Proceedings of ICAD 05-Eleventh Meeting of the International Conéerem Auditory Display, Limerick, Ireland, July 6-9, 2005

ENCODING URGENCY IN LEGACY AUDIO ALERTING SYSTEMS

Derek Brock and James A. Ballas Daniel C. McFarlane
Naval Research Laboratory Lockheed Martin Advanced Technology Laboratories
Washington, DC Cherry Hill, NJ
USA USA
brock| ballas@td. nrl.navy. m| ncfarl ane@cm org
ABSTRACT the use of a modern sound card. In spite of this audio limitation,

Despite ongoing modernization efforts, the U.S. Navy expects & va_lidated range of new alerts was successfully implementeq, and
that it will continue to make highly effective use of legacy systems 1€ improved information alert queue was completed and will be
for many years to come. This and a mandate to maintain fully placed in service in the’near_ future. The plan of this paper then is
mission capable platforms have made the service slow to place!© describe the authors’ auditory design process and to report and
new audio alerting technologies in command and control environ- discuss the relevant findings of their evaluations.
ments, despite their demonstrated effectiveness in the laboratory
and elsewhere. However, recent upgrade programs for decision 2. RELEVANT RESEARCH AND DESIGN
support systems have brought with them opportunities to revise CONSTRAINTS
and improve standing audio alert techniques. In this paper, the
authors describe how the legacy audio component of a Navy deci-The design process began with an assessment of the existing audi-
sion support workdesk was revised to encode appropriate levels oftory warning paradigm and a review of recent research on manip-
urgency for incoming action and information alerts. The prelim- ylating the perception of urgency in nonspeech sounds.
inary design process and issues germane to it are discussed, and  As one of several core responsibilities in the targeted environ-
the results of an empirical design study are presented. In addition,ment, Navy watchstanders are expected to manage a text-based,
the implemented solution and the results of a subsequent empirical|ert message queue that delivers a broad range of situationally-

evaluation are briefly described and discussed. relevant information about activities in the current theatre of oper-
ations and the status of shipboard systems. Internally, these mes-
1. INTRODUCTION sages are numerically prioritized, but in present practice, a distinc-

tion is only made for the highest priority alerts. As each alert is

The incorporation and use of auditory alerts in operational settings,enqueued, a piezo-electric buzzer under the control of the infor-
where failure to take note of specific information or events can mation display software is sounded. The alerts that require im-
have critical consequences, has generally been aieocthan mediate attention trigger the buzzer to stay on until the operator
principled in practice. However, until recently there have been takes action to acknowledge, or “surface,” the message. Alerts
comparatively few empirically based guidelines for the design of with lesser priority are lumped together, and for each of these, the
auditory warnings. This historical lack of systematic guidance has buzzer is sounded just once for an eighth of a second. Hence,
often led to the use of either too many sounds or inappropriate in the existing paradigm, only two auditory levels of urgency are
sounds in a variety of important circumstances [1]. employed. There are plans to expand the auditory capabilities in

As an example of this point, in the operational setting that future systems of this type, but for now, the current display hard-
served as the basis for the effort described in this paper, one ofware’s ability to generate sound is constrained to on-off control of
the audio alerting strategies used by the information display sys-this buzzer.
tem sounds a relatively harsh buzzer continuously until the oper-  One of the intents of the alert queue redesign is to make greater
ator takes a specific action. Not surprisingly, there are anecdotaluse of the internal alert prioritization scheme. In addition to play-
reports of operators in the environment taking matters into their ing a role in a newly developed automated assessment mechanism,
own hands and clipping the buzzer’s wires. numerical priority assignments will now be shown in a fully re-

This particular system involves an informational alert queue designed user interface, and the incoming information alerts with
that is associated with an advanced situation status display. Thepriorities other than those requiring immediate attention will be
authors were patrticipants in a larger team whose task was to re-divided into three discrete categories of conceptually decreasing
design the functioning of the alert queue based on the doctoralurgency for purposes of auditory alerting.
work of McFarlane [2] [3] [4] to better manage an increasingly The limitations of the audio hardware dictated a time-based
overwhelming number of routine and critically urgent notfications. approach to urgency encoding. In particular, the design of any new
Part of the effort included a redesign and implementation of the sounds to be associated with the watchstander’s alert queue would
existing audio alerting scheme that would take several levels of in- be necessarily constrained to what could be accomplished through
formational urgency into account. The redesign, which involved a software control of the buzzer. This suggested adopting an ap-
literature review and an empirical evaluation of a group of candi- proach similar to that of Patterson’s 1982 proposed guidelines for
date alerts, was tightly constrained by the operational limitations aircraft warning systems [5]. Warning sounds in Patterson’s more
of the existing hardware. In particular, there was no capacity for general scheme [6] should be composed of one or more “bursts”
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that are repeated a number of times with specifically varied inten- with regard to changes i for values ofS; greater than the point
sities and starting points over the course of as much as 40 or moreat which the slope of Equation 1 reaches unity, which can be ex-
seconds or until the warning is acknowledged. Each burst shouldpressed as
itself be composed of repetitions of one or more shorter “pulses” 1\ 7t
whose intensities and starting points are also deliberately and sys- S = (k_> 2)
tematically varied. These pulses, which function as the atomic "
units of a warning sound, should be short acoustic waveforms with Thatis, the largen; is, the smalle’AS; must be above this point to
a specific amplitude envelope and length (a few hundred millisec- produce a desired change«n Conversely, knowing the value of
onds at most), and intentionally distinct characteristics with regard n for differentSs makes it theoretically possible to equate changes
to pitch and timbre. Consequently, when a burst is composed ofin ¢ between one5' and another, which would have useful rami-
differing pulses, it should sound much like a “brief atonal melody fications for designers who wish to distinguish among or combine
with syncopated rhythm” [6]. these parameters.

