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ABSTRACT

This paper presents a dynamic system approach to the design
of multimodal interactive systems. We use an example where
we support human behavior in a browsing task, by adapting
the dynamics of navigation using speed-dependent automa-
tic zooming (SDAZ), allowing the user to switch smoothly
among different modes of control. We show how the user’s
intention is coupled to the browsing technique via the dyna-
mic model, and how the sdaz method couples the document
structure to audio samples using a model-based sonification.
We demonstrate that this approach is well suited to mobile
and wearable applications, and audio feedback provides va-
luable information, supporting intermittent interaction, i.e.
allowing movement-based interaction techniques to conti-
nue while the user is simultaneously involved with real life
tasks.
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INTRODUCTION

We use tools to facilitate our interaction with computers and
extend human powers to overcome the limitations of the bo-
dy and controlling information flow. Continuous control is
at the very heart of tool usage in the interaction between the
human and computer as a tool [1,21]. It differs from dis-
crete interaction in that it occurs over a period of time, in
which there is an ongoing relevant exchange of information
between user and system at a relatively high rate, somewhat
akin to vision/audio/haptic interfaces which we may not mo-
del appropriately as a series of discrete events [6]. It is also
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closely related to the development of dynamic systems sin-
ce in these systems we can control what we perceive and
we are dependent on the display of feedback (either visual,
audio or haptic) to help us pursue our potentially constantly
changing goals. Furthermore, feedback may influence an un-
certain user’s actions as more information becomes availa-
ble [11].

Continuous control systems to overcome limited input states,
which is a common problem on handheld devices, offer mo-
de switching and transition and the controller supports the
user in completing the task with less effort by changing the
interpretation of the inputs to being reference values, rather
than control commands [7].

In this paper, as an illustration of how this approach can sup-
port multimodal interaction, we use the example of browsing
and sensing the structure of texts. Here, speed-dependent au-
tomatic zooming (SDAZ) method and the adaptive dynamics
are coupled with sonification, which can be linked to a wide
range of inputs and feedback/display mechanisms.

CONTINUOUS CONTROL AND TEXT BROWSING ON

HANDHELDS

Navigation techniques such as scrolling (or panning) and
zooming are essential components of mobile device appli-
cations, such as reading text, allowing the user to access to
a larger information space than can be viewed on the small
screen. Traditional scroll bar can increase the effort required
to use the interface as the user must move back and forth
between the text and the scroll bar. In addition, in a long
document, a small movement of the handle can cause a sud-
den jump to a distant location, resulting in disorientation and
frustration [2].

Speed-dependant automatic zooming (SDAZ), a relatively
new navigation technique [4, 5, 17,26, 28, 29], unifies rate-
based scrolling and zooming to overcome the restrictions in
screen space for browsing large images and long texts. Using
this technique, the user can smoothly locate a distant target
in a large document without having to manually interweave
zooming and scrolling, and without becoming disoriented by
extreme visual flow. Many researches in the past five years
have demonstrated that speed-dependant automatic zooming
(SDAZ) is well suited to implementation on small screen de-
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Figure 1. Pocket PC and accelerometer attached to se-
rial port (1a). 3 screen shots of the document browser
(1b) showing a zooming window (red box) moving rapid-
ly over the picture(left), the user finding the picture and
landing there(middle), and the zoomed-in picture(right).

vices [3,7,8,19,24,25]; because compact visualisation cou-
pled with zooming makes more effective use of small screen
real estate.

A comprehensive study in [3] shows that coupled interac-
tion (SDAZ) performs better than concurrent, but separate,
zooming and panning techniques; because mapping limited
input events to multiple actions requires the user to switch
manually between modes, and it engages their visual atten-
tion more than coupled speed-zoom SDAZ.

Additionally, results in [3, 7, 8] demonstrate that users like
tilt interaction because the interaction can be comfortably
controlled in a single-handed fashion (Figure 1) and one-
handed control requires less visual attention than bimanual
interaction. However, using motion as input in a handheld
device may reduce the quality of the visual display for the
duration of the input, due to reflections from the screen and
difficulty in concentrating on a rapidly moving screen [22].
One solution is to use audio/haptic feedback in such interac-
tion scenarios. Audio or vibrotactile feedback may be cru-
cial to support tasks or functionality on mobile devices that
must continue even while the user is not looking at the dis-
play and is engaged in real life tasks [16]. Thus, audio/haptic
feedback supports intermittent interaction. In this paper we
focus on tilt-controlled SDAZ as an example of continuous
interaction. However, the discussions in the following sec-
tions can be extended and applied to pressure sensitive or
mouse-based interactions. In the next section we show that
browsing and targeting can be facilitated by using a model-
based multimodal text browser.

