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Abstract:

This study was designed to test the hypothesis, based on the observations reported in section 4.3., that discrepancies between the sound and the feel of objects in the PebbleBox cause adaptations in movement. In particular, sounds such as water cause participants to move their hands through pebbles in a way that appears to be more appropriate for the liquid nature of water than the particulate nature of pebbles. We recorded the hand movements of participants manipulating four 'natural' materials - large pebbles, small pebbles, coins and water - and analysed the kinds of gestures they performed. We then compared these gestures with gestures made by the same participants manipulating pebbles in the PebbleBox, but hearing the sound of large pebbles, small pebbles, coins or water. Preliminary analyses of the data suggest that there is indeed correlation between the kinds of gestures performed in the real medium when compared to its Augmented Reality or PebbleBox equivalent.

4.4.1. Introduction

One of the fundamental tenets of the theory of Enaction is that actions performed in the environment are tightly coupled to reactions perceived by the actor. Thus the tacit knowledge we depend on for successful negotiation of our environment is acquired by interacting with it. The environment contains all the information needed for the organism to move and act in the world. If computer-mediated devices are to be developed that promote the building up of this tacit knowledge, they should also present the person using them with sufficient sensory information that will allow for a tight coupling between perception and action to emerge.

One of the motivations behind designing the original PebbleBox was to push on the degree to which perceptual information provided to the user and their corresponding actions could or should be coupled in an 'Enactive Interface' (Essl and O'Modhrain 2006). We therefore searched for situations in which the sound and the feel of an interaction were bound by a common underlying physical law. In the case of PebbleBox, this was the physical behaviour of particulate objects - things, e.g. pebbles, that could collide. Then we systematically expanded the notion of particulate objects to include droplets of water, ice cubes, etc. all the time keeping the tangible properties of the pebbles constant. The result was a platform that stretched the notion of what could and could not be coupled in terms of actions and perceptions. In the real world, one can't pick up droplets of water and hit them together, but one can with the PebbleBox. Also, in the real world one does not normally splash ones hand in a tray of pebbles but one can with the PebbleBox.

And so we arrive at a situation which is neither real nor purely virtual, in which perception information provided from the interface and actions are coupled but much more flexibly than they ever could be in the real world.

It should be noted that the distinction between a user’s perceptions and the information provided for the user’s perceptions by the interface designer is an important one. It is this gap that the Enactive project is endeavouring to close, through the design of interfaces that provide information to the user in such a way that maximises the use of natural perceptual-action coupling. With the PebbleBox it is possible to loosen this coupling through alteration of natural action-perceptual feedback loops and explore the resulting behaviours and experiences.

The by-product of this loose coupling, observed during the preliminary studies reported in section 4.3., is that one can observe that the gestures of people using the PebbleBox take on an unusual character - it often appears that people hearing the sound of water begin to move their hand through the pebbles as if they were not solid but liquid.

The experiments reported below were designed to probe this behaviour by systematically comparing the way people moved their hands when manipulating real materials - pebbles, small pebbles, coins and water - and then comparing these gestures with those performed when using the PebbleBox, i.e. with real pebbles and the sound of pebbles, small pebbles, coins or water.
The results reported here are based on preliminary analyses of the data but do suggest that some correlation exists between real and AR cases.  If with further analysis this fact is shown to be persistent, then it presents an interesting problem for the theory of Enaction because it suggests that the coupling between perception and action may not have to be rigid, but can be manipulated to some extent.  For designers of Enactive Interfaces, this is very useful as it opens up the possibility of 'fooling' our sensory systems, of forcing users of our systems to suspend disbelief at the level of sensorimotor interaction.

4.4.2 Experimental apparatus

The apparatus used for this experiment consisted of two components:

Data for the ‘natural’ condition were gathered using four boxes containing large pebbles, small pebbles, coins and water respectively.  To avoid any biasing of movement data in the analysis due to the scorer seeing the objects being handled, black pebbles were used and coins were blackened using an oxidising process.  The objects were then filtered out of the video.

For the ‘augmented reality’ condition, the apparatus used was the PebbleBox.


