Chapuis | Smarties: An Input System for Wall Display Development[END_REF],[START_REF] Coppins | Combining Mobile, Tangible and Virtual World Platforms to Support Participatory Campus Planning[END_REF] and[108].

Figure 2 . 1 :

 21 Figure2.1: Proxemic interactions for public vertical displays. Both images illustrate how the concept of proxemic interaction enables displaying personal information on a public display. The closer to the display a user is, the more personal the information displayed is. Images source:[START_REF] Coenen | The Concurrent Use of Touch and Mid-Air Gestures or Floor Mat Interaction on a Public Display[END_REF] and[START_REF] Vogel | Interactive Public Ambient Displays: Transitioning from Implicit to Explicit, Public to Personal, Interaction with Multiple Users[END_REF].

Figure 2 . 2 :

 22 Figure 2.2: On the le , the Pointables technique[START_REF] Banerjee | Pointable: An in-Air Pointing Technique to Manipulate out-of-Reach Targets on Tabletops[END_REF] enables the manipulation of objects that are not within arms reach. On the right, the Talaria technique[START_REF] Rateau | Talaria: Continuous Drag & Drop on a Wall Display[END_REF] makes it possible to perform a continuous movement of a large amplitude by taking some distance from the wall during a drag-and-drop action. Source:[START_REF] Banerjee | Pointable: An in-Air Pointing Technique to Manipulate out-of-Reach Targets on Tabletops[END_REF] and[START_REF] Rateau | Talaria: Continuous Drag & Drop on a Wall Display[END_REF].

Figure 2 . 3 :

 23 Figure 2.3: Examples of instrumentation for users to interact with mid-air bare hand gestures.On the le , 5mm infrared markers a ached on the user hand to track precise gestures. On the right, users are equipped with a glove, a hat and a jacket with 10mm infrared markers a ached to them to track their body, right hand, head and selected fingers. Images source:[START_REF] Matulic | Multiray: Multi-Finger Raycasting for Large Displays[END_REF] and[START_REF] Vogel | Interactive Public Ambient Displays: Transitioning from Implicit to Explicit, Public to Personal, Interaction with Multiple Users[END_REF].

Figure 2 . 4 :

 24 Figure 2.4: Examples of tangible controllers for vertical displays.On the le , physical controllers are a ached to a handheld device that can be used in a remote control like way to interact with a wall from a distance. On the right, tangibles are used directly on the surface of a wall display. Images source:[START_REF] Jansen | Tangible Remote Controllers for Wall-Size Displays[END_REF] and[START_REF] Ulrich Von Zadow | Miners: Communication and Awareness in Collaborative Gaming at an Interactive Display Wall[END_REF].
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 31 Figure 3.1: (Le ) Two users interacting with WallTokens on a wall display. Each Wall-Token can be manipulated on the surface or a ached to it. (Right) Close up of a user a aching a WallToken to the wall.

Figure 3

 3 Figure 3.2: (Le ) A schematic representation of a WallToken's components, and a real token. (Right) The 9-token final set tested in the Recognition Experiment. Real tokens are laid on a surface textured with 1 cm squares.

Figure 3 . 3 :

 33 Figure 3.3: Footprints for the nine tokens in our final set. Pink tokens' footprints form equilateral triangles. White tokens are derived from pink tokens by pulling one vertex from 30 mm. Red tokens are derived from pink tokens too by pulling two vertices from 15 mm each in order to make the basis 30 mm larger.

pushFigure 3 . 4 :

 34 Figure 3.4: Recognition Experiment: main steps of a trial.

Figure 3 . 5 :

 35 Figure 3.5: The task under the two nput conditions in experiment Walltokens vs Touch Gestures.

Figure 3 . 6 :

 36 Figure 3.6: (top) Completion time by nput × otation; (bo om) Completion time by nput × ize. Error bars represent the 95% confidence interval. Token is faster thanTouch for each otation and ize condition. However, the di erence is not significant for the -90° otation condition as shown in the bar charts ('***' < 0.001, '**' < 0.01, '*' < 0.05, 'ns' otherwise).