MULTIMODAL FEEDBACK IN A TILT-CONTROLLED SDAZ
Interaction models and state-space design presented in [8]
focuses on the lower level of sensory-motor phenomenon
and in this paper we demonstrate how this method may help
in higher level of context of use.

Sonification is defined as the use of non-speech audio to con-
vey information [13]. More specifically, sonification is the
transformation of data relations into perceived relations in
an acoustic signal for the purposes of facilitating commu-
nication or interpretation [14]. There are several stages in
sonifying raw and abstract data. A general method which
has been used in our application is presented in Figure 3.

The starting point in adding multimodality is the raw data.
This data, for example, a Microsoft Word document, is in
“Data Tables” format. Data tables can describe many types
of data including header, subheader, paragraph, table, figure,
variables, and so forth in multiple dimensions. Data tables
are transformed into visual/audio/haptic structures by apply-
ing visual/audio/haptic mappings. In our application visual
structures are transferred to an image format, BMP or PNG.

Design

We have used two mechanisms by which we can support
tilt-controlled SDAZ with multimodal feedback for rate of
scrolling and structural information, to highlight specific in-
formation that is currently on the screen: audio and haptic.
As an intuitive model of the sonification process, we can
imagine the text on the screen to be embossed on the sur-
face. This embossed type excites some resonating object (an
elastic band or guitar string, for example) as it is dragged
over the text (Figure 2). This physically motivated model is
similar in nature to the model-based sonifications described
by Hermann and Ritter [15].

Sound Synthesising

We simulate this model in our implementation by drawing an
audio sample and placing that in an audio/vibrotactile buffer,
as each line in the document‘hits” the zooming window (see
Figure 1). This technique is a form of granular synthesis;
[30] gives other examples of granular synthesis in interaction
contexts. A real world example would be the perception of
continuous radiation values via discrete pulses from a Geiger
counter; in this paper the continuous variable is the text flow
rate (Figure 3(d)).

The strength of excitation associated with higher rate-of-
scroll changes the acoustic/haptic response of the system,
e.g., sampling frequency and volume of the audio sample de-
creases and provides the sense of distance to the text. As the
speed increases, headings, sub-headings, figures and tables
become relatively more prominent, to give a better overview
of the document structure (an audio equivalent of seman-
tic zooming), because these structures have a higher priority
than the standard lines of text (Figure 3(c)). The rate of scroll
controls the play rate of audio samples inside the audio buf-
fer, i.e., the sound samples with higher priority are played
sooner than sound samples for each line passing. Further-
more, volume and frequency have inverse relation to rate of
scroll. At greater “heights” the features are blurred and dam-
ped suitably. As frequency and volume of the audio samples
decreases when the user zooms out, scrolling slowly gives
distinct audio feedback for individual lines of text. In this
fashion, the audio texture as we pass over the document gi-
ves both an impression of the structure of the text, as well as
the speed and zoom level at which we are passing it.

The particular audio cues chosen in our implementation of
the text browsing are: scrolling over lines gives the impres-
sion of the sound of typing with a teletype keyboard. Passing
over headers produces the sound of knocking a heavy object;
sub-headers have a less important role than headers thus the
sound is the same as header but with lower pitch, and the
sound for figures gives the sense of dragging a large object.
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Figure 2. Simulating dragging over the text by exciting an elastic band or guitar string. As an intuitive model of the
sonification process for a document, we can imagine each line of the text on the screen as a string of guitar. When the
user scrolls over the text he/she excites the string associated to each line and it gives a notion of embossed text.
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Figure 3. (a) A general framework of the model-based behavior system. (b) A classifier classifies the user’s input. Its
output and the user’s input come to the controller and change the dynamics, e.g., state variables, and consequently
speed of scroll and level of zoom changes (see Figure 1). (c),(d) The audio textures as the user passes over the document
gives the both the impression of the structure of the text as well as the speed and zoom level at which she is passing it.
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Figure 4. Control states/modes in text-browsing example and transitions among them.




The sound for tables highlights the tabular structure with a
“bing” sound. A change in zoom level, as e.g., in target ac-
quisition in the diving control mode, is accompanied by the
sound of rushing air. This gives the user an impression of
transition which is especially useful when there is no change
in document position.

MODEL-BASED MULTIMODAL TEXT BROWSER

In a model-based multimodal text browser the user provides
raw tilt input data as action via accelerometer and the user’s
action controls what she perceives from the display. There-
fore, the dynamic system representation couples the user’s
intention to SDAZ via tilt input. However, in continuous in-
teraction the user input may have different meanings. There-
fore, interpreting the input and smoothly transiting the cur-
rent mode of interaction to the mode the user is interested in
is a delicate task [7,9].