In addition to making specific recommendations concerning Only two of the acoustic parameters examined in Heléier
the number of spectral components and appropriate sound levelsil’s study, speed and repetition, are relevant to the effort presented
for warning sounds, Patterson also suggested that within warninghere. Urgency judgments for these and the other parameters that
sounds and within bursts pitch, intensity, and the temporal parame-were investigated proved to be systematic and quantifiable over the
ter of speed could be used to vary perceived urgency, but providedranges that were used. The values:dbund for speed and rep-
no explicit, quantified advice in this regard. Subsequent studies byetition werel.35 and0.502, respectively, and were the largest in
Edworthyet al. [7] and Hellierel al. [8] have addressed this aspect the study. In theory, smaller changes in these parameters should be
of auditory alert design directly. needed in comparison to the others to produce equivalent changes

In the first of these studies, Edworthy and her colleagues sys-in perceived urgency. In the study’s parameter combination exper-
tematically varied a number of acoustic parameters that could beiment, the strength of this proposition was tested with a set of 27
applied to the composition of pulses and to the structure of bursts.bursts, across which three, theoretically equal and equally increas-
Of these, three temporal parameters, namely, speed, rhythm, andng urgency levels (low, medium, and high) of speed, repetition,
number of repetitions, are relevant for auditory alerts subject to and a third parameter, pitch, were covaried. These urgency lev-
the hardware constraint described above. In this research, whichels were expected to combine additively, and since the medium
involved a series of separate experiments, listeners heard only indi-and high parameter values each represented a 30% increase in ur-
vidual bursts, as opposed to full, Patterson-style auditory warningsgency over the level below it, it was also expected that the set of
made up of several bursts. They were asked in each experimenf7 bursts would be partitioned into equivalence classes of increas-
first to rank from highest to lowest the perceived urgency of a set ing urgency. For instance, a burst with high speed and repetition
of bursts in which either two or three auditory parameters had beenvalues and a low pitch would be equivalently urgent to a burst with
manipulated and then to give each burst a numerical urgency rat-a high speed and medium repetition and pitch values. Although
ing on a scale of 0 to 100. For the three temporal parameters ofthis prediction did not fully prove to be the case (a much wider
interest, it was found that greater pulse speed within a burst (i.e.,range of urgency was associated with the contribution of pitch than
number of pulses per unit of time) translates into additional per- with speed or repetition whose associated ranges were essentially
ceived urgency, that syncopating pulses rather than spacing theithe same), meaning that the combination of theoretically equiva-
onsets in a regular manner translates into lower perceived urgencylent parameters is not fully orthogonal for purposes of encoding
and that increasing the number of repetitions of pulse groupings orurgency, the correlation between the empirical and expected rank-
patterns also increases perceived urgency. An additional, speedings of these bursts was nevertheless highly significant, which, in
related finding was that perceived urgency can also be increasedurn, suggests that the parameters of interest in the present work
and decreased by respectively accelerating and decelerating pulsare, to some extent, additive as encoders of urgency.
onsets within a burst. The final experiment in this study examined
whether auditory parameters related to urgency can be predictably
combined and confirmed that, in fact, they can be when the ordinal
relationships among parameter values are known.

Hellier et al.sstudy ([8]) addressed the manipulation of acous-

3. DESIGN PROCESS

In addition to consulting [5], [6], [7], and [8], the authors also lis-

tic parameters from a psychophysical perspective and also involve ened fo sevelral bursts, based on t.he param.eters desprlbed n .[7]
hat were designed for a recent series of auditory warning experi-

an experiment to quantify the effects of combining parameters. . . .
In this effort, the researchers sought to scale the subjective effectmelr:itji;Zr;':ig:;ttgzhiiu”liufrgreointd.:.ir corllear]gugs (51?3] rl.]Jtsmgng\
of individual parameter manipulations on perceived urgency using u qu aining urgency judgments a

