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ABSTRACT

This paper is an attempt to study a well known HCI
predictive model in an audio perspective: a derived law
from the Fitts' law model will be analyzed providing an
audio interactive display in which the user has to perform
a simple tuning task by hitting a button. The idea is to
simplify as much as possible the interaction in order to
�nd out its invariants when the feedback is just the audio
one. An experiment is carried out in order to evaluate this
conjecture.

1. INTRODUCTION

The human-computer interaction and the predictive mod-
els which are used to evaluate interfaces are mostly based
on visual feedback: very often the user is supposed to
have just one sense which is not helped nor substituted
by any other one. New interfaces need to be designed
in order to realize a multimodal interaction between the
user and her machine: this necessity can be tested and ex-
plored by studying well known predictive laws in other
sensory domains. Sensory substitution [2] as well as sen-
sory illusion and multimodality can be useful in design-
ing and experiencing a new interface. The main idea is
to develop an interface where the information can be con-
veyed through different modalities. The effectiveness of
the multimodal interaction will be evaluated using predic-
tive models which have been demonstrated to be useful
in this kind of context too. Gesture interaction with au-
dio feedback, and in general non verbal interaction, can
be considered the natural application of our study.

Gesture and sound seem naturally connected in a clear
and obvious way: the image of instrument players learn-
ing to use their body in order to produce sound is indeed
widespread and compelling enough. While each instru-
ment needs speci�c gestures to be played in a correct and
pleasant way, invariant laws regulating gestures across all
instruments may be found. A computer can be consid-
ered as a musical instrument, perhaps not new but still far
from having a coded tradition related to musical gesture.
Musical gesture can be simply thought as a gesture that
produces sounds in a continuous feedback loop: this is
a general de�nition that can be used in many interactive
contexts besides the musical one.

This kind of studies involves several research domains
which are now getting to communicate and work together:
human performance, auditory perception and signal pro-

cessing are all involved in this investigation area. This
work is just the �rst step in this direction: before introduc-
ing the gesture component in our interaction, it is worth-
while to study the audio feedback by itself, in comparison
with HCI predictive models which are not usually applied
to the audio domain.

2. FITTS' LAW

The origins of the Fitts' performance model, so useful in
human-computer interaction, must be kept in mind when
considering the Fitts' law. The law takes its name from
its author whose innovative idea, in 1954[5], was to apply
information theory to human-motor systems.

Even if this law is 50 years old it still plays a cen-
tral role in an active community: HCI researchers started
to apply this law to their needs in the seventies [15] and
Fitt's law is currently used in the ISO 9241-9 standard on
the evaluation of pointing devices. The debate about the
mathematical formulation of the law and its interpretation
are still a hot research topic: a whole issue of the Inter-
national Journal of Human Computer Studies has been re-
cently devoted to it [1].

The model is based on time and distance. It enables the
prediction of human movement and human motion based
on rapid, aimed movement (i.e. not drawing or writing).
An intuitive idea is that movement time is affected by dis-
tance and by the precision required by the size of the target
towards which one is moving.

2.1. Fitts' law and the theory of information

Fitts discovered that movement time was a logarithmic
function of distance when target size was held constant,
and that movement time was also a logarithmic function
of target size when distance was held constant. Mathemat-
ically, Fitts' law is stated as follows:

MT = a + blog2(2A=W ) (1)

where:
MT = movement time
a, b= regression coef�cients
A = distance of movement from start to target center
W = width of the target

There is an evident analogy with Shannon's Theorem
17[14]: the accomplishment of movement in Fitts' model



is analogous to the transmission of “information” in elec-
tronic systems; movements have an index of dif�culty which
can be expressed in bits and the motor system transmit
“bits of information” while moving. To explicitly show
the formal derivation above mentioned, we pick up Shan-
non's formula:

C = Blog2(S=N + 1) (2)

where:
C = information capacity[bits/s] of the channel
B= bandwidth[Hz] of the channel, the counterpart of 1/MT
S= signal
N = noise

Here lies the innovative aspect of Fitts' law: a quan-
titative way to measure the dif�culty of a motor task be-
comes available through it and a “new” way to transmit
information is implicitly described through the de�nition
of a human channel. Fitts de�ned also some other indexes
that clarify the analogy with the Shannon formulation:

ID = log2(2A=W ) (3)

IP = ID=MT (4)

WhereID is the index of dif�culty while IP is the
index of performance, analogous to channel capacityC.
[8] features a detailed analysis of all the variations on
Fitts' law, (i.e., Welford, MacKenzie formulation) derived
from the need to correct the approximation by Fitts of the
Shannon theorem, avoiding:

1. the theoretical problem of a negative rating for task
dif�culty,

2. the problem of the disproportion of the relative con-
tribution of A and W in the prediction equation:
similar changes in target amplitude and target width
don't affect similar but inverse changes in move-
ment time, as suggested in the original Fitts formu-
lation

Skipping the detailed analysis of the data performed by
MacKenzie, the �nal result by direct analogy to the Shan-
non formula is shown in 5. This is also the most frequently
used one because of its better �t with empirical data.