In tilt-controlled text browser task the user might look for a
specific piece of information (searching) or target something
on the display, or read the text. Thus, we define a number of
different control modes: no action, free motion, velocity, di-
ving and reading control (see Figure 4). Figures 3(b) and 5
illustrates how the user behaviour is being used to switch
the control mode. The selected mode is then coupled to the
SDAZ controlled variables, e.g., speed of scroll and zoom.
For instance, in reading mode the controller adjusts the zoom
level to stay in the maximum level (100% zoom), while if the
user “breaks out” into free motion, the zoom level is decrea-
sed smoothly to a lower level.

Detecting state transitions

As we saw in Figure 4, the user can go to different control
modes depending on the input behaviour. As an example,
at the beginning the user is in the no-action state because
there is no input from the user to the system. By tilting the
device, therefore increasing the speed, the user goes to the
free motion control mode. Free motion control is a transi-
ent state and the user may go back to no-action or veloci-
ty control mode afterward. In the velocity control mode the
user is usually looking for some piece of information and
she may spend a long time browsing at a steady speed in
the document searching for a certain data. In this mode, the
user controls the desired velocity manually. Then, the con-
troller maintains this velocity automatically and completes
the scrolling task with the desired speed for the user.

A general technique described in [9], Bayesian classifica-
tion, can be also applied for model-based tilt-controlled
SDAZ to classify the likelihood of being in one of control
modes according to the joint probability of the input and out-
put time-series [20]:

P(Mode)P(X | Mode)

P(X)

where X is an array of previous inputs and possibly also
outputs. P(X | Mode) can be identified from experimental

data collected from test users using standard density estima-
tion models.'

P(Mode | X) =

6]

"Density estimation is the construction of an estimate, based on
observed data, of an unobservable underlying probability density

Reference Signals as Inputs

The reference signal is a goal or a target the user is aiming
to reach. In control engineering, engineers design systems to
control variables with respect to reference signals, and they
plan to be able to manipulate the references (inputs) when
they want to get the system to control a variable at a different
level (as when we change the setting on the thermostat) [23].

In control systems the controller supports the user comple-
ting the task with less effort by changing the interpretation
of the inputs to being reference values, rather than control
commands. In modern aircraft controllers there are different
interpretations of aircraft controls depending on flight mode
(e.g., take off, altitude-hold and so forth.) and blend seam-
lessly between modes [27].

Figure 5 presents a user’s trajectory and position, velocity,
and zoom-level data when he is looking for the 5th header
in the document when there is only visual feedback from the
screen. While the user tilts the device at a constant angle, the
controller maintains the desired velocity automatically and
completes the scrolling task with the velocity the user wants
to achieve, rather than the user having to do this. Any change
in the tilt angle for the controller means the user wants to
change the reference signal. When the user finds the target
and it is located inside the zooming window, she may return
the PDA back to the equilibrium point thus the controller
scrolls to the zooming window with a constant magnification
level. This means that as the user performs the various tasks
they switch between control modes automatically, and their
inputs have different meanings, but that the transitions are
always smooth and natural, and the user is often not even
aware that their movements are having a different effect in
the different modes.

Experiment

This study is carried out with an HP 5500 PDA with the
Xsens P3C accelerometer and a headset (shown in Figure 1).
In this study we map the zooming window’s position and
its speed to the audio or vibrotactile space. In three tasks,
i.e., audio only, visual only and vibrotactile only, we asked 8
users to find three different targets, the 4th and 5th headers
and the 7th figure in the document in a counterbalanced or-
der. Figures 6, 7 and 8 present the users’ trajectories, time
series of the zooming window position, velocity, zoom, tilt
input and phase plots (position vs. velocity). The users we-
re given time to familiarise themselves with the system, and
the specific document. They browsed the document in three
versions of the application: (a) tilt-based SDAZ with visual
display only, no audio or vibrotactile feedback, (b) with au-
dio feedback only, no visual/haptic display (the user did the
experiment blindfold), and (c) with vibrotactile feedback, no
audio/visual feedback. The results show that the audio/haptic
cues were sufficient for the users to distinguish when they
passed the target, slowed down and returned to the target.
The phase plots, trajectory and tilt angles are as smooth as
the visual-only SDAZ. The difference here is that the users