. , a similar set of stimuli in which the same parameters were again
the relation expressed by Stevens’ power law [9)], combined, Guillaumest al. validated the significant correlation
= kS, 1) between predicted and observed urgency rankings reported in [7].
The temporal parameters in the examples auditioned by the au-
wherein the exponent, which is understood to be positive, quan- thors included regular, slowing, and syncopated rhythms and the
tifies the extent to which an objectively measurable change in ause of repetition. Each was informally evaluated for the present
stimulus valueS (e.g., the value of an acoustic parameter) pro- design task in terms of how it might be implemented under the
duces a change in the subjective judgment of an associated propeonstraints imposed by software control of the targeted hardware’s
erty ¢ (e.g., perceived urgency). (Notg,is a stimulus-specific buzzer. To do this, a sound patch tool was used to compose several
constant.) Assuming the scale®fis theoretically equivalent for  prototype bursts from a 200 ms snippet of a buzzer sound found
manipulations of different parameters, the value.dbr a partic- online whose character was similar to the actual buzzer. After lis-
ular S; can be construed as an index of that parameter’s efficiencytening to a few of these, it was decided that the strict use of a single
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200 ms pulse was an unnecessary constraint, and that, just as mun [10], it was decided that the presence of this manipulation could
sic involves notes of various durations, short and long pulses couldeven suggest a lack of urgency, which made its use unacceptable.
be used, particularly in bursts involving syncopation. Ultimately, five prototype buzzer bursts were chosen for the
This parallel with music led to some additional insights con- formative evaluation. Three involved repetitions of the two synco-
cerning rhythmic affect, phrasing, and syncopation. Although the Pation patterns described above, and the other two involved more
limitation of simple on/off control of the buzzer meant thatitwould Straight forward manipulations of speed and repetition. A more
not be possible to incorporate amplitude-based rhythmic accentsthorough description of the bursts can be found in Table 1, where,
in the buzzer burst designs (the use of accents within a burst is anon the basis of the findings in [7] and [8] and a neutral position
acoustic parameter that was not considered in any of the studiesPn the contribution of different types of syncopations, they are nu-
discussed above), this same control allowed for the incorporationmerically ranked by their theoretical degree of encoded urgency.
of small timing differences in pulse onsets and offsets that suc- A description of the method used for calculating and ranking the

ceeded in giving the impression of accents and pulse groupingstheoretical urgencies is given in Section 4.3.

even when an effectively regular rhythm was used. It is worth not-

ing that similarly subtle timing differences among note groupings _burst 1

5.5]

are typically seen in musical performances captured by musical rhythm, speed:

instrument digital interface (MIDI) tools. In addition, there is a description:
small body of empirical evidence and modeling work that suggests )

that rhythmic meter is perceived even when accents are explicitly grouping.
absent [11]. The use of subtle timing differences to imply the pres- spacing:
ence of accents also led to the notion of bursts as rhythmic phrases ~ repetitions:
that have a gestalt. In particular, by subtly lengthening, or in some total length:

regular, fast

nine pulses: eight short (165ms) followed
by a final short (205ms)

four pulses: all short

5 ms between each group

2.25

1535ms

cases shortening, a burst’s final pulse, it proved possible to give burst 2

[7.5]

the prototypes a more emphatic sense of completion. Finally, the rhythm, speed:

syncopated, moderate to fast

six pulses: three short (165ms) alternating
with two long (290ms) followed by a final
long pulse of 325ms

two pulses: one short, one long

5 ms between each group

3

1400ms

use of syncopation in one of the example bursts from [10], to- description:

gether with the notions of phrasing and rhythmic accents, raised a

guestion concerning the perceptual affect of note duration order in

syncopation. grouping:
Although syncopated phrases can be composed in any number spacing.

of ways, the basic ingredients of syncopation are notes of shortand ~ épetitions:

long duration ordered in such a way as to contrast with a plain or ___total length:

regular rhythm. In music, the juxtaposition of a short and a long _burst 3

[8.5]

note, or vice versa, is often characterized as a dotted figure. When rhythm, speed:

syncopated, moderate

dotted figures are repeated, they produce a syncopated walking ef- ~ description:  six pulses: two long (340ms) alternating
fect: a kind of galloping when the short note comes figit-glah, with two short (190ms) followed by one
Dit-dah, Dit-dahto use a jazz rhythmic terminology [12] in which long (390ms) and one short (190ms)

Dits are abruptly short leading notes amhsare long) and a skip- grouping:  two pulses: one long, one short

ping effect when the short note comes secdddd-dit, Doo-dit, spacing: 30 ms between each group

Doo-dit, with Doosused here for leading long notes). Which of repetitions: 3

these syncopations is inherently more urgent? While intuition sug- ___total length: ~ 1700ms

gests galloping over skipping, it was decided to answer the ques-_burst 4 [11.5]
tion empirically with a formative evaluation of a small group of ~ rhythm, speed:  regular, slow

two pulses: one long (425ms) followed by
another long (415ms)

two pulses

125 ms between each pulse

1 (pattern is not repeated)

965ms

prototype buzzer bursts in which some of the urgency encodings ~ description:
would include instances of these two patterns.

