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ESTIMATING WORKING MEMORY CAPACITY
FOR LISTS OF NONVERBAL SOUNDS

Dawei Li

Dr. Nelson Cowan, Thesis Supervisor

ABSTRACT

Working memory (WM) capacity limit has been exigaly studied in the domains
of visual and verbal stimuli. The previous studiase suggested a constant WM capacity
of typically about 3 or 4 items, based on the nungbéems in working memory
reaching a plateau after several items as thezeirgreases. We designed a series of
experiments to investigate nonverbal auditory Wiaadty. Experiment 1 and 2 used
simple tones and revealed the capacity limit ofaup tones following a 6-s retention
interval. In Experiment 3 we added timbre inforraatto the simple tones, and the
capacity estimate improved to about 2.5 soundssetnewhat lower than found
previously for items in known categories. Thisdstsupports a critical role of

categorical information for high WM performance.



Working memory (WM) refers to the cognitive progdisat involves maintenance
and manipulation of a limited amount of information a short period, usually a few
seconds (Baddeley & Hitch, 1974; Cowan, 1995). VENundamental to a lot of higher-
order cognitive functions, such as decision makiagguage processing, and planning.
For decades, researchers have been curious aledirhihof WM capacity — how much
information can be stored in WM. Although WM hagbénvestigated in great detail
using visual and verbal stimuli, WM for tones hasaived far less attention and will be
examined here. We will consider factors that dffezformance in other domains in
order to assess the capacity of a key attentiateglcomponent of WM for nonverbal
sounds, uncorrupted by various mnemonic strategies.

WM in Other Domains

WM in other domains provides an important contextvhich to formulate the
manner to examine WM for tones. Based on varioysiical and experimental
evidence, Miller (1956) proposed that people cdaep in what we call WM lists of
approximately seven items, plus or minus two. (e studies, including Miller’s, have
used a variety of terms including immediate menang short-term memory, but we will
ignore nuances possibly distinguishing these térom WM.) Miller’'s work elicited
many subsequent studies on humans’ WM capacity eStudies, however, indicated
that Miller might have overestimated WM capacitpé8ing, 1960; Luck & Vogel, 1997,
Cowan, 2001). In one experiment in Sperling’s seinivork, the participants were
briefly presented an array of 12 characters, ana westructed to write down the
characters that they could remember after the dradydisappeared. The results showed

that only about 4 characters could be written dawaaning that WM capacity might be



more restricted than that estimated by Miller.

Chunking. One reason for the higher estimate obtained #igM\1956) is that, as
he himself pointed out, people sometimes can gsewpral items from a list into a larger
meaningful unit or chunk, and remember the chustesd of the individual items. In a
straightforward illustration, although people uspiahnnot remember 9 random letters,
such aNGJILXISFH, they can easily remembdRSFBICIA, if they are able to chunk
these letters into 3 US government agencid®S-FBI, andCIA. In Sperling’s
experiments, due to the rapid and concurrent ptasen of items, one can assume it was
difficult to apply chunking, leading to a smallestienate of WM capacity. Similar results
have been obtained with the recognition of nonvdatems (e.g., Luck & Vogel, 1997).
Later we will consider how musical knowledge magwlchunking for musical sounds,
which we will discourage by selecting stimuli juidiasly.

Rehearsal. Another factor affecting WM capacity estimatespecially verbal WM,
is the strategy of rehearsal, or covertly repeaterpal items or labels in WM in order to
refresh the representations of the items in WM. &studies have shown that
phonologically similar words, such as cat, bat, avad, were more difficult to remember
than phonologically dissimilar words, a phonologgianilarity effect (Conrad & Hull,
1964), and that people could memorize fewer worndls nger length than words with
shorter length, a word length effect (Baddeley,bon, & Buchanan, 1975). These
effects at least partly reflected the use of retadan verbal WM, which is more error-
prone when the words are phonologically similar ees longer when the words are
longer. When participants are required to repesingle word, such as “the”, while

remembering the items (anticulatory suppression task), both the phonological



similarity effect and the word length effect areafty diminished or disappear entirely
(for a review see Baddeley, 1986). Because hummight be used to rehearse
nonverbal sounds (e.g., Hickock, Buchsbaum, Hunegh& Muftuler, 2003), we use
suppression to prevent that possibility (cf. Scle@dPalmer, 2007).

