Sonification and the Interaction of Perceptual Dimensions:

Can the Data Get Lost in the Map?

John G. Neuhoff

Department of Psychology

Lafayette College

Easton, PA, 18042-1781

+1 610 330 5287 neuhoffj@lafayette.edu

Gregory Kramer

Metta Foundation

310 NW Brynwood Lane

Portland, OR 97229

+1 503 292 8550 greg@metta.org

Joseph Wayand

Department of Psychology

Kent State University

Kent, OH 44242

+1 330 672 7834 jwayand@kent.edu

ABSTRACT

Manysonification techniques use acoustic attributes such as frequency, intensity, and timbre to represent different characteristics of multidimensional data. Here we demonstrate a perceptual interaction between changes in pitch and loudness, as well as perceived asymmetries in directional change. T hree experiments showthat changes in loudness can influence judgments of pitch change, changes in pitch can influence loudness change, and that increases in loudness are judged to change more than equivalent decreases. Within a sonification of stock market data, these characteristics created perceptual distortions in the data set. T he results implythat in situations where precision is critical, caution should be exercised when using lower level acoustic dimensions such as frequency and intensity to represent multidimensional data.

Keywords

Sonification, Pitch, Loudness, Perceptual Interaction, Stock Market

INTRODUCTION

A keyissue in the development of effective sonification is optimizing the degree of match between the intended sonic representation of information and the perceptual experience of that information bythe listener. In manysonifications, auditory variables such as loudness, pitch, and timbre are used to isomorphicallyrepresent data variables. Often two or more data variables are represented by changing two or more of these auditory paramet ers within one auditory stream [5] .

A potential problemwith this approach is that of orthogonality[5], wherein changes in one variable mayinfluence the perception of changes in another variable. For example, numerous studies have shown that the auditorydimensions of pitch, loudness, and timbre interact perceptually[2, 3, 7, 9, 11, 12]. Changes in anyof these dimensions can influence perception of changes in the others. T hus, when such variables are used to represent data values, a distorted perception of the underlying data is a potential result. Further complicating the issue is evidence suggesting that even changes within a single auditory dimension can be perceived differentlybased on the direction and duration of change. For example, some work has shown perceptual asymmetries in rising and falling intensity changes of equal magnitude [1, 10].

Despite the evidence for directional asymmetries in perceived stimulus change and dimensional interaction of perceptual dimensions, verylittle work has examined whether these phenomena remain when perceptual dimensions are mapped on to quantitative dimensions of interest in a display. For example, it maybe that untrained listeners have great difficultygiving accurate estimates of change in the somewhat unfamiliar dimensions of frequency, intensity, and spectral content, but can performthe tasks more easilyand accuratelywhen the perceptual dimensions are mapped on to more familiar and concrete variables.

On a perceptual level, the interaction of auditorydimensions is thought to stemfromthe context created byone dimension

(e.g., pitch) in which another dimension (e.g., loudness) is perceived. For example, a loud sound is perceived differentlyin the context created byhigh pitch than the context created bya lower pitch [7, 8, 12]. However, the mechanisms and processes bywhich perceptual dimensions interact are still a matter of some debate [3, 9]. Froman applied perspective, the importance of accuratelymapping data variables onto acoustic variables suggests that a greater understanding of such perceptual interaction should be pursued. Such and understanding will facilitate more effective sonification techniques, particularlyin situation s where precision is critical. In the present work we explore specificallythe interaction of pitch and loudness in the context of sonifying stock market data.

EXPERIMENT 1

Method

Eight listeners were presented with sounds that changed concurrentlyin frequencyand intensity(either rising or falling) for

2.5 seconds. Rising and falling frequencyand intensitywere crossed to create the 4 different types of sounds illustrated in the

Table 1.

In all three experiments reported here, sounds were generated bya 16 bit sound card in a PentiumPC, and fed directlyinto

SonyMDR-v600 headphones. Rising intensitychange was from60 dB to 80 dB, falling was from80 dB to 60 dB. In

Experiment 1, rising frequencywas from200 Hz to 240 Hz, falling was from240 Hz to 200 Hz. All sounds were pulsed on and off, with 50 ms signal bursts interspersed with 75 ms periods of silence as shown in Figure 1. Each listener heard each of the four types of sounds ten times for a total of 40 trials, all presented in random order.

Intensity

Rising Falling

Frequency Rising

UP UP DOWN UP

Falling

UP DOWN DOWN DOWN

Table 1.

Figure 2 : Visual analogue scale used to rate auditory change.

Figure 1: An example of a rising intensity stimulus.

T he listener´s task was to indicate howmuch each sound appeared to change overall (in pitch and loudness combined) by

moving a cursor on a computer screen to indicate the amount of change theyheard in each sound (see Figure 2). Moving the

cursor to the l eft end of the scale indicated no change, moving the cursor all the wayto the right indicated maximal change.

Listeners could move the cursor to anyspot between the two poles. Values on the scale were unmarked but ranged from0 to

100 for purposes of analysis.