An additional purpose for evaluating a set of prototype bursts grouping.
was to ensure that the conclusions of [7], [8], and [10] were valid spacing:
when only temporal parameter manipulations were used in combi- repetitions:
nation to encode urgency. The parameters chosen for the formative - to:asl length:

urs

evaluation were rhythm, speed, and repetition. After careful con-

[12.0]

sideration, it was decided that speed manipulations involving ac-

celerating and decelerating pulse onsets were inappropriate for the ~ description:
present work. In particular, the obtained rankings of bursts involv-

ing acceleration in combination with other parameters were incon- )
sistent between [7] and [10]. In the latter effort, bursts involving grouping:
acceleration were judged to be more urgent than they were pre- spacing.
dicted to be, which suggests that the use of bursts employing this repetitions:
manipulation alongside other bursts whose urgency encoding is___total length:

rhythm, speed:

syncopated, moderate (slower than burst 3)
four pulses: one long (340ms), one short
(190ms), one long (370ms), ending with
one short (190ms)
two pulses: one long, one short

90 ms between each group

2

1180ms

reliably high could be unacceptably confusing to users, given that

the working specification required an unambiguous ordering of ur- Table 1. Characteristics of the five prototype bursts evaluated
gencies. On the other hand, all of the bursts involving decelerationin the listening study, ordered by their predicted urgency values
in these studies were predicted and consistently judged to be leasfShown in square brackets), with burst 1 being the most urgent.

urgent. Indeed, after listening to a decelerating burst that was used
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4. LISTENING STUDY Burst urgency judgments
rank ordering task magnitude estimation task

Evaluation of the five prototype auditory alerts was carried outas pred. meanrank s.d. meanest. s.d. geo. mean
an empirical listening study using judgment procedures that were 1.8(1) 1.03 82.5(1) 9.79 81.92(1)
largely based on the approach used in [7]. Here, participants were 2.9(3) 0.99 70.0(2) 1448 68.51(2)
asked first to rank the bursts from most to least urgent and then, as 2.8(2) 132 57.2(3) 2335 51.96(3)
a separate task, to estimate the magnitude of each burst’s urgency. 3.7(4) 1.84 55.8(4) 27.68 49.14(5)
Two of the authors carried out a pilot run of the procedures on 4.0(5) 0.94 51.2(5) 14.98  49.34(4)
themselves. The test itself was carried out in a sound attenuated
booth using two different sound editing tools on a notebook com- Table 2: Results of the two urgency judgment procedures in the
puter to play the stimuli for each of the judgment procedures. The NRL listening study, showing the observed mean rank, the rank de-
bursts were presented with headphones. termined by this measure (in parenthesis), and the standard devia-
tion of this mean for each burst in the rank ordering task, and for
each burst in the magnitude estimation task, the mean estimation,
the rank determined by this measure (in parentheses), the standard
Ten volunteers from the staff at the Naval Research Laboratory deviation of this mean, and finally, the geometric mean estimation
(NRL) participated in the study, most of whom were in their late and the rank determined by this measure (again, in parentheses).
twenties or early thirties. All were asked if they had any hearing The theoretically predicted rank ordering is shown in the first col-
problems and none were reported. Since all of the stimuli were to umn.
be presented at the same level throughout the study, it was judged
that no further evaluation of the participants’ hearing was neces-
sary. None of the participants had any prior awareness of the studyorderings and the predicted ordering. As for the rank ordering that
or its purpose. was obtained in the magnitude estimation task by reducing each es-

The listening process was divided into two parts. In the first timation to an integer rank, the Spearman correlation with the pre-
part, referred to as the rank ordering task, participants ranked thedicted order was significant at = 1, and so, too, were Kendall's
sounds in terms of their ability to convey urgency. Participants W and7¢ at 0.47354% < 0.01) and 0.59 % < 0.00003), respec-
were asked first to listen to all five sounds and then to decide whichtively. Additionally, the Spearman correlation between the two
of these he or she felt sounded the most urgent of the group. Themethods of ordering the bursts was significant (@.9= 0.05).
sounds were presented to each listener in a different order. Next,Collectively, these measures suggest that the judgments made in
the selected sound was removed and participants were asked ttéhe two listening tasks were quite stable across participants, and
listen to the four remaining sounds and decide which of these nowthat the perceived urgency of each burst corresponded exception
sounded the most urgénfThis iterative judgment procedure con-  ally well, if not perfectly, with its theoretical rank.
tinued until only one sound was left, which was then taken to be
judged the least urgent. The second part of the listening process1.3. Discussion
was a magnitude estimation task. For this procedure, participants ] ) ) ]
were asked to listen to each sound again and to make a numericaPespite these correlations, on its surface the study did not fully
estimate of its urgency on a scale of 0 to 100, with 100 being char- resolve aII. of the issues it hoped to. examine. In particular, the
acterized as “the most urgent sound possible” and 0 as “the mostrank orderings of bursts 2 and 3, which were expected to address