Figure 3 . 7 :

 37 Figure 3.7: Distribution of grades (on 5-point Likert scales) for each nput along the dimensions: Comfort, Mental Demand, Occlusion Issues, Perceived Performance and Physical Demand (positive assessments are green and on the right).
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 38 Figure 3.8: Enriching the TUIO protocol to dispatch token-related events.
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 39 Figure 3.9: Application demos: picture classification, map navigation, artistic performance.

  1) Surface Control2) Surface-to-Mid-air Continuous Control3) Mid-air Control

Figure 4 . 1 :

 41 Figure 4.1:Interacting with a SurfAir to drag an object across the wall. 1) The user on the le adjusts the zoom factor in the inset window by rotating the SurfAir on the surface. 2) He then initiates a drag-and-drop action to move that window by sliding the SurfAir on the surface. In order to get a wide viewing angle on the scene and to cover a large distance quickly, he steps backward. Since the SurfAir can transition from surface control to air control, the user can move freely in space while carrying on his drag-and-drop action. 3) He drops the window close to the other user without having to enter her personal physical space.

Figure 4 . 2 :

 42 Figure 4.2: Interaction states and transitions for a hybrid controller.

Figure 4 . 3 :

 43 Figure 4.3:SurfAirs are custom physical controllers that users can manipulate both on the surface and in the air. In this scene, three users interact with SurfAirs: i) the user on the le uses a SurfAir as a surface controller, sliding and rotating it to pan and zoom in the inset window; ii) the user in the middle interacts from afar as she needs a wide view to perform a large lasso selection (in red); and iii) the user on the right is adjusting the position of the area to be magnified. He picked the viewport's proxy on the wall, and then stepped back to perform a large movement towards North-West without disturbing other users.

Figure 4 . 4 :

 44 Figure 4.4: SurfAir prototypes. (Top) Torch supports a torch-like grip. (Bo om) Handle supports a door handle-like grip.

Figure 4 . 5 :

 45 Figure 4.5: Infrared marker positioning for tracking the position of a SurfAir and the on/o state of its switch for the Handle SurfAir (Le ) and Torch SurfAir (Right).
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 47 Figure 4.7: Experimental task in the Docking phase. Participants have to drag and rotate the Modulus, a blue square of 40 side, into the Stimulus, an orange square positioned at 90 of the Modulus. A square's orientation is indicated by a green mark in one of the corners. In this example: irection = NE and otation = +90°.
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 48 Figure 4.8: Pointing time by nput × idth.
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 49 Figure 4.9: Error rate by nput × idth.
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 410 Figure 4.10: Docking time by nput × otation.
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 411 Figure 4.11: Surface to mid-air transition techniques: Flick and Grab. With the Flick technique, users slide on the surface before li ing their hand/controller o the surface. With the Grab technique, users activate the switch (SideTrigger posture or button press) before li ing their hand/controller o the surface.

Figure 5 . 1 :

 51 Figure 5.1:Examples of project illustrating our exclusion criteria. On the le , a human-shaped avatar giving vitals output only. In the center, a controller used on the street without additional display. On the right, unmodified smartphones used to display additional information on tabletop. Images source:[START_REF] Gervais | TOBE: Tangible Out-of-Body Experience[END_REF],[START_REF] Boucher | Designing and Making the Datacatchers: Batch Producing Location-Aware Mobile Devices[END_REF] and[START_REF] Leigh | THAW: Tangible Interaction with See-Through Augmentation for Smartphones on Computer Screens[END_REF].
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 52 Figure 5.2: Years distribution of our corpora. In grey the papers from our query () that we excluded; in light blue the papers of ( ) that are not in the query; and in steel blue ().
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 53 Figure 5.3: Display Size
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 55 Figure 5.5: Display -Controller Distance
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 56 Figure 5.6: Display -Controller Communication
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 5657 Figure 5.7: Controller Form Factor
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 5 Figure 5.10: Controller Modularity
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 512 Figure 5.11: Controller Transparency
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 515 Figure 5.14: User Mobility
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 516 Figure 5.16: Pictograms used to represent values along the DisplaySize dimension. (a-c) Pictograms for projects that work with Small, Medium or Large displays. (d) Pictogram for a project that considers both Small and Large displays. (e) Pictogram for a project whose the value of DisplaySize is Unknown.