Figure 1: Experimental setup. One of the conditions with Pebbles

The PebbleBox consists of a foam-lined wooden box, which contains a layer of polished stones.  The motion of the stones is sensed using a small microphone embedded in the foam  lining.  Sounds generated by the motion of pebbles in the box are picked up by the microphone and analysed by a realtime algorithm to determine the timing and amplitude of collision events.  This information is then used as parametric control for a granular synthesis algorithm.  The source sounds for granulation are read from an audio file.  Thus the manipulation of pebbles can be dynamically linked to the control of arbitory sound granules, thereby allowing the relationship between what is felt and what is heard to be manipulated in software (Essl and O’Modhrain 2006.) 

4.4.3 Experimental Procedure


Eight right-handed adults participated in this study. For each of nine experimental conditions, participants were instructed to freely explore (without frequency, amplitude and phase constraints) the box with the both hands. They stood up in front of the box which was placed on the table (c.f. Figure 1 for details). For all conditions, the participants wore noise-canceling headphones (Sennheiser PXC 450). In 4 conditions (as detailed below), they wore the headphones to listen to the sounds created as they moved the objects in the box – cf the description of the granular synthesis program. Even if no synthesised sound was provided, as was the case in 5 conditions (as detailed below), the participants wore the headphones (with the noise-cancelling function turned off) to maintain consistancy throughout the experimental procedure. For all the experimental conditions, participants wore a blindfold in order to help them focus on the feel and sound of the objects and prevent them from making visual judgements about the objects in the box.


Four of the conditions were based on explorations of different objects in the box with either real sound or no sound. . Hence, participants had to explore four boxes which contained 1) Large Pebbles, 2) Small Pebbles, 3) Coins and 4) Water. The sizes of the pebbles were between 3.5 cm and 5 cm, the sizes of the small pebbles were between 0.5 mm and 0.8 mm. Regarding the coins, the box contained 2000 1 penny (£) coins. The water box contained water at room temperature. The four experimental conditions with sound granular synthesis, called augmented reality conditions, were based on these four different materials. Hence, though the tangible feedback in AR conditions was always large pebbles, the sound listened to by the participants corresponded to 1) Pebbles, 2) Small Pebbles, 3) Coins and 4) Water. In the ninth condition, the participants wore earplugs to explore the box which contained the pebbles without audio feedback.


Each participant performed one trial per condition. The conditions were randomized across the participants. The duration of each trial was 1 minute with a 2-minute rest interval between trials.


The hands actions were measured with two video cameras (Sony DV Handycam). One was placed above the box, perpendicular to the horizontal plane (Figure 2A). The second one was placed on the side of the box, perpendicular to the sagittal plane (Figure 2B).
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Figure 2: A. Above video camera. B. Side video camera

The quantification and the classification of the human hand movements were based on the work of Lederman and Klatsky (e.g. Lederman and Klatsky, 1987; Lederman and Klatsky, 1993). They addressed the issue of how people choose to explore an object. More precisely, their work is essentially based on the exploratory options within the modality of touch, that is, when vision is excluded. They called these options exploratory procedures (Lederman and Klatsky, 1987). An exploratory procedure (EP) is a stereotypical pattern of contact and movement between skin and object (Table 1). Hence as a function of the object’s properties, an exploratory procedure is spontaneously chosen for execution. One extension of this work based on a conjoined analysis of the perception of material by touch and contact sounds (Klatsky, Pai and Krotkov, 2000) illustrates that the sound properties (frequency and decay) affected similarity judgment tasks. 