nonurgent sound that you can imagine.” The order of presentationthe perceptual affects of contrasting syncopations, were inconsis-
was different for each listener in this procedure too. tent between the two judgment tasks. In addition, despite the cor-

relation of burst 4's obtained and theoretical orderings, the large
4.2 Results variallnilities. associated with its respective means were unexpected.
- Consideration of both of these matters was warranted before the
Results of the listening study are presented in Table 2. Only one ofStudy’s results could be used as a basis for the prioritized auditory
the two rank orderings determined by the judgment tasks was con-alert design.
sistent with the theoretically predicted rank ordering, but further In spite of the intuition that burst 2's short-long syncopation
examination of the data proved to be useful for making design de- Would be perceived as more urgent than the converse order of pulse
cisions. The Spearman rank-order correlation coefficient betweendurations in burst 3, the affects of both syncopations were treated
the ordering obtained in the rank ordering task and the predicted@s being equal in the calculation of the predicted rank ordering.
ordering was significant at, = 0.9 (p = 0.05), as were the values The calculation itself was done in the following way: Using the
of Kendall's coefficient of concordand& (0.274,p < 0.05) and speed and pulse group repetition exponents (respectively, 1.35 and
Kendall's T (0.46,p < 0.0003) for these judgments Respec- 0.502) and the associated data reported in [8], an average value
tively, the latter measures indicate the degree of association amond0r the constank in Equation 1 was determined for each of these

the participants’ rank orderings and the correlation between theseparameters. From thigss,cca andirepetition Were calculated for
each of the five bursts. Using these values, the bursts were then

lBecause,O,f the design intent to quickly communicate prietizr- ranked by speed and by repetition. Additionally, the bursts were
gencies, participants in this rank ordering portion of thelg were asked  ranked by rhythm according to the dominance of regularity over
to choose the most urgent sound immediately after hearing Eepresen- syncopation reported in [7]. Ties were assigned the average of

tation of each successive group of sounds; concerns abdertiog effects - .
and auditory memory were addressed by varying the initiahimigroup the ranks that would have been assigned had the ties not occurred.

O WNPE

4.1. Method and experimental design

order of the sounds for each listener. These three rankings were then summed for each burst, and the or-
2Unlike [7], Kendall'sW is used here instead &' because the rank  der of the resulting totals was taken as the theoretical rank order-
ordering task was not carried out as a series of paired cosupei ing, with the lowest value being the most urgent. (The computed
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totals are shown in square brackets in Table 1.) the largest in the study, the variability of listeners’ judgments about
Aside from their contrasting syncopations, the only difference burst 5 proved to be comparable in size to that of burst 2, suggest-
between bursts 2 and 3 was the value of their respective speed palng that listeners were collectively more certain of burst 5's relative
rameters. Consequently, if one of the syncopations was, in fact,urgency than they were about burst 4, much like the distinction be-
more perceptually urgent than the other, the obtained distance befween bursts 2 and 3. As a consequence, given the extent of burst
tween their ranks would be expected to be larger or smaller than4's variability and its possible perceptual ambiguity, burst 5 was
was implied by their theoretically calculated distance. Clearly, chosen to complete the three-alert audio design proposal.
something like this happened in the rank ordering task data, where ~ Before turning to the outcome of the implementation and eval-
with less variance, burst 2 was judged to be essentially a rank be-uation phases of this effort, the geometric means that resulted from
low its predicted rank, and burst 3's rank remained effectively un- the magnitude estimation task data are worth considering for their
changed, albeit with more variability. However, even though a apparent corroboration of a psychophysical justification for manip-
similar pattern of variability was seen in the magnitude estimation ulating acoustic parameters to encode information such as urgency

task, the mean urgency judgments of these bursts were entirelyor importance. These means, which are A root of the prod-
consistent with their predicted rank ordering. uct of the N estimations for each burst, indicate what the mean
While there may not be a full explanation for the disparity magnitude estimation for each burst is relative to the scalable pa-
in these data, some useful conclusions can still be drawn. First,"ameter manipulations in the series. As can be seen in Table 2, the
rank ordering of the five bursts obtained from this statistic is not

it could be that both types of syncopation are perceived as being . - . . X )
equally urgent. Certainly, if either of these patterns are steadily fully consistent with the theoretically predicted ordering. What is