Sensory memory. Another factor that can enhance the estimawWwfis memory
for the physical properties of the stimuli, i.exaetly how they look or sound. Sperling
(1960) showed that exposure to the character &dhto sensory memory of most of the
array items for a short period (under 1 s), avéalétr recall if a partial report cue was
provided so that only one row of up to 4 items twbe recalled on a particular trial.
Similar indications of a rich but short-lived sensmemory for a complex array are
obtained in the auditory modality, with auditorynsery memory lasting several seconds
(e.g., Darwin, Turvey, & Crowder, 1972). In sonxperiments, items to be recalled are
followed by an interfering item in the same modailit order to overwrite sensory
memory, making it necessary that the concepts réthe sensations be recalled (e.g.,
Saults & Cowan, 2007). We adopt that strategy feraonverbal sounds.

Core WM capacity. Cowan (2001) suggested that the smaller lim8 tf 5 items
in WM is obtained under conditions in which it istipossible to use chunking, rehearsal,
or sensory memory to enhance performance. Undsetbonditions, memory may be
based on the number of conceptual items that cémeloein the focus of attention. A key
example upon which the present work is based isat@gnition memory for colored
squares, examined by Luck and Vogel (1997). Inexpeeriment they instructed the
participants to memorize a briefly-presented aokg few colored squares for several

seconds, followed by the presentation of a segorudhe array in which one square may



have changed color; in another experiment yieldinglar results, one item in the second
array was marked to indicate which square mighel@nanged. The task was to decide
whether the new square had the same color asel@ps square in that location. By this
change-detection paradigm they estimated the paatits’ visual WM capacity at about

4 items. The brief presentation of the first amagde the items difficult to chunk, and a
secondary memory load of two digits further disemed rehearsal. Sensory memory
presumably could not be used to great advantalgergihasmuch as the probe array
would have overwritten the critical sensory infotioa before a judgment could be made.
Given these restrictions, it is suggested thatekalts are indicative of a core WM
capacity (Cowan, 2001).

This core WM capacity has been observed also whditipants are taught pairs of
words, in which case they can recall about 3 chiird a list in the presence of
articulatory suppression, no matter whether thenk&in the list were singletons or
learned pairs (Chen & Cowan, 2009). Given the iciemable evidence for a small core
capacity for information from stimuli that can abeéled, we wished to examine WM for
tonal stimuli that cannot easily be labeled.

Cowan (2001) presented a measure that can beasstirmate the number of items
held in WM. This measure applies to the experimesituation in which the test probe
display clearly indicates which item changed if afiyhem did (Rouder, Morey, Morey,
& Cowan, in press). It assumes that the arrayoe$N items and thak items fit in WM.
Then wherlN>k, the proportion of correct detections of a chamgéits, can be
estimated abits=k/N+(1-k/N)g, whereg is the rate of guessing that there has been a

change, in the absence of WM information. Guestikgs place only if the tested item



was not in WM, so when there is no charfgkse alarms= (1-k/N)g. Combining these
equations yields the estimdte(hits-false alarms)N. We apply this formula to
recognition memory for lists of tones.

WM for Tones

In contrast to the extensively investigated domaifvisual and verbal WM, few
studies have investigated the capacity limit ofvesbal auditory items in WM that are
uncontaminated in that they both contain littlebadror verbalizable information, and are
difficult to visualize. It is possible that suchdiory items could be more difficult to
remember due to their pure acoustic nature, whachbe memorized only through their
sound properties, instead of phonological, visoagemantic properties.

Some early studies on absolute judgment of toredded an upper limit of 5
different pitches. In these studies the participavre instructed to identify an individual
tone, selected from a few pre-generated tones, &signed to a response number
(Pollack, 1952; Pollack, 1953). Although it revehieconstant capacity limit for tones,
the method of absolute judgment is not a direotxnaf auditory WM because of high
task demands: the participant must retain alheffdre-generated tones along with their
assigned response numbers while perceiving théaest

A series of studies on music sequence produdtionhich the participants, usually
musicians, learned to perform several musical gigtave shown that the musicians'
pitch-ordering errors usually arose from sequeticaishave a range of 3 to 4 tones.
Pitch-ordering error refers to the musical sequéhaeis reproduced in the wrong order,
and reflects the activity level of the musical teiethe memory. The result indicated

that the “wrong” tone still had higher availabilitythe memory when it was up to 3to 4



pitches ahead of the current sequence locatios. dppears to indicate a constant
capacity constraint in WM for musical sequencesaker& Palmer, 2000; Palmer, 2005;
Palmer & Pfordresher, 2003).

The use of melodies involves two levels of struetinat could assist performance,
similar to the chunking processes that we haveudssd (Davies, 1979). Musical
sequences are composed of scales of discreterplationships, or intervals. Western
music is based on the 12-tone chromatic scale wdlégmperment which repeats every
octave, when the frequency is doubled. Furthertmasodies in Western music use only
seven-interval subsets of the chromatic scalecddia&tonic scales (Burns & Ward, 1982).
People can use familiarity with these scales tmdadhe melodic contour of a musical
sequence, grouping or chunking intervals to achmteer memory of musical sequences
compared to random tone sequences (Dewar, Cuddg&hdrt, 1977; Idson & Massaro,
1976).