Results

T he ten responses in each condition for each participant were averaged so that each participant contributed one data point in

each condition for the analysis. Despite an identical amount of physical change in each condition, an analysis of variance

(ANOVA) revealed a main effect for intensitychange (F

(1,7)

=6.56, p=.037) indicating that sounds that increased in intensity

appeared to change mo re than those that decreased. T here was no similar main effect for frequencychange (F

(1,7)

=.002,

p=.969). However, this was primarilydue to a significant statistical interaction between changes in frequencyand intensity

(F

(1,7)

=17.40, p=.004). When intensityrose, rising frequencysounds appeared to change more than falling. When intensity

fell, falling frequencysounds appeared to change more than rising. In other words, there was a type of congruityeffect.

When pitch and loudness changed in the same direction, the sounds appeared to change more than when theychanged in

opposite directions (see Figure 3).

EXPERIMENT 2

Method

In Experiments 2 and 3 we wanted to make the listener´s task more applied. We did this byassigning real world data

dimensions to changes in frequencyand intensity. Stimuli in Experiment 2 were identical to those in Experiment 1.

However, this time the listener was told that changes in pitch represented changes in the price of a stock and that changes in

intensityrepresented changes in the trading volume of that stock. Rising intensitydenoted rising stock price, and rising

intensitydenoted rising trading volume. T he listener´s task was to listen to each stimulus and make a judgment of the final

stock price and trading volume based on the changes in frequency and intensity.

P e r c e i v e d a c o u s t i c c h a n g e ( V i s u a l a n a l o g u e s c a l e u n i t s )

Figure 3: Average perceived change in each condition in Experiment 1. The amount of actual physical

change in each condition was identical.

Results

For judgments of stock price, we found the expected main effect for frequencychange (F

(1,9)

=8.69, p=.02), indicating that

listeners could performthis task and that changes in pitch did indeed guide their estimates of changes in stock price.

However, we also found a main effect for intensitychange. (F

(1,0)

=5.16, p=.05) that indicated an influence of intensitychange

(trading volume) on estimates of changes in stock price (see Figure 4). T he results were consistent with the findings in

Experiment 1. When frequencyand intensitychanged in the same direction, changes in stock price were perceived to be

greater than when theychanged in opposite directions. T his occurred despite the same degree of frequencychange in each

condition. We found a significant main effect for intensitychange on judgments of trading volume (F

(1,0)

=7.12, p=.05).

However, there was onlya marginallysignificant effect of changes in stock price (frequency) on judgments of trading volume

(F

(1,0)

=2.04, p=.18). T his is consistent with previous work that shows changes in loudness have a greater influence on

perceived pitch change than do changes in pitch on judgments of loudness change [11, 12].

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

1 4 0

1 6 0

P r i c e C h a n g e

Dol l ar s

R i s i n g F a l l i n g

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

1 4 0

1 6 0

V o l u m e C h a n g e

10, 0Shar es

R i s i n g F a l l i n g

R i s i n g

V o l u m e F a l l i n g

P r i c e

R i s i n g

P r i c e

F a l l i n g

P r i c e

R i s i n g

P r i c e

S t o c k P r i c e J u d g m e n t s T r a d i n g V o l u m e J u d g m e n t s

F a l l i n g

V o l u m e

F a l l i n g

V o l u m e

R i s i n g

V o l u m e

Figure 4. Results from Experiment 2.

EXPERIMENT 3

Method

In Experiment 3 we employed the same methodologythat was used in Experiment 2. However, we extended the duration of

the stimulus tones to 12s, and increased the variabilityof the changes in frequency. We used a frequencymodulated tone with

a center frequencythat rose from200 Hz to 300 Hz over 12s. T he modulation depth was 50Hz and the rate of modulation

decreased as the tone progressed. T he changes were designed to more closelysimulate the variabilityof real-time stock

changes. Intensity increased or decreased by 20 dB linearly over the course of the stimulus.

Results

Once again we found results consistent with a dynamic interaction of pitch and loudness perception. For judgments of stock

price, we found the expected main effect for frequencychange (F

(1,9)

=10.83, p=..01), indicating that changes in frequency

guided estimates of changes in stock price. However, we also found a main effect for intensitychange. (F

(1,0)

=3.78, p=..08)

that again indicated an influence of intensity change (trading volume) on estimates of changes in stock price (see Figure 5).

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

1 4 0

1 6 0

P r i c e C h a n g e

Dol l ar s

R i s i n g F a l l i n g

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

1 4 0

1 6 0

V o l u m e C h a n g e

10, 0Shar es

R i s i n g F a l l i n g

R is i n g

V o l u m e F a l l i n g

P r i c e

R is i n g

V o l u m e

F a l l i n g

V o l u m e

R is i n g

P r i c e

F a l l i n g

P r i c e

R is i n g

P r i c e

F a l l i n g

V o l u m e

S t o c k P r i c e J u d g m e n t s T r a d i n g V o l u m e J u d g m e n t s

Figure 5. Results from Experiment 3.