repeated at the same speed and without accents, they can be ealteresting about this result is what it reflects about perceived ur-
ily confused with one another. Since the test did not allow for a 9€Ncy relative to the three acoustic parameter types employed in
head-to-head comparison of the syncopation parameter alone, it idh€ Study. Since the parameter values involved in each burst were
possible that the source of the confound is rooted in one or mored€liberately combined to compose a predictable ordering of urgen-
parameter interactions. Nevertheless, since speed is shown in botffi€S Pased on the results of [7] and [8], and at least two, speed and
[7] and [8] to be a robust and economical encoder of urgency, if _repetltlon, operate on ratio scales, _|t is arguable from _the_order-
perceived urgency is in fact immune to the difference between then9 ©Of the geometric means that it is largely the combination of
syncopations examined here, then the ordering of bursts 2 and 3 irf€S€ two parameters that informed the perceptual affect of each
the magnitude estimation data is essentially the result that would PUrst. In other words, the slight disagreement of this statistic with
be expected. Second, and somewhat encouraging, is the variabilitﬁhe predicted ordering ralses.the.possmlllty that the importance of
in the data, which shows that listeners in both judgment tasks wereth€ rhythm parameter's contribution may be small at best. Indeed,

collectively more consistent in their judgments about burst 2 than I the rank orderings for the rhythm parameter are left out of the
about burst 3. Thus, even though the mean of burst 2 in the rankSUms used to determine the five bursts’ theoretical rank ordering,

ordering task came in just below that of burst 3, the tighter spread Fhe resulting order matches that of the geometric means. Certainly,

associated with this statistic suggests that, for whatever reasonit Would be difficult to assert that rhythnper s is quantifiably

more listeners in this particular paradigm were clear about where SCable, but more importantly, it may be that the perceptual affect
burst 2 fit into the scheme of things. Taken together, these inter-©f ythm has more in common with notions of sound identity than

pretations suggest that in an ordered, three-alert subset of the fivé/ith notions of degree. If at first this appears to challenge one of

prototypes evaluated in the study, burst 2 is a better choice thanth€ findings in [7], it may be that the reason regular rhythms are

burst 3 to follow burst 1. judged to be more urgent than syncopated rhythms when both are
A possible explanation for the large variabilities associated presented at the same speed is that the presence of syncopation

with the mean rank ordering and magnitude estimations for burst 4_naturally draws attention to _the dimension_ of rhythm by virtue of
may be an ecological factor examined in [10] that was overlooked its lack of complete regularity and, so, mildly distracts from the

. ) e immediate cognition of the central information content encoded in
in the design of the study’s five prototype bursts, namely, the per- the sound

ceived urgency of sounds that are already familiar to listeners as ’

auditory alerts in one or another environment. As it turned out,

burst 4 happened to sound very much as if a common office or 5. IMPLEMENTATION DECISIONS AND ADDITIONAL

intercom buzzer had been pressed twice to command someone’s USES OF SOUND

attention. In [10], it was found that sound designs that are evoca-

tive of commonly used auditory alerts in real-world settings are Based on the preceding analysis of the listening study data, bursts
frequently rated more urgent by listeners than their theoretical ur- 1, 2, and 5 were proposed as the new, prioritized audio alerting
gency values would predict. An examination of the participants’ scheme for the preliminary design of the revised action and infor-
individual judgments showed that listeners in both tasks rated burstmation alert queue described at the beginning of the paper.

4 the most urgent of the bursts more often than any other except  Asvarious changes in the system’s display of information were
for burst 1. Part of the explanation for the substantial variabil- being worked out, the design team decided that an additional au-
ities associated with burst 4, then, may be that the similarity of ditory alert whose purpose was orthogonal to the role of the new
this burst with a familiar alert sound influenced some listeners’ bursts was needed to solve an attentional issue in the redesign.
judgments of perceived urgency and, so, took precedence over théVhile the purpose of the urgency encoded buzzer patterns is to
urgency encoding of its acoustic parameters relative to the otherdraw prioritized attention to incoming situational advisories as they
bursts. Since a major aim of the auditory design was to achieve anare enqueued, this additional use of the buzzer would alert opera-
unambiguously ordered set of alert sounds, this possibility alonetors to a separate display of critical-system, status-change buttons
made burst 4’s inclusion in the prioritized design unlikely. In con- that blink for four seconds at a rate of 1 Hz when an associated
trast to the variabilities associated with burst 4's means, which areupdate occurs. Since this blink rate was substantially slower than
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the pulse speed of any of the newly proposed prioritized bursts, ar-_burst 1 (final) [4.0]
guably any operational confusion about the identity and purpose of rhythm, speed:  regular, fast
an additional burst with a correspondingly slow rate was unlikely. description:  five pulses: four short (85ms) followed by a
Accordingly, the authors proposed a straightforward, auditory re- final short (125ms)
inforcement of the blink rate with the buzzer, which was adopted grouping:  all five pulses
immediately. spacing.  none
At this point, a functioning prototype of the redesigned alert repetitions: 1
system and user interface was implemented in simulation software___fotal length:  465ms
and evaluated with a group of 8 participants with relevant oper- _burst 2 (final) [6.5]

ational experience to assess the effectiveness of the design and rhythm, speed:  syncopated, moderate to fast
gauge the response of the user community. Although the exper- ~ description:  three pulses: two short (85ms) followed by

imental design at this stage of the effort was unable to accommo- along (260ms)
date a sound manipulation, the participants were asked to comment grouping:  all three pulses
on the new uses of sound in exit interviews, resulting in a valuable spacing:  none
but mixed assessment of the preliminary auditory design. repetitions: 1

total length:  430ms

burst 3 (final) [7.5]