MT = a + blog2(A=W + 1) (5)

2.2. Fitts' law and dynamic systems

The information theory is a way to describe the deriva-
tion of Fitts' law, but a few others are possible[11, 10]. In
particular the �rst order lag can be used as a model for hu-
man movement [4]: it can provide a basis for predicting
both movement time and also the time history of move-
ment. The response of the �rst-order lag to a step input of
amplitude A with a gain factor k, can be shown to be:

Output = A � Ae� kt (6)

The solution of the previous equation is the time that it
would take the �rst-order lag to cross into the target re-
gion. As shown in [11] the result is:

ln2
k

log2(
2A
W

) = t (7)

The similarities with Fitts' law are quite evident: this is
a logarithmic relation in which the movement time is di-
rectly proportional to the amplitude and inversely propor-
tional to the target width. Though the similarity is striking,
the second order system seems to provide a better �t for
the velocity pro�le for human movements (a gradual in-
crease in velocity) and for Fitts' law as well [7]. Both �rst
and second order lags can be considered as continuous
control methods: the error is continuously monitored and
the adjustment is provided according to the detected error.
Another possible model to explain the derivation of Fitts'
law is a system which can provide discrete control: such
iterative correction model is proposed by Crossman [4].
This model is also shown to be consistent with Fitts' law.
Fitts' law is a very open �eld: considerable work has been
carried out in HCI on the Fitts' law model [8, 3, 16] but
the literature on Fitts' law with sound feedback appears
to be very scarce [17, 6, 9, 6]. This investigation is also
suggested by the big role played by multi-modality and
multi-sensory communication in the design of next gener-
ation interfaces: non-speech communication will play an
important role inside the information stream established
between machines and users.

3. SCHMIDT LAW: THE LINEAR
SPEED/ACCURACY TRADE OFF

This paper investigates the Schmidt law [13] which is of-
ten studied in comparison with the Fitts' law: the main
difference between the two approaches is that Fitts treated
movement amplitude and target width as independent vari-
ables and movement time (MT) as a dependent variable,
while Schmidt chose to manipulate amplitude and move-
ment time and to measure the movement variability of the
effective target.

In the Schmidt case, the tradeoff, formally the impulse
variability model, forecasts that the standard deviation in
end-point coordinates (viz., accuracy), is a linear function
of velocity, calculated as distance over time:

We = a + bA=MT (8)

It is interesting to note that the previous equation and
Fitts' law contain the same three parameters (except that
W e is the standard deviation of end-point coordinates and
is 4:133� SD in Fitts' adjusted model). Although this
equation can be rearranged withMT as the predicted vari-
able, it is still fundamentally different from the Fitts' law
since the relationship is linear rather than logarithmic, and
because the information-theoretic analogy is absent. This
linear trade off can be explained using two hypothesis:

� the movement-brevity hypothesis



Figure 1. Software environment

� the temporal precision hypothesis

It seemed interesting for our research to investigate this
law with audio feedback since temporal constraints are
very often present when we are dealing with music and
performance tasks.

The aim of this paper was to explore the speed/accuracy
trade off when there are temporal constraints in order to
discover if the Schmidt law is still reliable with audio
feedback. This can be a �rst step in the investigation of
Fitts' law in an audio perspective: it seems easier and
more natural to start without involving multimodal feed-
back by just trying to �gure out if it is possible to apply
HCI models designed for visual feedback to audio feed-
back too. In this experiment the variables have been re-
duced as much as possible: the only thing that we want to
observe is the response of our hear.

4. EXPERIMENT

4.1. Participants and stimuli

Ten subjects (between 26 and 48 years old) participated
in the experiment performing 24 trials. All participants
reported normal hearing and sight, and normal motor ca-
pabilities in their hands. All of them were naive as to the
purpose and hypotheses of the test and all of them volun-
teered. The test has been done using Pure Data software
and the user interface is shown in �g. 1.

4.2. Procedure and design

Auditory stimuli were obtained using simple pure tones:
the user has to reach a target frequency from a starting one.
The 8 different tasks which correspond to 8 different inter-
vals in 4 different frequency ranges have to be performed
at different speeds (time constraints). The intervals have
been chosen in order to be non-musical intervals and to
explore the whole audible spectrum. For each interval the
user will start training his hear: she/he will hear the start-
ing frequency, the �nal frequency (the target) and then the
glissando performed with a given speed. After that he will
start to perform the test. The user does not have any kind
of visual feedback and she/he has to just press a button in
order to start and stop the frequency which she/he is con-
trolling while is continuously hearing the target frequency
which is the frequency that she/he has to reach. Table 1

Initial freq. Final freq
(Hz) (Hz)
340 1310
340 2430
340 3270
1240 2510
1240 3700
2170 3580
2170 4000
3300 4020

Table 1. Initial and target frequency of each trial

Figure 2. Data collected

shows the list of intervals that have been used for the three
different speeds.