DISCUSSION

T he current results demonstrate a perceptual interaction of pitch and loudness change that has implications for sonification

techniques. When frequencyand intensitychanged in the same direction, the perceived amount of total stimulus change was

greater than when the dimensions changed in opposite directions, despite an equal amount of physical change in all

conditions. T his suggests that in situations where precision is critical, great care should be taken to minimize the effect of

dimensional interaction on perceived changes in variables.

T here was also a significant effect of direction for changes in intensity. Across the two directions of frequencychange,

sounds that got louder were perceived to change more than sounds that got softer. Once again, the perceptual asymmetry

demonstrated with physicallyequivalent signals suggests that lower level acoustic dimensions such as frequencyand intensity

pose a potential problem for representing data with simple acoustic attributes.

In addition to the simple psychoacoustic findings of perceived asymmetries in stimulus change found in Experiment 1, there

are also implications for sonification applications and sonification design theory. In Experiments 2 and 3, listeners were

given a more realistic task wherein data variables were represented by changes in pitch and intensity. Although many

experiments have shown that perceptual dimensions can interact, to our knowledge, this is the first studyto showthat when

perceptual dimensions are mapped on to quantitative dimensions of interest, the interaction persists. In both experiments

there was a significant influence on the dimension of interest (e.g., perceived stock price) by another simultaneouslychanging

dimension (trading volume). T here were significant differences in perceived change in cases where the physical change was

identical.

One positive implication that results fromthese findings is that the effect of congruent acoustic changes are more salient than

incongruent changes, or even acoustic change in a single dimension [12]. T hus, in situations were changes in the state of a

variable are particularlycritical, duplicate mapping of frequencyand intensityto the same variable would likelyprovi de

improved performance [4].

Our findings are limited in that we used simulated changes in trading volume and stock prices. T rue market conditions

produce price and volume interactions that are not as regular as the stimuli presented here. However, the results of

Experiment 3 suggest that perceptual interaction persists even with stimuli that exhibit complexities and durations that far

exceed those typically used in traditional psychoacoustic experiments.

Finally, although the current results are limited to dimensional interaction within the auditorydomain, such interactions

clearlyoccur in the visual domain and should be considered in the design of visual displays [13]. T here is also evidence to

suggest that cross modal associations and congruencyeffects exist between audition and other modalities [6]. Multi-modal displays are used in a varietyof different environments. T hese associations and interactions should be explored as well in

both real and virtual environments.

ACKNOWLEDGMENTS

This work was supported in part by a National Science Foundation grant to the first author, award # 9905266.

REFERENCES

1. Canévet, G., Scharf, B. The loudness of sounds that increase and decrease continuously in level. Journal of the

Acoustical Society of America 85 : (1990) 2136-2142.

2. Grau, J.A., Kemler-Nelson, D.G. The distinction between integral and separable dimensions: Evidence for the integrality

of pitch and loudness. Journal of Experimental Psychology: General 117 : (1988) 347-370.

3. Kemler-Nelson, D.G. Processing integral dimensions: The whole view. Journal of Experimental Psychology: Human

Perception and Performance 19 : (1993) 1105-1113.

4. Kramer, G. Mapping a single data stream to multiple auditory variables: A subjective approach to creating a compelling

design. Proceedings of the International Conference on Auditory Display. (1996).

5. Kramer, G. Some organizing principles for auditory display. In: Kramer G (ed) Auditory Display: Sonification,

Audification, and Auditory Interface, SFI Studies in the Sciences of Complexity, Proc. XVIII. Addison-Wesley, Reading,

MA (1994).

6. Marks, L. E. Bright sneezes and dark coughs, loud sunlight and soft moonlight. Journal of Experimental Psychology:

Human Perception and Performance, 8(2) : (1982) 177-193.

7. Melara, R.D., Marks, L.E. Interaction among auditory dimensions: Timbre, pitch, and loudness. Perception and

Psychophysics 482 : (1990) 169-178.

8. Melara, R.D., Marks, L.E. Perceptual primacy of dimensions: Support for a model of dimensional interaction. Journal of

Experimental Psychology Human Perception and Performance 16 : (1990) 398-414.

9. Melara, R.D., Marks, L.E., Potts, B.C. Early-holistic processing or dimensional similarity? Journal of Experimental

Psychology Human Perception and Performance 19 : (1993) 1114-1120.

10. Neuhoff, J.G. Perceptual bias for rising tones. Nature 395 : (1998) 123-124.

11. Neuhoff, J.G., McBeath, M.K. The Doppler illusion: The influence of dynamic intensity change on perceived pitch.

Journal of Experimental Psychology: Human Perception and Performance 22 : (1996) 970-985.

12. Neuhoff, J.G., McBeath, M.K., Wanzie, W.C. Dynamic frequency change influences loudness perception: A central,

analytic process. Journal of Experimental Psychology: Human Perception and Performance 25 : (1999) 1050-1059.

13. Trumbo, B.E. A theory for coloring bivariate statistical maps. The American statistician 35: (1981) 220-226.