5.1. Redesign Of the prioritized burStS rhythm, Speed: Syncopated, moderate

description:  two pulses: one long (260ms) followed by

Chief among the participant’s concerns about the auditory alerts
were the lengths of the prioritized bursts, which were thought to
be too long, and a perception that the burst with the lowest priority
could be interpreted as two separate alerts. These and numerous
other findings led to a range of modifications to the preliminary
design specification, including a redesign of the prioritized audi-
tory alerts. The new specification retained the original mapping
of urgency encoded buzzer patterns to action and information alert
priorities but called for a set of much shorter bursts, with dura-
tions of no more than 500 ms, and the inclusion of an additional
“reminder” alert (a simple, 125 ms pulse proposed by the authors)
that would sound periodically when unacknowledged action or in-
formation alerts were pending in the queue. In addition, due to
a varying range of operational and command concerns raised in
the participant interviews, which included additional operator du-
ties involving radio communications, other uses of sound in the
operational environment, command protocols, and the noise and
pace of business, it was further decided that the implemented sys+ o Subjective evaluation of the final implementation
tem would provide a configuration option that allowed operators
to toggle between the existing auditory display (described at the The implemented system was evaluated in two sessions that cu-
beginning of Section 2) and the new uses of sound. mulatively involved 20 participants, all having operational expe-
The implementation schedule did not permit the conduct of rience. The evaluation involved the analysis of performance data
further listening studies, so the redesign of the prioritized bursts collected during and after the participants’ execution of the ac-
endeavored to preserve the underlying characteristics of the threetion and information alerting task in both the old and new sys-
longer bursts the authors had initially proposed on the basis of lis- tem configurations. Each condition was driven by a separate but
teners’ judgments. At this point in the process, though, the strong functionally equivalent scenario involving realistic Navy fleet op-
correlations found in the five-burst listening study and the consis- erations in a fictional encounter. Subjective data was gathered
tent findings of [7], [8], and [10] arguably justified a design ap- through subject mater expert judgments, standard workload in-
proach that relied chiefly on calculations of the new bursts’ theo- dex tools, system-specific questionnaires, and participant exit in-
retical urgencies. Because of the requirement for shorter patternterviews. Limited access to the participants’ time precluded an
durations, generally shorter pulses were employed, and the use ogxperimental design that also manipulated the use sound. Instead,
repetition was abandoned. An additional short pulse was added todata collected in regard to the auditory component was captured
the beginning of the short-long, syncopated, second burst (creatingn the form of questionnaire and interview responses. Again, the
a short-short-long pattern) to strengthen its identity and function- new uses of sound received a mixed subjective evaluation from the
ally increase its average pulse speed. And finally, all spacing be-participants. Those who commented on sound-related matters in
tween pulses was eliminated, leaving the ramps of pulse onset andheir exit interview, expressed both indifference about the auditory
offset envelopes to convey pulse segmentation. Theoretical urgenpriority scheme during their exercise with the new system and a
cies were then calculated for each of the new bursts in the samemild appreciation of its potential had they been given more prac-

a short (85ms)
grouping:  both pulses
spacing: none
repetitions: 1
total length:  345ms

Table 3: Characteristics of the final (implemented), prioritized
burst design, ordered by their predicted urgency values (shown in
square brackets), with burst 1 being the most urgent.

specific ranks, per the results of [7], were also assigned as before,
and the sum of these three ranks determined each burst's theoret-

ical rank ordering, with the lowest value being the most urgent.
Table 3 describes the new bursts in the same manner as Table 1.

way as before, using the average valuegQfcqs andkrepetition tice and time to work with it. Another perspective acknowledged
derived from [8] to determine the corresponding valueg)dbr the likely benefit but questioned whether the new sound scheme
these parameters (note that the contribution of repetition for eachand other enhancements truly simplified the operator’s task.

of the new bursts is simply the value &Y, which were then used In the first of two system-specific questionnaires, participants

to determine parameter-specific ranks for each burst. Rhythm-were asked to rate the utility of 29 features of the new system’s
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redesigned user interface on a scale of 1 to 7. The mean ratinggjuired skill in the use of a complex system, the true measure of the
ranged from 6.21. to 3.85. Four concerned features of the auditoryauditory, interactional, and transparent enhancements of the alert
display. Of these, the 125 ms reminder sound feature, signalingqueue task resulting from this effort will only come with time.