Capacity for listsof tones. There has been little research in which the rermob
tones in a sequence has been varied in orderéssati®e effect of that manipulation on
the ability to detect a change in one tone. WatBonle, and Kidd (1990) varied the
number of component tones widely. They chose tonasnanner that eliminated
conventional musical cues, dividing the frequeraryge 300-3kHz intdl tones based on
logarithmically equal intervals, wheMewas the list length, and shuffling the order & th
resulting tones. Clearly, the number of tones naadery large difference for
performance, though no estimate of the WM capdoityones could be obtained from
their procedure. Note that, using this method nilvaber of tones in the list is

confounded with the frequency difference betwegacasht tones.



Kidd and Watson (1992) found that what was impuarteas not the number of tones
per se but the proportion of the tone list takerbbyphe target tone. In their procedure,
however, participants were held responsible foy amle tone per series, the one in the
middle of the pattern (or in one experiment, twoe® flanking the middle tone and
changing together), which would not place a load\ivi commensurate with the list
length.

In the closest precursor to the present studyieatould find, Prosser (1995) chose
14 tones that were selected to avoid a musicaé soad presented lists of 2, 4, or 6
randomly-selected tones per trial. The list wdo¥eed by a tone probe to be judged
present or absent from the sequence. To evalbatesults, we apply the formula of
Cowan (2001) to the means shown in Prosser’s Figuf@oing so using data for a short
(1-s) retention interval, for lists of 2, 4, andofesk=1.5, 2.2, and 2.9 tones in WM,
respectively. These estimates are roughly comgisteh past evidence on non-tonal
stimuli, or are slightly lower. The shift acrosst lengths is found also for visual arrays
and may occur because certain individuals havepaaiy higher tham, resulting in
ceiling effects that limit the estimates for theadler set sizes.

Capacity, attention, and time. Cowan (2001) suggested that a limited number of
items comprising the core contents of WM is helthia focus of attention. The primary
function of holding information that way would k@rmake the item representations
resistant to interference or decay. In that regaid useful to examine the items in WM
after a several-second retention interval, sofgetures and items susceptible to decay
already would have decayed, and what remains igeines held firmly in mind. Cowan

et al. (in press) presented a combination of cdleiares and spoken letters followed



by a mask and then an 8-s retention interval, &ed that period still observed a capacity
of 2.9 to 3.6 items.

Capacity might be lower, however, for tonal stintbkt do not correspond to known
musical categories. Prosser (1995) included aefestion interval and, for lists of 2, 4,
and 6 tones, we estimate from his Figure 1 kkat5, 1.7, and 1.7 items, respectively.

The present study. We wished to explore further these rough esesat tones in
WM, derived from the findings of Prosser (1995adbng retention interval, more
systematically in order to understand WM capadityts. We adapted the change-
detection procedure by presenting sequences of téolowed by a probe tone or probe
tone list to be recognized as the same as thenatilist or changed (see Figure 1). To
identify the WM capacity limit for individual tonesithout any available musical
structure, we used lists of tones randomly seleftted a nonmusical scale of 12 pitches
that differ from notes of the chromatic scale apdnsseveral octaves. We used a
retention interval of 6 s (following a list-finalasking stimulus), which is long enough
that any residual sensory memory that somehow\geahthe mask should already have
decayed before the probe (see Darwin et al., 19§&)ing behind information that is
protected from decay. We included only individualghout special music training,
defined as participation in a band or orchestrawosic instruction at a college level.

Several features distinguish our study from the pask of Prosser (1995) or any
other study to our knowledge. First, as one steglitninate sensory memory
information, as mentioned we presented a maskingdafter each list. There is a long
history of auditory backward masking of recognitising interstimulus target-mask

intervals of a fraction of a second (e.g., Massa8d5) but our purpose here was not to



prevent recognition. Rather, similar to Saults @agvan (2007), we waited long enough
for recognition of all tones in the list to be cdetpd and then presented a mask, in order
to force participants to rely on the recognizedraas information in WM rather than a
sensory memory trace, which otherwise might havsigted for several seconds (Cowan,
1984; Darwin et al., 1972).

Second, unlike most prior studies, in some conditive suppressed articulation in
case participants were able to vocalize tones tgwaand rely on that process as subvocal
rehearsal.  Third, to equate the amount of indaetinterference in memory, we
included conditions in which the number of toneg/setl the same across different
memory loads, which was accomplished by preseititognes and requiring
memorization starting at a variable point in theldhe of the list (Figure 1).

