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Memory for speech sounds is a key component of models of verbal working memory (WM). But how
good is verbal WM? Most investigations assess this using binary report measures to derive a fixed
number of items that can be stored. However, recent findings in visual WM have challenged such
“quantized” views by employing measures of recall precision with an analogue response scale. WM
for speech sounds might rely on both continuous and categorical storage mechanisms. Using a novel
speech matching paradigm, we measured WM recall precision for phonemes. Vowel qualities were
sampled from a formant space continuum. A probe vowel had to be adjusted to match the vowel
quality of a target on a continuous, analogue response scale. Crucially, this provided an index of the
variability of a memory representation around its true value and thus allowed us to estimate how mem-
ories were distorted from the original sounds. Memory load affected the quality of speech sound recall in
two ways. First, there was a gradual decline in recall precision with increasing number of items, con-
sistent with the view that WM representations of speech sounds become noisier with an increase in
the number of items held in memory, just as for vision. Based on multidimensional scaling (MDS),
the level of noise appeared to be reflected in distortions of the formant space. Second, as memory
load increased, there was evidence of greater clustering of participants’ responses around particular
vowels. A mixture model captured both continuous and categorical responses, demonstrating a shift
from continuous to categorical memory with increasing WM load. This suggests that direct acoustic
storage can be used for single items, but when more items must be stored, categorical representations
must be used.

Keywords: Verbal; Working memory; Speech; Precision; Continuous.

Tests of auditory/phonological working memory
(WM) typically measure recall performance for
lists of items (Baddeley, 2007). Tests of WM for
speech often use verbal stimuli such as spoken
digits (Morgan, Chambers, & Morton, 1973),
letters (Conrad, 1964; Conrad & Hull, 1964),

syllables (Gupta, Lipinski, Abbs, & Lin, 2005),
or words (Drewnowski & Murdock, 1980;
Haberlandt, Lawrence, Krohn, Bower, &
Thomas, 2005). Such measures have provided key
evidence for models of verbal WM and their
dysfunction in brain disorders, including
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developmental language conditions (e.g., Alloway
& Gathercole, 2012; Gathercole & Baddeley,
1993; Klingberg, 2008).

In these traditional methods used to measure
verbal span, performance is assessed in a purely cat-
egorical/binary fashion: An item is either recalled
correctly or not at all. This principle also applies
to a wide variety of commonly employed exper-
imental tasks, used to measure verbal WM—for
example, n-back (Sörqvist, Stenfelt, & Rönnberg,
2012), change detection (Crowder, 1981), or
delayed-match-to-sample paradigms (Fougnie &
Marois, 2011; Saults & Cowan, 2007). On the
basis of such measures of absolute judgement,
capacity limits are commonly estimated as a fixed
number of items.

Such constant capacity limits vary enormously
depending upon the type of material employed in
the task, as well as upon other experimental
design parameters. For example, some studies esti-
mated verbal WM capacity for spoken letters to be
only two or even fewer items (Fougnie & Marois,
2011; Saults & Cowan, 2007). However, even
when we fail to recall an item, it is possible that
we might still have a memory representation of it
rather than no representation at all. This represen-
tation might simply be of a lower resolution than
that for an item recalled correctly.

In the visual domain, such concerns have led to
development of measures of precision of WM that
are continuous and analogue in nature rather than
discrete and binary (Bays, Catalao, & Husain,
2009; Bays & Husain, 2008; Ma, Husain, &
Bays, 2014; Wilken &Ma, 2004). Indeed, research
using these new methods has led to the proposal
that visual WM might not be limited in capacity
to a fixed number of items but might instead be
better considered to be a highly limited resource,
one that can flexibly be allocated to objects in the
visual scene, without an upper limit to the
number of items that can be retained (Bays et al.,
2009; Bays & Husain, 2008; Fougnie, Asplund,
& Marois, 2010; Gorgoraptis, Catalao, Bays, &
Husain, 2011; Wilken & Ma, 2004; Zokaei,
Gorgoraptis, Bahrami, Bays, & Husain, 2011).