Table 1: Exploratory Procedures from Klatzky and Lederman (1987)


Hence, as in the last example, the users of the PebbleBox use both sound and touch senses when involved in the experimental situation. For this reason, we decided to use the EP to describe the hand movements of the participants of the current experiment. Nevertheless, the ecological properties of the experimental situation as well as the suspected movement “complexity” available to be performed by the participants suggest that the EP will not be sufficient to describe all of their hand movement properties. One of the analyses presented below will be based on an extension of the EP. The extension is necessary because, unlike Klatzky and Lederman’s objects which were all hand-scale and which were explored in isolation, the objects being explored here are present in large multiples and, in the case of small pebbles and water, begin to approach fluid media.  We will therefore try to adapt their

classification to the actions actually performed by the participants. This new classification of the human hand actions performed by participants in Pebbles, Coins and Water will be defined by a “Tree”. We will present different “Tree” structures possessing different branches. Each branch can be considered as a description level. Hence, the “Tree” will present, from the left to the right, an evolution of the description level. The left side will be a broad description level. While reading from the left to right, branch to branch (level to level), we will move from a broad description to a narrow description of the actions.


From the classification obtained from these ‘Tree” analyses, we investigated these actions by counting the number of times each participant performed them. The idea was to compare the actions performed in the 4 “natural” conditions with the aim of identifying the action characteristics defining each specific condition. We compared the actions by pooling the 4 “natural” conditions by pairs. Hence, the 4 conditions matched by pairs give us 6 different comparisons. After this, we performed an analysis comparing each natural condition with the augmented reality condition related (e.g “natural” water condition with the augmented reality water condition) with the aim of discovering whether sound influences the actions in the AR condition. If the gestures performed in water are close to those performed when feeling pebbles and hearing water, but distinct from those performed when hearing and feeling pebbles alone, then sound can be said to dominate touch in this condition.

4.4.4. Results – Preliminary analysis of time and EP data.

For this analysis we performed 4 different comparisons.  For each comparison we considered two variables: i) the percentage of number of occurrences of common actions between sound conditions and ii) the percentage of time spent on common action between sound conditions. We used these two variables to compare the 4 “natural” conditions and to compare each natural condition with the corresponding augmented reality condition. On these variables, four one-way ANOVA were conducted.


We built the “Trees” (c.f. Figure 3A and 3B) as a function of the exploratory procedures proposed by Klatzky and Lederman (1987). The different EPs can be considered as parts of different branches and/or levels of the “Trees”. The first point to note is that one EP describes one particular kind of action. The specificity of our experimental design induces a number of different kinds of actions (38 branches on the “Trees”). The actions were generated by the movements of two hands in a multitude of objects. Consequently, the combination of actions and so the number of actions performed by the participants could not be reduced to one EP in the majority of cases. A good example is the first branch of the “Tree” presented in Figure 3. The actions described defined a lifting by picking an object, a scooping of the hands and then the dropping of the object in the box. First of all, from the first element of that branch (lifting), the participant when realizing that action performed one EP
: the Unsupported Holding. Then at the second level (picking), another EP is performed. Note that in the “Trees” the picking is associated with the manipulation of an object whereas the grasping is associated with more than one object. From the picking action the EP of Pressure, Enclosure could be applied as well as the Contour Following. But, it is important to make clear that the application of one EP to a branch of the “Tree” is dependant of the material manipulated by the participants. One participant can do a picking of a Small Pebble with the index and the thumb and so access the hardness property of the material. In such a case, he is using the EP called Pressure. Now, for the same action, in the case of water, due to the material properties (liquid), the participant could not use the same EP. The third level of the branch called scooping corresponds to a rotation of the wrist with  the aim of having the palm of the hand facing upward. This is another example illustrating the non-sufficient level of description of the EP when the hand actions become close to those we use in everyday life. This brief description allows us to illustrate the extreme complexity of the hand movements that could be performed in the context of our experiment. It is not claimed that these classifications are exhaustive since we could extend the grain of description indefinitely. These 38 kinds of movements are a broad view of the actions performed by the participants and serve to allow us to quantify the actions of the participants, as will be presented in the next paragraph. 
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Figure 3A: “Tree” 1 starting with an action called lifting.
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Figure 3B: Top down description. “Tree” 2 starting with an action called grasping, “Tree” 3 based on an action called “Splayed Hand” and “Tree” 4 starting with an action called Picking.