Fourth, and finally, we provided visual cues toiagade which serial position in the
tone series was being probed. We did this becauisedquired for thé& measure of
items in working memory, which is based on the aggion that the participant has to
search only the memory of one item. This meastitemms in working memory has been
psychometrically validated much more fully than atlyer measure; the data conform to
a receiver operating characteristic function expeetccording to the model (Rouder et
al., 2008, in press).

All of these precautions, taken together, shodlmals to examine WM capacity

for abstract information about tones without ang-l@arned categories for the tones.



Experiment 1

Method

Participants. Twenty-seven undergraduate students (12 male,nhélég
participated in the experiment to fulfill introdecy psychology course requirements.

Apparatus and stimuli. The stimuli were presented with E-Prime (Schneider
Eschman, & Zuccolotto, 2002) on 17-inch color morstin soundproof booths. Twelve
simple tones (sine waves) were generated by Poftatase (Boersma & Weenink, 2009),
with a lowest frequency of 200 Hz and a highegjdency of 3900 Hz. There was a 31%
frequency difference between each two adjacenstdi&ch tone had a duration of 500
ms, and included 25-ms linear onset and offset samp

We wanted the pitches of our 12 tones to be agdart as possible, so they would be
easy to discriminate, but still within a range wsimilar difference limens for frequency
change, which increases sharply beyond 4000 Hz &Sdkore, 1995). We also wanted
them to differ from familiar musical notes. Thusy dowest tone was about 35 cents
above the G below middle C (G3) while our highesietwas about 23 cents below B7,
the second highest note on an 88-key piano (106 eehsemitone ). A 31% difference
between tones avoids familiar musical intervals laaehonic relationships between
tones. Adjacent semitones in music differ by ati8 (precisely 29 in twelve-tone
equal temperament, the common tuning system fortéifesnusic (Burns & Ward, 1982).

Although our stimuli spanned about 4 octaves, me io our set had a simple harmonic

10



relationship with another tone. For example, trerd harmonic of 200 Hz is 800 Hz,
but the closest frequency to that in our set wds&/Az. Avoiding octaves minimizes the
tendency to confuse two tones with different piteight but equal chroma, based on
octave generalization (Shepard, 1982).

Six circles were presented in the center of theestion a gray background, as shown
in Figure 1. The participants were seated approba@ip®0 cm from the screen. The
sounds were presented through two speakers (léftigint) in front of the participants,
and fell between 60 and 70 dB as measured by aldeual meter.

Procedure. On each trial, participants had to try to rementhe3, 4, 5, or 6 tones
and then perform a recognition task. At the beigipiof each trial, a “+"appeared on the
center of the screen for 1000 ms, which indicatedanset of a trial and provided a
fixation point for the participant. Next, six cied were presented in the center of the
screen as shown in Figure 1. Six auditory tondecte from the twelve simple tones
that we created before the experiment, were semligmiresented through the
loudspeakers, each lasting for 500 ms with a 25@ilast interval between tones. A
printed character (*, & $, @, #, %, or ->) accomigd each tone, and the characters
were presented sequentially, with each charactenénof the circles, always starting
from the circle at the top. The character disapgtas soon as its corresponding tone
ended. The participants were instructed to stanerabering tones starting with the one
accompanied by a forward arrow (->) and continwingl the end of the series. They
were also instructed to ignore the characters éxoegphe forward arrow (->).The
position of the forward arrow (->) was manipulasedth that the memory load was set to

include five levels: 2, 3, 4, 5, and 6 tones. Ttieeocharacters were randomly arranged,
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and there was no constant association betweermcyartcharacters and particular tones.

Two additional types of trials were included in #geriment, and were the same as
the other conditions except that the participaetsth only 2 or 4 tones and saw 2 or 4
characters, respectively, during the encoding phEse characters were presented
sequentially each in one circle, starting fromdhrele on the top, and the first character
was always a forward arrow (->). We included thedeitional conditions to estimate to
what extent the different stimulus presentationhoés would affect the participants’
performance. In the following text we will denoteese trials as “presentation method 2”
(PM2), and the other trials as “presentation methio@PM1).