  Les murs d'écrans plongent les utilisateurs dans de larges espaces d'informations ultra-haute résolution. Ils sont bien adaptés à l'analyse de grands ensembles de données car les utilisateurs peuvent se déplacer physiquement pour explorer ce qui est aché à l'écran. Ils facilitent également la collaboration car leur taille permet facilement d'accueillir plusieurs utilisateurs à la fois. Cependant, créer des interactions ecaces avec les murs d'écrans est un dé. Les périphériques traditionnels tel que le clavier et la souris montre vite leur limite dans un contexte ou plusieurs utilisateurs interagissent et se déplacent librement.La littérature en IHM propose des moyens d'interaction alternatifs. En particulier, l'interaction tangible, qui s'appuie sur la manipulation d'objets physiques pour interagir avec des scènes virtuelles, ore des avantages intéressants pour les murs d'écrans. La matérialité des contrôleurs ore un retour haptique qui permet de les manipuler sans les regarder. Leur forme suggère aussi la manière de les attraper et de les manipuler, guidant les utilisateurs sur leurs fonctionnalités. De nombreuses études empiriques comparant les contrôleurs tangibles à d'autres formes d'interaction montrent qu'ils procurent des gains signicatifs en termes de vitesse et de précision de manipulation.Cependant, fabriquer des contrôleurs tangibles pour les murs d'écrans est dicile. Tout d'abord, l'orientation de l'écran et sa taille doivent être prise en compte pour fabriquer des tangibles appropriés. De plus, les utilisateurs sont mobiles : ils s'éloignent pour obtenir un angle de vue plus large, se rapprochent pour voir plus de détails, ou ajustent leur position en fonction de celle des autres utilisateurs. Les contrôleurs tangibles doivent donc être conçu pour être utilisable quelle que soit la position de l'utilisateur dans la pièce. Enn, un mur d'écrans est souvent situé dans un contexte rassemblant d'autres dispositifs (tables interactives, ordinateurs, etc.). Dans ce cas, il est nécessaire de prendre en compte l'ensemble du contexte, contraignant la forme des tangibles et les technologies sous-jacentes.Mon travail de thèse propose trois contributions pour faciliter l'interaction tangible avec les murs d'écrans.Mon premier projet, WallTokens, propose des tangibles qui permettent d'interagir sur la surface des murs d'écrans. Les WallTokens sont équipés d'un mécanisme qui permet aux utilisateurs de les attacher et de les détacher facilement de la surface du mur. Cela permet de les laisser en place lorsque les utilisateurs veulent libérer leur main pour d'autres tâches. Nous présentons deux études évaluant la facilité d'utilisation et l'ecacité des WallTokens. Nos résultats montrent qu'ils sont plus précis et plus confortables que les interactions tactiles pour eectuer des manipulations de bas niveau sur mur d'écrans.

  

Table 3 .

 3 1: Results of the recognition experiment. The only factor is TokenTarget. It can be one of the nine tokens of our final set (Figure3.2-right, Figure3.3): RedCircle R , RedRectangle R , RedTriangle R , WhiteCircle W ,WhiteRectangle W , WhiteTriangle W , PinkCircle P , PinkRectangle P , PinkTriangle P . During the experiment, each participant has to complete one block per TokenTarget, each block consisting of four replications of the experimental task described above. We use three di erent presentation orders for the nine blocks, one per participant. This design results in 108 completed tasks in total (3 participants × 9 TokenTarget × 4 replications).

	Design and procedure
	Factor and Design.

  1% ± 6.4% 19.8% ± 8.1% 67.4% ± 6.8% 3.2% ± 2.6% Enter/leave 55.4% ± 10.3% 39.6% ± 9.9% 59.3% ± 7.1% 24.9% ± 6.3%

		AirToSurface	SurfaceToAir
		Hand	Handle	Hand	Handle
	Clutch	89.		

  the display as much as possible. In a multi-display environment, the number of di erent interactions can increase with the number of displays, likely calling for both generic and specific form factors. Such a design solution can be addressed using the ControllerSet and ControllerModularity dimensions discussed below. • Controller Input/Output (Input, Output, None): This dimension describes the capabilities of a controller in terms of input or output. It captures I/O possibilities that are added to the controller itself such as a bu on (input) or active feedback in the form of vibrations or LEDs/screens mounted on the controller (output). The possible values are Input, if the controller has any input capabilities or Output, if the controller features any output capabilities. Adding I/O
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		Figure 5.8: Controller Input/Output

  Controller Set (Unique, Homogeneous Set, Heterogeneous Set): This dimension captures whether a controller is designed to be used in isolation or whether it can be used with other controllers to create a set of controllers. The possible values are Unique, if a project relies on a single controller ; Homogeneous Set, if a project relies on multiple controllers having a similar form factor ; and
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We used Ultimaker 3/3X 3D printers.