4.3. Data analysis

In �g. 2 all the data collected from one subject are plot-
ted: the blue line is the distance (A) in Hz between the
initial frequency and the target one, while the green cross
is the reached target. The users performed 8 trials with
3 different velocities (1Hz/ms, 0.2 Hz/ms 0.111 Hz/ms).
A one factor ANOVA test showed the signi�cance of the
mean value of the collected data: the computed p factor
was de�nitely below the signi�cance threshold (p=0.05).

Fig. 3 shows that the mean deviation between the reached
frequency and the target frequency is quite evident (here
there is just the behaviour of one subject). Also, even
though each participant has her own characteristic behav-
ior some common patterns may be noticed: the task seems
to be easier when the velocity is higher. The different
curves for each participant show that the mean deviation is
bigger for lower velocities, where participants often stop
the glissando before reaching the target frequency.

This observation is quite important since the Schmidt
law is supposed to work in the same way (for quick and
short movements): assuming that we can compare short
movements to fast played intervals, audio feedback may
thus follow the law.

Fig. 4 shows the mean values for each trial. The width
of each bar represents the distance between the starting



Figure 3. Mean deviation between the reached frequency
and the target frequency
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Figure 4. Reached frequency Mean values

frequency and the ending frequency.
This data plot is quite interesting, because it shows sev-

eral things at the same time:

� the performances may be subdivided in two differ-
ent behaviors: participants tend to stop the glissando
before reaching the target when the performance
is at high speed (temporal constraint), while they
tend to stop itafterwhen the performance is at slow
speeds;

� the standard deviation is lower for higher speed and
the results have better uniformity for these 8 trials;

� the standard deviation is increasing with speed and
the results are quite different depending on the fre-
quency interval;

What appears quite clearly observing and analyzing the
data is that the relation betweenWe and A=MT is not
veri�ed for every time constraint. Schmidt law states that
the relationship betweenW e andA=MT is nearly linear
and for very different amplitudes and movement times,
but with the same ratioA=MT , theW e is reported to be
about the same. Looking at Fig.5 the change ofW e for
eachA=MT value may be observed: each point is spec-
i�ed by the amplitude A (the distance between the initial
frequency and the target frequency) and the standard de-
viation (W e).
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Figure 5. Effective width for the threeA=MT values

The comparison between the three curves is interest-
ing: the effective target in the audio domain seems to be
strictly related to the distance A and to the frequency range
in which our “gesture” is located: for each speed we have
better results with smaller distances. Incidentally, the high
SD value for the smallest distance sticks out: here, the fre-
quency range is an important factor, since this distance is
performed between 3300 Hz and 4020Hz, and it is the
only one of this frequency range.

4.4. Results

The linear speed/accuracy trade-off was observed in very
rapid actions where there was probably not enough time
to detect errors and issue a correction, so we expected bet-
ter data with higher speeds. This observation was also
made by the users who found it easier to reach the target
when the glissando speed was higher. The linear trade-
off was originally observed using controlledMT s (longer
than minimumMT s), whereas in the Fitts' paradigm the
goal MT was to be as fast as possible while maintaining a
high accuracy. Both these differences appear to in�uence
the behavior. Regarding this question, Schmidt himself
[12] asserts that:

� a linear trade-off seems to occur for movement tasks
that are pre-programmed - under open loop control

� a logarithmic trade-off seems to occur for move-
ment tasks that are governed by feedback-based cor-
rections - under closed loop control

So, while the question of whether the relation is lin-
ear or logarithmic may seem rather abstruse, it has a func-
tional signi�cance in regard to whether a movement is car-
ried out in an open loop or is subject to feedback-based
corrections. These observations �t quite well with our ex-
periment results: with audio feedback, the Schmidt law
is more effective with higher speed while the frequency
range factor has to be still deeply investigated.



5. CONCLUSIONS AND FUTURE WORK

The �ndings of this experiment clearly suggest the need
of deep investigation on predictive laws in HCI with au-
dio feedback: many variables and components of audio
perception are at work in this kind of experiments, and it
is necessary to analyze them and their effects on the user
performance.

Therefore, future work will involve:

1. �nding out whether the predictive model will work
in different ways according to the sensibility of our
hear to different frequency range and different fre-
quency ratios (e.g. intervals);

2. studying the model in real-world musical applica-
tions (e.g. in musical playing);

3. �nding out whether expressivity modi�es the pre-
dictive model sensibly and whether expressiveness
can be conveyed by these open loop models

4. �nding whether the beating effect which occurs dur-
ing the tuning test can modify the model, particu-
larly in slow movements. This aspect is much more
important in auditory perception than in the visual
one: only audio feedback sports a proximity indica-
tor (beating).
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