A masking tone, which was produced by simultanemmsbination of the twelve
different possible stimulus tones, was presente8@ ms after the last one of the six
tones, in the same temporal rhythm as these ttmesiminate sensory memory. After a
6000-ms retention interval, a probe tone was pteseaccompanied by a “?” symbol in
one of the circles corresponding to a tone thatted® remembered. The participants
were to decide whether the probe tone corresportditige “?” location was the same as
the one at that location during encoding, or wieidint. If the tone was different, it did
not match any of the tones in the presented senekthe participants were made aware
of that. In half of the trials, the correct answauld be “same”, and in the other half of
the trials, the correct answer would be *differefithe participants were instructed to
press “s” for “same” and “d” for “different”, andhéy had unlimited time to respond.
Feedback that lasted for 500 ms was provided #feeparticipant made a response. A
blank period with a dot in the center of the scrieested for 1000 ms before the next trial

started.
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The trials were allocated into 10 blocks. Each bloantained 4 trials for each
condition, adding up to 28 trials per block. Eagal tasted for 16 seconds, and the
experiment lasted for 1.5 hours.

In half of the blocks, the participants were insted to whisper “the” twice a second
during the encoding and maintenance phases (“wihispssions); in the other half of the
sessions, they were instructed to tap the rightirfthger on the table twice a second
during these phases (“tap” sessions). The “whisped’ “tap” sessions were arranged in a
counterbalanced manner within the participant (gewahisper-tap-tap-whisper-whisper-
tap-tap-whisper-whisper-tap).

Before the experiment, the participant was trateewhisper “the” and tap his or her
finger, each for 1 minute. During the practiceyéhwas a beep every second to help the
participants keep the pace. The participants asfmpned two practice memory blocks,
each consisting of 7 trials (1 trial per conditiohe first practice session was a “whisper”
block, and the second practice was a “tap” block.

Resultsand Discussion

A two-way repeated measure ANOVA of PM1 resporseigcy with the set size of
tones to be remembered (2, 3, 4, 5, or 6) anduation condition (“whisper” and “tap”)
as within-participant factors revealed significardin effects of set size, F(4, 104) =
16.57, p < 0.01, and articulation, F(1, 26) = 488, 0.05. The interaction between set
size and articulation was not significant, F(4, 184..27, p = 0.29 (see Figure 2, top left).
The main effect of articulation suggested that a¢ipg a simple word could interrupt
rehearsal of tones, replicating the results of iprevywork (Schendel & Palmer, 2007).

For each set size, we calculated the participaiitd’ capacity using Cowanls

13



formula as noted above. The results are showngar€i2 (bottom left). The highest
capacity estimate (mean = 95% within-subject canfizk interval) was 2.01 £ 0.42 tones
at Set Size 6, lower than those estimated in siwipleal or verbal WM tasks (Luck &
Vogel, 1997; Chen & Cowan, 2008), while similathe capacity limit found in the
previous studies on memory for tone sequences$eroE995).

To investigate the influence of the different stlos presentation methods, we used
only the accuracy rate data of set size 2 and 4dilt presentation methods, and
conducted a two-way repeated measure ANOVA wittsizet (2 and 4) and presentation
method (PM1 and PM2) as within-participant factditse results revealed significant
main effects of set size, F(1, 26) = 30.77, p 40ahd presentation method, F(1,26) =
6.85, p<0.05. The interaction was not signific&tt,, 26) = 0.95, p = 0.34. The main
effect of presentation method suggested that pgmgfermed slightly better when they
memorized all the stimuli that they heard, instehstarting to remember from a specific
stimulus. However, thk value estimates for PM2 were still low, with 140.34 at Set
Size 2 and 1.56 + 0.63 at Set Size 4, compared®&h + 0.35 at Set Size 2 and 1.40 £
0.66 at Set Size 4 for PM1. The results indicaé thanging the presentation method

would not induce much improvement in termkeflue estimates.

Experiment 2
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The estimated auditory WM capacity in Experimemtals much lower than the
measured visual or verbal WM capacity in previduslies, even in the presence of a
long retention interval (Cowan et al., in press).

An early study on short term memory for tone Ifstsnd better accuracy rates when
the context tones were also presented togetherthétprobe tone, compared with the
single-tone probe (Dewar et al., 1979). The autbaggested that higher-order
information, such as relational or pattern inforimat aided in the WM performance. In
the second experiment, to examine this, we usetuthist probe to test this hypothesis.
Method

Participants. Twenty-four undergraduate students (7 male anigrhale)
participated in the experiment to fulfill the inthactory psychology course requirements.

Apparatusand Stimuli. The apparatus and stimuli were the same as thossee
in Experiment 1.