Contact points should occur within 200ms, and should be close enough to the recognizer's best match.

Dell workstations with a 3.7 GHz ad Core Intel Xeon CPU, a NVIDIA adro K5000 GPU and 32 GB RAM running Linux.

MSI GE72 2QF laptop with a 2.90 GHz Intel Core I5 CPU, a NVIDIA GeForce GTX970M GPU and 16 GB RAM running Windows 7.

The ecological factor irection has no e ect on Time and no interaction e ect with any of the other three primary factors.

h ps://www.tuio.org/

To enable wide-angle rotations while remaining within a reasonable range of motion, the Modulus rotates twice as fast as the hand or SurfAir.

Other interaction e ects are not significant.

We used the same resources for applying the exclusion criteria when refining our initial result set.

Identifying relevant values for the Application Domain dimension requires delimiting "domains", which is a notion that can be subject to debate. We plan to iterate again on the definition of this dimension as our current values may not be completely consistent.

Switch=o Switch=on

As illustrated in Figure 4.6, we track hand postures using the exact same hardware and approach as the one we use for SurfAirs. In bare-hand input conditions, participants wear two finger sleeves equipped with constellations of infrared markers. We use the distance between these two constellations to recognize the switch between the two hand postures.

General Procedure and Design. We follow a within-subject design for primary factor nput = { Hand, Handle, Torch }. The experiment consists of two phases: Point&Click and Docking, always presented in this order and separated by at least 24, and at most 48, hours. In both phases, trials are blocked by nput, and the presentation order of these nput blocks is counterbalanced across participants using a Latin Square.

Before starting the experiment, participants have to sign a consent form a er the operator has explained the general procedure and goal of the experiment.

At the beginning of each nput-block, participants have to put their right foot on a marker on the ground placed at a distance of 2 meters from the center of the wall. The operator then introduces the input technique to be used in this block. In the specific case of Hand, the block starts with a calibration procedure in order to account for the variability across di erent hand anatomies. The operator then explains the task before completing a series of sub-blocks. The first sub-block is for training purposes. As detailed below, the number of measured sub-blocks depends on the phase.

Between each nput-block, participants must sit and rest their arm until any feeling of fatigue disappears. During this break, they fill in a questionnaire where they have to rate the nput condition that they have just used along the following aspects, with 5-point Likert scales: easiness, confidence, physical demand and mental demand. In First, Handle significantly outperforms Hand with a large e ect size, and this overall di erence is not impacted by the transition technique ( ech) for SurfaceToAir tasks. Figure 4.12 shows a breakdown of the total Task Time into: the time on the surface, the time in the air, and the transition time for SurfaceToAir tasks (i.e., the interval between the moment the docking task is completed and the moment the Hand/Handle leaves the surface with a successful use of either Flick or Grab). We analyze each phase of the task below.

Transition. An nova nput × ech on the transition time reveals: (i) a significant e ect of nput ( 1,11 = 17.9, = 0.001, 2 = 0.28), with Handle being faster than Hand (1578 ± 126 vs. 2291 ± 158 ); (ii) a marginal e ect of ech ( 1,11 = 4.70, = 0.054, 2 = 0.13), with Grab being faster than Flick (1764 ± 118 vs. 2109 ± 177 ); and (iii) no nput × ech interaction e ect ( 1,11 = 3.60, = 0.084, 2 = 0.02).

An analysis of errors can partially explain these di erences. A transition error happens when participants fail at transitioning from the surface to the air at their first a empt with either Flick or Grab. The following table reports the percentage of trials where such errors occur: Flick Grab Hand Handle Hand Handle 17.0% ± 7.6% 7.6% ± 5.4% 5.4% ± 4.6% 2.2% ± 3.0% First, we observe that we have more transition errors with Flick than with Grab ( = 0.045, = 0.9). This might be specific to the case that we operationalize in our