Mapping Gestures Performed with Tangible Cubes to System Commands
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Cubes, as a representative case of tangible user interfaces, bridge human motor action with digital interaction in various fields, such as education, ambient intelligence, and spatio-temporal data ex-ploration. A key question is how to map gestures performed with tangible cubes to commands in these interactive systems. Using intelligent wireless cubes that sense proximity, orientation, and motion, and communicate with software in real time, we categorize gestures in four families depending on their intrinsic number of di-mensions: 0D, 1D, 2D, and 3D. We demonstrate a set of mappings for gestures in each family for cube-based control, and show how tan-gible cubes support spatial, gestural, and collaborative interaction, in particular in music exploration.
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1 [bookmark: 1 Introduction]Introduction
Tangible User Interfaces (TUIs) [8,21] enable end users to interact with digital information by manipulating physical objects, such as cubes [11], grounding interaction in spatial and motor skills [2]. Such TUIs support embodied cognition and social engagement in ways that traditional graphical user interfaces often do not [9]. Cube-based TUIs have demonstrated their suitable application in various fields, such as health management [3], home entertain-ment [4], making digital sound [19] or music [1], and navigating in 3D spaces [5,10,15] in mixed reality [13].
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[bookmark: _bookmark0]Figure 1: Mapping gestures performed with tangible cubes to commands: (a) position a Sender cube with respect to a Receiver cube, (b) move a Sender cube linearly with respect to a Receiver cube, (c) rotate it, (d) move a Sender cube on a surface, (e) arrange Sender cubes together in a topology sensed by a Receiver, (f) move a Sender cube spatially.
Performing gestures on or with these physical objects raises the mapping problem [20]: how to adequately map various fami-lies of gestures to commands on the target interactive system. In electronic musical performance and related domains, end users ex-pect to match input parameters extracted from gestures to musical parameters correctly. Instead of individually manipulating many controls of a physical instrument or software controls of a Digital Audio Workstation (DAW), they expect to simultaneously operate several parameters by performing gestures with tangible objects.
However, this mapping is exposed to several challenges and limi-tations [6]. While the mapping between the controller and the target system completely changes the instrumental behavior and the feel to the performer, it should always be based on previous experience and preferred expectations [14]. Mappings should not be restricted to one-to-one correspondences, where one gesture controls multi-ple parameters or where algorithms generate sound/control data, leading to a misleading sense of simplicity; one should investigate many-to-many instances [6]. Classical mappings often imply fixed, stable correspondences between gestural input and instrument control, thereby ignoring how interactive applications and digital instruments can dynamically change mappings or how feedback loops back to alter gestures in a bidirectional way. This fosters dy-namic adaptation of such mappings with controllability. Guidelines for this purpose should also emerge [14] to become accessible [22].
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To address the mapping problem, this paper relies on AUDIoCUBEs [19], a set of small wireless cubes equipped with sensors that detect proximity, orientation, and motion, and which communicate spa-tial relationships to host software in real time, enabling expressive control through physical arrangement and gesture. Using them, we categorize gestures in four families depending on their number of spatial dimensions involved (Fig. 1) [16]: zero dimension (a), one-dimensional (b, c), two-dimensional (d, e), and three-dimensional (f) [24]. We demonstrate some mappings belonging to these families for cube-based control in musical expression, thus producing repro-ductible examples in other setups [23]. The system illustrates spatial control, collaborative interaction, and tangible system prototyping, therefore initiating design considerations relevant to practitioners and researchers in Human-Computer Interaction (HCI).