function. The unobservable density function is thought of as the
density according to which a large population is distributed; the
data are usually thought of as a random sample from that populati-
on [20].
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Figure 5. A user’s trajectory and position, velocity, and zoom-level data when he is looking for the Sth header in the
document and targeting that. Different colours highlight different modes of control or changes in the reference signal.
Bottom figures highlight the changes in reference signals. In the velocity control mode, the system is moving velocity
state variable toward the reference input. In the position control mode, the user is over the target and dives toward it.
The system is moving position state variable toward the reference signal.
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who worked with visual display only were faster in locating
the target and landing on it. In both audio and vibrotactile
feedback, we see overshoots on the trajectories, whereas the
visual one allowed an over-damped target acquisition becau-
se of the extra predictive power of the visual display. Phase
plots of velocity vs. position close to landing (See Figures 6
to 8) show that the narrower the target, more the overshoot
happens.

Performance Measures

The “performance criteria” provide a value system for iden-
tifying an optimal path. “The performance criteria are ty-
pically expressed as a function to be minimised [18].” The
differential and algebraic equations in the state-space mode
can be used to determine the path through state space (or the
control law) that minimises (or maximises) the performance
criterion. Typical criteria include time, distance, or resource
consumption.

In Fitts’ law experiments [12], the goal is to capture the tar-
get in minimum time. Thus, the performance in this discrete
positioning can be described as minimising the function:

J =ty —toll 2

to and t; are initial and final time in Fitts’ Law task respec-
tively. In our continuous tracking task, the function to be mi-
nimised would be:

uf = filter(u)
Ji = [lty —toll 3)
ty
Js = > llufirr — ufill “)
t=to
Lf
t; [lwferr—ufell
Jo = _OT @)

to and ¢y are initial and final time and uf; is the user’s tilt
input to the system, which has been filtered. Equation (3)
presents the total time of the completing the task as a per-
formance measure. Thus, when the use is comfortable with
the system while interacting she should complete the task in
the minimum time. Similarly, in equations (4) and (5) the to-
tal sum of changes or mean sum of changes in the tilt input
should be minimised if the interaction is smooth.

We calculated the users’ performance in these tasks, shown
in Table 1. This provides strong evidence that audio and hap-
tic feedback needed more effort from the user for targeting
and landing and as the target gets bigger, performance diffe-
rence between visual task and audio/haptic task grows smal-
ler (compare targeting the figure with the header in Table 1).
The system was also informally evaluated by a blind user.
The user commented that

... [the system] has potential as a scrolling interaction
for non-visual interfaces such as speech, but it has yet
to be integrated with speech-based content. The sounds
used are well-chosen from the point of view of control-
ling the speed of scrolling and drawing attention to key
features in the document.

Table 1. Users performance in different targeting tasks
using vision only, audio only and haptic only
Task sum of changes (unit)

Visual- 4th header 36113
Audio— 4th header 41712
Haptic— 4th header 47293

Visual- 5th header 38501

Audio- 5th header 47118
Haptic— 5th header 55063
Visual- 7th Figure 51969
Audio- 7th Figure 55826
Haptic— 7th Figure 56577

An interesting observation relating to the vibrotactile work
in [22] was that most users thought that the purely vibrotacti-
le system also had audio feedback, and similarly in our work,
although it was only audio feedback, users had a strong sen-
se of vibrotactile feedback. A combination of the approaches
seems a promising research direction.

CONCLUSIONS AND FUTURE WORK

In this paper we presented a model-based interactive method
for browsing texts based on a sonification method, SDAZ
technique and continuous interaction interface. The dyna-
mic system representation coupled the user’s intention to the
browsing technique via tilt input, allowing the user to switch
smoothly among different control modes.

We presented an audio/haptic feedback representation of the
speed-zoom coupling involved in SDAZ. We demonstrated
the applicability of the approach by implementing the SDAZ
interface for a text browser system on a PDA instrumented
with an accelerometer. Initial informal user evaluation of this
implementation of multimodal SDAZ on a Pocket PC was
positive. Sonifying each piece of structural information in
the document was easy to understand by users and they could
feel different textures in the document even the blind people.

Audio/vibrotactile feedback supports tasks running on mo-
bile devices even while the user is not looking at the dis-
play and is engaged in tasks in real world. Thus, audio/haptic
feedback supports intermittent interaction. The results sho-
wed that the audio/haptic cue is sufficient for the blindfol-
ded users to distinguish where the target is but when they
start to land they have already passed the target, so they have
to adjust the tilt and go back to the target. Additionally, the
users’ activities in the audio and haptic only interface were
higher than the visual only, most likely because the vision is
the leading sense. Providing audio feedback about the user’s
predicted position instead of their current position may solve
this problem [10].
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