Procedure. The procedure was similar to that of Experimerextept for one
difference during the test phase. Instead of pteggonly one test tone and a question
mark, in the present experiment a list of tones prasented during the test. The number
of the tones during the test was the same as tmbeof tones that the participants were
supposed to remember. The same number of charastezsalso presented sequentially
each in one of the circles, starting from the eintlarked with the -> during the stimuli
presentation. One of the characters was a queasidok (“?”). The participants were
instructed to decide whether the test tone corredipg to the “?” was the same as the

tone at the same specific location during stimplesentation, or whether it was
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different from any of the tones that they remembere
Results and Discussion

For the trials of PM1, the same two-way repeatedsure ANOVA was conducted
and revealed significant main effects of set $t£é, 92) = 18.24, p < 0.01, and
articulation condition, F(1, 23) = 12.74, p < 0.0he interaction between set size and
articulation was not significant, F(4, 92) = 1.9% 0.18 (Figure 2, top middle). We
again calculated thevalue for each set size. The highestlue was 1.58 + 0.41 tones at
set size 6, even lower than the highegalue in Experiment 1 (Figure 2, bottom middle).

We combined the data from Experiment 1 and 2 andwcted a three-way ANOVA
with accuracy rates as the dependent variablawb@xperiment groups as between-
participant factor, and set size and articulationdition as within-participant factors.
The results revealed significant main effects ofssse, F(4, 196) = 33.52, p < 0.01, and
articulation, F(1, 49) = 16.23, p<0.01. Howevekg thain effect of experiment did not
reach significance, F(1,49) = 1.39, p = 0.24. Tieraction effects were not significant
either.

A similar analysis was conducted to investigagegresentation method effect as we
did in Experiment 1. We again found significant maffects of set size, F(1, 23) = 29.28,
p < 0.01, and presentation method, F(1, 23) = p510.05. The interaction effect was
not significant, F(1, 23)=0.005, p = 0.94. Thealue estimates were 1.18 + 0.26 (set size
2) and 1.53 + 0.44 (set size 4) for PM2, compargld ©04 + 0.28 and 1.27 + 0.52 for
PML1. The minor improvement again suggested thatlifferent presentation methods
were not the reason for the low performance irtéhe WM tasks.

It was obvious that presenting the tone list iadtef a single tone did not improve
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people’s performance in the simple-tone WM tasle @lscrepancy between our
experiments and the Dewar et al (1979) study walsglnly due to the more familiar
musical stimuli that they used. They found thabgggtion memory was more accurate
under full-context conditions than under no-contditions even for sequences of
random tones. However, their random-tone sequemessalways selected from 12

tones of a chromatic scale, compared to musicalesexgs selected from 7 notes in the
same octave of a major scale. Note that even tidora (atonal) sequences used by
Dewar et al. (1979) included a majority of intess&lom a major scale, so that sequences
still might be encoded as melodies with some ‘wiarnges. Certainly the tones of a
chromatic scale include far more musical and famihtervals than our tones, with
frequencies that span nearly four octaves and nmatbsut any consistent relationship
between height and chroma (Shepard, 1984). For geathe first five of our stimuli are
closest to the musical notes G3, C4, F4, A4, DH) witervals that differ, on average, by
40 cents from any musical intervals. In that lighis not surprising that context made so
little difference to memory for our thoroughly nounsical stimuli. Based on these results,
the single tone probe should be appropriate ferghidy, so we continued with the single

tone probe in Experiment 3.

Experiment 3
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The results in Experiments 1 and 2 were discrefpant the previously observed
higher capacity to maintain simple visual and veiteans in WM (e.g., Cowan, 2001).
However, some previous studies also revealed velgtiow capacity estimates, for
example when people were instructed to memorizicetypes of stimuli. When the
items were complex, fewer items could be memorigainplex item sets have included,
for example, irregular shapes, faces, and novebchers (Alvarez & Cavanagh, 2004;
Jha & McCarthy, 2000). However, our tones wereaoohplex and were quite dissimilar
from one another in frequency.

Some researchers have raised the possibility #tagorical information is critical
for high WM performance. Using visual items thateveasy to distinguish but lacked
categorical information, Olsson and Poom (2005¢aésd visual WM capacity as low as
only one item. After adding categorical informattorthe stimulus set, including discrete
colors and shapes, the estimated visual WM capamdtgased to slightly below three.
The authors concluded that categorical informasimned in long-term memory was
crucial to visual WM performance.

In the domain of absolute judgment for tones, &ilfound improved performance
when the “dimensionality” of the tones increasedll@k, 1953). When the tones had
only one dimension (frequency), the participantsidadentify about 5 tones. When the
tones included two dimensions (frequency and sdewel), the same participants could
identify more than 8 tones. This result suggesasttie same outcome as revealed by
Olsson and Poom’s work might also apply to WM faords.