the presence of pending, unacknowledged advisories in the action |t is important to note that the application of empirical princi-
and information alert queue, was rated the most useful at 5.31, fol-ples derived from the stimulus-response approach employed here,
lowed by the auditory reinforcement of the system status changeas well as in the work of others on which it is based, does not
buttons’ blink rate at 5.25. Trailing these were the ability to tog- guarantee that performance resulting from the final auditory de-
gle the system between the old and new auditory displays at 4.25sign will be optimal. In stimulus-rich, multitask environments,
and the association of different urgency encoded buzzer patternsumerous contingent and meta-cognitive factors, including cogni-
with the respective priorities of incoming action and information tive strategy, cultural biases, experiential history, and situational
alerts, which received the lowest utility score overall at 3.85. Inthe context, often undermine or limit the performance targets that can
second system-specific questionnaire, participants were asked on &e practicably achieved. In spite of their demonstrated benefits,
scale of -3 to 3, with O being neutral, whether application support auditory alerts are typically viewed as annoying and unnecessary,
for 25 dimensions of the operational task was respectively betterand when they are meant not only to notify but also to convey
in the old system or in the new system. Here, the mean ratingsrelated but separate information, such as degree of urgency and
ranged from 1.95 to -0.03, with two rating preferences for sys- where to look in the present design, their ultimate effectiveness
tematic uses of sound. Both of these were close to 0. Participantsdepends on complex perceptual, attentional, cognitive, and attitu-
showed a slight preference (0.02) for the auditory reinforcemfent o dinal processes that are difficult to reliably assess outside of lon-
the system status change buttons’ blink rate and a similarly slight gitudinal studies in context. The nature of the effort reported here
aversion (-0.03) to the new prioritized buzzer and reminder sound and the crucial mandates of the milieu in which it was carried out
scheme. Table 4 summarizes these evaluation results. are, in fact, illustrative of this point and of the challenges of getting
new, empiricaly informed auditory designs into actual use in crit-

Questionnaire evaluations of implemented auditory display
Utility of auditory display features
[scale: 1 (low) to 7 (high)]

mean rating  s.d. s.e.
pending alert reminder sound 5.31 1.66 0.083
status change sound 5.25 1.74 0.085
toggle for old and new sounds 4.25 1.88 0.940
prioritized sounds 3.85 1.69 0.085

Preferred auditory support for operational task
[scale: -3 (old system) to O (neutral) to 3 (new system)]

mean rating  s.d. s.e.
status change sound 0.02 1.32 0.066
alert queue sounds -0.03 1.66 0.083

Table 4: Participant ratings of revised auditory display features
and preferred auditory support schemes, showing the mean rating,

ical operational settings. As a result, it is a significant advance to
place an alternative into operation, and for corresponding reasons,
small incremental changes are often the best that can be achieved
in this type of applied research and development.

In summary, the purpose of this paper has been to review the
considerable process involved in the design and implementation
of a multipurpose, urgency-encoded, audio alerting scheme in the
restricted context of a legacy Navy decision support workdesk.
Working within the limits imposed by the existing system’s hard-
ware, and drawing on the previous research of [5], [7], [8], and
[10], this effort has shown that it is possible to design and pre-
dictably encode recognizably different levels of urgency in other-
wise parametrically static alert sounds using only combined ma-
nipulations of time-based acoustic parameters. In addition, the ef-
fort addressed as yet unresolved aspects of the perceptudl affec
and contribution of rhythm parameter manipulations and under-

the standard deviation, and the standard error of the mean for each scored the importance of considering the effect of ecological fac-
element. The ranges and meanings of the rating scales employeqors on urgency encoding in auditory alerts.

are given in square brackets.

6. CONCLUSIONS

Although the subjective opinions of participants in the final eval-
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der work request NO001404WX20835. The authors would like
to thank Vera Zaychik, Brett Breslow, Greg Trafton, Chris Corvo,
Mike Thomas, Adria Hughes, Kath Stibler, Brian McClimens, and
Farilee Mintz for their assistance.

uation regarding the new uses of sound were mixed at best, this
result was not unexpected. Indeed, the operational performance
demands that are placed upon watchstanders in modern tactical de- ) ) ) )
cision environments are extraordinary, and this fact was confirmed[1] J. A. Ballas, “Delivery of information through sound,” in G.
repeatedly in other comments made in the final evaluation’s exit in- Kramer (Ed.)Auditory Display: Sonification, Audification,
terviews. These settings are often noisy, stressful, and high-paced, ~ and Auditory InterfacesAddison Wesley, Reading, MA, pp.
and most watchstanders have numerous additional responsibilities, ~ 79-94, 1994.

some of which include the continuous monitoring of radio commu- 2]

nications. In addition, watchstanders can hear, and be confused b)J,
each other’s buzzers, and there are numerous other critical uses of
sound in shipboard environments. Given the scope of these fac-
tors, it would be unusual for any substantial change in the function [3]
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