2 [bookmark: 2 System Overview for Gestural Input wit]	System Overview for Gestural Input with Tangible Cubes
Technical Description. An AUDIoCUBE is a 2.95 inches3 = 75𝑚𝑚3 1 acrylic-made cube TUI, weighing 800 g and containing an Inertial Measurement Unit (IMU) to capture the cube’s linear acceleration, angular velocity, and orientation, a Digital Signal Processor (DSP) with optical sensors and emitters (i.e., infrared, red, green, and blue LEDs). Each cube is powered by a Li-Poly rechargeable battery that can be charged via a special port and can be configured by software via a USB 2.0-compatible cable . Each lateral face is equipped with a sensor and an emitter. The sensors and emitters receive and send signals, generated or processed by the DSP in the cube. By posi-tioning the cubes relative to each other and moving them around, e.g., on a tabletop or another surface, a signal-processing network can be created that forms a cube topology (i.e., a physical arrange-ment of cubes interconnected). The minimum displacement that a AUDIoCUBE can detect is approximately 5 mm (0.19 inches) at a frequency of 60 Hz, thereby offering high speed. The response time falls within [0,01 s.; 0,1 s.], making the cube appear to respond in real time from the end user’s perspective with low latency. The min-imum distance between two cubes to interconnect them is about
0.5 cm (1.96 inches), and the maximum distance between them is about 50 cm (19.68 inches). When AUDIoCUBEs are arranged in a topology, they form a modular electronic musical instrument ini-tially introduced for creating music and visuals, but not restricted to this field of application.
How the AUdioCUbes Work. Each AUDIoCUBE senses the location and orientation of the other, as well as the distance to the hands, fingers, and other objects. Each face, except the bottom and top faces, has a communication port capable of transmitting and receiving digital or analog signals, using infrared light, to and from other AUDIoCUBE nearby. They can be arranged together in a topol-ogy that can be recognized in real time. AUDIoCUBEs communicate with each other through this port and can exchange sound or data signals, depending on the system running. AUDIoCUBEs operate in one of three modes:Sender-Receiver Mode ,Sensor mode and Topology mode.

[bookmark: _bookmark1]1According to He et al.[13], a medium cube of this edge length located between 5 cm and 10 cm can still be held with one hand, while requiring the other hand to designate and orient areas of interest.
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Figure 2: Mappings: (a) a 0D gesture to execute a function, (b) a 1D gesture to position a cell in a row, (c) a 1D rotation for a potentiometer.
3 [bookmark: 3 The Mapping Problem between Gestures o]	The Mapping Problem between Gestures on Tangible Cubes and System Commands
We illustrate how the configuration modes support explicit, param-eterizable, and adaptable mappings between gestures and system commands. Using an action+object mode [7] to represent a gesture, we can map system commands using a standard notation, such as canonical task types [12] or a taxonomy of tasks [17]:
· 0D gestures: "Position a cube" or "Tap on a cube" executes a direct action associated to the cube. For example, different cubes can be associated to different functions (Fig. 2-a). Posi-
tioning a cube on a certain location checks/toggles an option and withdrawing it from this location unchecks/untoggles the option (Fig. 1-a).
· 1D gestures: "Move a cube linearly" selects an option among a set of options or quantifies a numerical value (Fig. 1-b,c). For
example, moving a cube along a line positions a cell in a row (Fig. 2-b). Map continuous rotations to specify the value of a potentiometer (Fig. 2-c). Map single rotations (90° clockwise or counterclockwise) to basic commands like undo/redo. Use double rotations on the same line to trigger secondary or advanced actions.
· 2D gestures: "Move a cube on a surface" (Fig. 1-d) to spec-ify a surface position or to draw a path. For example, bind
cube tilting (i.e., forward, backward, left, right) to navigation commands such as scrolling. Drawing a path (e.g., a letter, a symbol) on a surface requires a gesture recognizer that is independent from its location [18]. "Arrange cubes" (Fig. 1-e) to form a topology. Combine gestures on two or more cubes to access power-user commands, to form an input flow [14]. Use edge-to-edge rolls to cycle through layers.
· 3D gestures: "Move a cube spatially" (Fig. 1-f) to perform an action (e.g., by shaking it to cancel an operation or reset the
current selection), specify a spatial position, or drawing any path in space. For example, map corner-down gestures to context-specific shortcuts or quick commands.

4 [bookmark: 4 Conclusion]Conclusion
We presented a system of tangible cubes, using AUDIoCUBEs as a versatile way for mapping physical gestures to system commands. By structuring gestures according to their dimension (0D-3D) and framing cube-based gestures as modular interaction primitives, we demonstrated their applicability beyond musical expression to spatial control, collaboration, and tangible interaction.
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