Considering the above evidence, we hypothesizadhle low performance in
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Experiments 1 and 2 could be due to the lack &gmatcal information in our stimuli set.
The tones could only be distinguished by theiregtght frequencies, in contrast to such
stimuli as auditory letters and colored squareschvare defined by phonological or
discrete color categories besides pure acoustitsoal information. Therefore, in
Experiment 3, we included both frequency and qudifferences in our stimuli, so that
the new stimulus items would have more categoidalmation than the one used in
Experiments 1 and 2.
Method

Participants. Twenty-four undergraduate students (6 male, 1&fenparticipated
in the experiment to fulfill the introductory psyabgy course requirements.

Apparatus and stimuli. The apparatus in Experiment 3 was the same assbdtin
Experiments 1 and 2. The only difference is thatdtimuli we used in Experiment 3 had
different qualities (timbres), as well as havinffetent frequencies. (These stimuli can be

heard on the first author’'s web siketp://psychology.missouri.edu/dimgf.) We selected

twelve sounds generated with GarageBand (Apple Gupertino, California), a program
in the Macintosh Operating System, each played digtanct instrumentTrumpet
Section, Smooth Clav, Classic Rock Organ, Negril Bass, Tenor Sax, Space Harpsichord,
Grand Piano, Live Pop Horns, Aurora Bell, Pop Flute, Hollywood Strings, andClean
Electric Guitar). Then we varied the fundamental frequencies esersound files to be
the same as the frequencies that we used in Expetsi and 2, from lowest (200 Hz) to
highest (3900 Hz) in the order shown.

Procedure. The procedure was the same as Experiment 1 ettadpie used the

multidimensional sounds instead of pure tones. Aalthlly, just after the experiment,
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the participants answered a questionnaire to sphoilv many sounds they memorized
by labeling them as objects such as instrumerdeaal of by purely acoustic properties.
They also rated from 1 to 5 the extent to whiclytledied on the labels to remember the
sounds, 1 beingostly acoustic and 5 beingnostly labeled.

Results and Discussion

We conducted a similar two-way repeated measur®@¥A on PM1 accuracy with
set size (2 to 6) and articulation condition (“wes’ and “tap”) as within-participant
factors. The results (Figure 2, top right) reveagphificant main effects of set size,
F(4,92) = 13.92, p < 0.01, and articulation cormuaitiF(1,23) = 12.74, p < 0.01. The
interaction was not significant, F(4,92) = 1.5% p.27.

We calculated thk values for each set size, and found the higkeatue of 2.48 +
0.26 at set size 5 (Figure 2, bottom right). Tlapacity estimate is higher than the ones
we calculated in Experiments 1 and 2. This resu#tuditory WM conceptually replicates
the work by Olsson and Poom (2005) with visual gtirwhen discrete color and shape
information was included. Also, in contrast to thenotonic pattern found in
Experiments 1 and 2, thkevalue curve in this study peaked at Set Size Stlaer leveled
off, indicating that a capacity limit had been iteed.

Again we conducted a two-way ANOVA with set si2eafid 4) and presentation
method (PM1 and PM2) as within-participant factditse results revealed significant set
size effect, F(1, 23) = 27.34, p < 0.01, but thémnedfect of presentation method was not
significant, F(1, 23) = 0.73, p = 0.40. Tkealue estimates were 1.25 £ 0.11 (set size 2)
and 1.90 = 0.24 (set size 4) for PM2, compared Wi#8 + 0.12 and 1.75 + 0.24 for PML1.

Different presentation methods had no effect on Yévformance in this task.
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Although we wish to conclude that the capacityitiobserved in this experiment is
the limit in number of categorical acoustic iterattcan be held in WM, an alternative
explanation might be that the participants lab#étedsounds with certain instruments,
and memorized the sounds by their labels insteddeaf acoustic properties. This
possibility can be examined, however, using thesioenaires that participants
completed after the main procedure. They ratechtimeber of sounds they were able to
label, as well as the extent to which they reliadlte labels, from 1 to 5. The mean
number of sound labeled GEM) was 4.928.63. We also calculated the weighted
number of sounds for each individual as the nurtdimled multiplied by the rated
reliance on labels divided by the maximum posgiatemg. For example, an individual
who indicated that 3 sounds were labeled and bieatdliance on those labels was 4 out
of a possible 5 would receive a weighted scorex¢4/5)=2.40. The average weighted
score was 3.510:60, small compared with the maximum possible teid number (12).
Additionally, we also examined the correlation bedw the participants’ overall
accuracies and their ratings. No significant datien was found between recognition
accuracy with the number of sounds labeled, r(238;-or the weighted number, r(23)=-
.33.