The presentation of the results will be divided into two parts. Firstly, we will try to illustrate how the participants moved in the different “natural” PebbleBoxes (Pebbles, Small Pebbles, Coins and Water). From these results we will focus our attention on the comparison between these “natural” conditions and the augmented reality conditions. The ANOVA comparing the percentage of number of occurrences of common actions between the 4 “natural” conditions revealed a statistical difference (F(42,5) = 3.33, p < 0.5). These results indicate that there is an influence of the material on the number of certain actions performed by the participants. In the same way, the analyses of the percentage of time spent performing common actions reveal a similar statistical difference (F(5,42) = 2.88, p < 0.05). This result confirms the previous finding. The nature of a material has an influence on the actions performed by the participants. Figure 4 provides an illustration of the influence of the material on the action. This figure represents the percentage of number of occurrences of common actions as a function of the conditions. Hence, for each condition the percentage represents the mean of common actions between the named condition and the three remaining conditions in each analysis.
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Figure 4. Percentage of number of occurrences of common actions as a function of the experimental conditions.


The second step is based on the analyses of the augmented reality conditions on the actions compared to the “natural” conditions. The one-way ANOVA of the percentage of time of common actions for the four comparisons  - between the 4 “natural” conditions and the 4 augmented reality (AR) conditions (i.e Water vs. AR of Water; Coins vs. AR Coins; Pebbles vs. AR Pebbles and Small Pebbles vs. AR Small Pebbles) – revealed a statistical difference (F(31,3) = 1.04, p > 0.05). This result seems to indicate that real versus AR conditions are the same with respect to the time spent in common actions. Nevertheless, a statistical difference appeared in the one-way ANOVA of the percentage of occurrences of common actions for the same four comparisons (F(31,3) = 4.30, p < 0.05). Hence, the AR partially affected the common actions in comparison with the “natural” conditions with respect to  the number of occurrences of these actions over all the conditions.  In short, movements observed in AR conditions bore some of the movement signatures of the same movements observed in the corresponding ‘natural’ condition.

4.4.5 Discussion

The discussion of these results will be a preliminary interpretation of a future full analysis we intend to undertake. These first results suggest a real influence of the material on the actions performed by the participants. The modifications of the touching materials of blindfold participants induced an adaptation of their behavior. This result is consistent with the everyday experience we have. In everyday life, as a function of the things we are touching, we adapt our behavior to suit the material property of the situation. Nevertheless, the results illustrate a modification of the participant behavior corresponding to modifications of the sound in the augmented reality PebbleBox as a function of the material suggesting that the interaction between the haptic and auditory senses can induce some modification of the actions performed by the participants.  However, we are not yet able to know the weight of each sense in the emergence of these actions. Does the auditory feedback influence the actions more than the haptic feedback? Is the balance between the haptic and the auditory sense dependent on the material and/or the sound feedback? Does the behaviour persist with time or do participants adapt to the AR condition and revert to Eps more appropriate for the tangible element of the interaction? We will attempt to answer these questions by doing further analyses from this experiment by, for example, a quantification of the movements. Hence, based on a comparison between actions and movements, we could access a more accurate understanding of the “hand behavior” as a function of the conditions. Moreover, from the analysis presented here, we will go further with the data investigation to better understand the individual properties of each participant’s data. In the same way, a relative comparison between the time spent by the participants on a given action and the number of occurrences of this action could yield some interesting information. It could allow us to draw out actual effects and consequently to help us interpret these results. Furthermore, we did not discuss the condition without sound. This work is in progress and remains an aspect of the analyses we intend to undertake. Hence, from this device, a broad field of investigation is still open, suggesting lots of future analysis and experimental development.
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EP�
Associated Property�
Description�
�
Lateral motion�
Surface Texture�
Induced shear between skin and object�
�
Pressure�
Hardness�
Force/Torque applied while object is stabilized �
�
Static Contact�
Temperature�
Contact by large skin surface without effort to mold to contours�
�
Unsupported Holding�
Weight�
Object is lifted above supportive surface�
�
Enclosure�
Shape and Size�
Molding to envelop the object�
�
Contour Following�
Precise shape�
Tracing of edges�
�









� The action of lifting is intrinsically linked with those of picking or grasping. For the reader, it was more common to illustrate this action separately in the “Tree” as an independent level.