One participant performed near chance. Withoait plarticipant, the maximum
capacity was 2.54 (for 5 sounds) and the correiatiwere close to zero (r=-.11 and -.10,

respectively).
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General Discussion

Many previous studies have revealed constant meoapacity of 3 or 4 items or
chunks, when people were instructed to remembtsrdissimple items, such as auditory
letters and visual colored squares (e.g., see Ca2@1i; Rouder et al., 2008). The most
important evidence is that thevalue, which represents the number of items ble@pg in
WM, increases with memory load, peaks at betweand34 items in WM (or at about 3
items after a long retention interval), and tharele off. Such pattern strongly indicates
the presence of a constant WM capacity. Howevar résearches have studied the
capacity limit in the domain of nonverbal auditagms.

In the above experiments, we investigated the aoditory WM capacity limit by
using different sets of auditory stimuli. Experinef and 2 revealed capacity estimates
of 2 items or fewer, when simple tones were useé&xperiment 3, we changed the
simple tones to sounds with different qualities &neduencies, and found an improved
capacity limit of about 2.5 items. We also obseraete-and-plateau pattern of the
value estimates in Experiment 3, similar to thevjanes studies on verbal and visual WM.

The low capacity estimates in auditory WM for slenfpnes as revealed in
Experiments 1 and 2 are consistent with the reguisme previous studies on memory
for tone sequences (Prosser, 1995). Camos andahiit2008) presented to participants
a list of rapid auditory tones differing in frequgm and instructed the participants to

evaluate the number of the tones that they heatdgAliscrepancy in terms of response
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time was found between the list of 2 and 3 toneggssting that the participants were
able to keep up to 2 simple tones in the focugteh#on.

The comparison between Experiment 3 and the puswio experiments indicated
the critical role of categorical information in WiZategorical information refers to the
knowledge stored in long-term memory that situ#ttesinput stimuli into discrete classes,
such as color, shape, phonological, or semantegoay. When timbre was included in
the stimulus set to allow categories to be forntlee estimated capacity improved to 2.5
items. Our results were in accord with Olsson apdns (2005) work, which indicated
a capacity limit of slightly below 3 when discret@or and shape information were
added into their visual stimulus set.

Both capacity estimates (that of Experiment 3 an@lsson & Poom, 2005) were
still less than the ordinary capacity limit of 349(Cowan, 2001) or about 3 after a long
delay (Cowan et al., in press). A possible reasoihfe slight discrepancy is that the
timbre information in our study was not entirelgatete, such that people could still
confuse one timbre with another. For Olsson andrPestudy, the participants needed
to memorize the conjunction of shape and color]enie short stimulus presentation
time might have prevented them from chunking thegpshand color together into an
object, leading to a lower capacity estimate.

Some previous research with relatively low WM aafies might be explained in
terms of the absence of categorical informatiore $timulus sets in these studies
included novel characters, complex shapes, fateg§Alvarez & Cavanagh, 2004; Jha &
McCarthy, 2000). It is difficult to form distinctesrepresentations of many such stimuli

in long-term memory, which was probably the reafsorihe low WM capacity in those
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studies. We suspect that the stimulus sets thdttéea constant WM capacity estimate of
3 or 4 items share a common feature, specifichfy these stimuli have clear categorical
information.

It is not the case that capacity can continuadavgpy making stimuli more and
more dissimilar from one another. Anderson, Vogetl Awh (2011) used a procedure
in which the precision of the recollection of aenit's orientation could be examined and
they found that with set sizes larger than 3 itethnsie were no further increases in the
number of items recalled and no further loss ingieeision of each item recalled.
Therefore, for maximal WM storage, the stimuli mostdissimilar enough to allow clear
categorization, but not necessarily any more digsirthan that.

In this article we discussed three studies on aadbtory WM capacity. Although
people were able to retain up to 2 simple tonesy grerformance improved when
timbres were added into the stimulus set. The @e@ecapacity was nevertheless slightly
lower than the 3 to 4 items typically found foregarical stimuli such as known
characters or colors after an extended retenti@mnval. Further research is needed to
measure core auditory WM capacity with differertss# stimuli, as well as different

degrees of involvement of categorical informatiornhe stimulus sets.
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Figure 1. Procedure Experiment 1. See text for detalils.

Stop whispering or

tapping Blank
ANK.
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# Each tone lasted for 500ms
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Figure 2.Results for Presentation Methl, in which a list of 6 tones was presented
an arrow cue indicated the first tone that wasstodmembered. Top pane
accuracy ratedottom panelsk value estimatesResults for Experiment 1, I-hand
panels; Experiment 2, middle column; ancperiment 3, righhand panels. Thie
values are from Cowan (200:The solid curve refers to the “tap” trials, and
dashed curve refers to the “whisper” trials. Etvars represents 95% repe:-
measure confidence inters (Hollands & Jarmasz, 2010).
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