According to this resource model, if no item has
priority to be remembered, the fidelity of an

object’s representation is inversely proportional to
the number of objects stored in visual WM, with
the resource being divided between all the items
in memory (Bays et al., 2009; Bays & Husain,
2008; Gorgoraptis et al., 2011). Thus, as the
amount of information is increased, each visual
object is remembered less precisely, but crucially
without a fixed-item limit. Such an account has
been shown to describe well WM performance
for several visual object features, including colour,
orientation (Bays et al., 2009; Bays & Husain,
2008; Gorgoraptis et al., 2011) and motion
(Zokaei et al., 2011).

However, there is no a priori reason to believe that
similar principles would apply to speech sounds,
particularly since speech might be considered to be
ultimately “categorical” in terms of encoding of
information (Harnad, 1990; Holt & Lotto, 2010;
Liberman, Cooper, Shankweiler, & Studdert-
Kennedy, 1967). Phonetic categories influence the
perception of consonants (Iverson & Kuhl, 1996;
Liberman et al., 1967) and vowels (Kuhl, 1991;
Repp, 1984; Samuel, 2011). Although the role of
phonetic categories for vowels has been more con-
troversial than for consonants, the perceptual
magnet effect (Kuhl, 1991, 2004; Kuhl, Williams,
Lacerda, Stevens, & Lindblom, 1992) shows that
vowel perception is categorical for specific formant
frequencies forming category centres. Thus, it is
more difficult to discriminate any two vowels near
category centres than to discriminate similarly
spaced sounds near the category edges (Iverson &
Kuhl, 2000).

In fact, a critical question in working memory is
the extent to which items are stored in “stimulus
space”, or in a more abstract or categorical form.
Computational models of WM (Bays, 2014b;
Compte, Brunel, Goldman-Rakic, & Wang,
2000; Pascanu & Jaeger, 2011) typically use homo-
geneous arrays of neurones to maintain stimulus
representations, such that the possible represen-
tations are evenly distributed across stimulus
space, forming a “line attractor” (Burak & Fiete,
2012). This may be suitable for highly contrived
experimental domains, such as line orientation or
motion direction. However, for most real-life
stimuli, an efficient encoding strategy, such as

2 THE QUARTERLY JOURNAL OF EXPERIMENTAL PSYCHOLOGY, 2015

JOSEPH ET AL.

D
ow

nl
oa

de
d 

by
 [

R
ad

cl
if

fe
 I

nf
ir

m
ar

y]
 a

t 0
5:

31
 2

7 
Ju

ly
 2

01
5 



categorical encoding, is likely to be employed
before WM storage. Even in the special “continu-
ous” domains previously used, colour categories
and horizontal/vertical lines may enjoy privileged
or categorical representation. In such cases, point
attractors, or some more complex circuit structure,
may be more appropriate (Amit & Brunel, 1995;
Molter, Salihoglu, & Bersini, 2007).

Under some circumstances, we can remember the
sensory properties of stimuli, but under other cir-
cumstances, an abstracted, categorical represen-
tation is recalled (Massaro & Cohen, 1983; Pisoni,
1973). A key question is then under what circum-
stances do we remember by categories, as opposed
to along a sensory continuum. The domain of
speech sounds allows us to probe this directly, as a
speech sound can be remembered both acoustically
and also by its identity as a vowel (Schouten,
Gerrits, & van Hessen, 2003). We assessed this by
measuring the fidelity—or precision—of memory
representation for phonemes. A novel response
method was designed, which operates in analogue
fashion, over a continuous scale. This allowed us
to measure the variability of verbal recall around its
actual stimulus value (speech sound), as well as to
identify whether responses were biased by categori-
cal representations.

Previous studies have used continua to test for
perceptual discrimination between phoneme pairs
(Fry, Abramson, Eimas, & Liberman, 1962;
Gerrits & Schouten, 2004; Macmillan, Goldberg,
& Braida, 1988; Pisoni, 1973; Pisoni & Tash,
1974; Schouten & van Hessen, 1992). In these
experiments, speech sound continua typically con-
sisted of a fixed set of stimuli. For example, Fry
et al. (1962) synthesized 13 stimuli by dividing
the space between three vowels (/I/, /ε/, /æ/).
Similarly, Schouten and van Hessen (1992) used
natural sound recordings to generate spectral inter-
polations between a set of three vowels (embedded
in a context of consonants) or stop consonants only.
Thus, stimulus material was limited (a) to a rather
narrow stimulus range and (b) its underlying acous-
tic dimension. In the above studies, however, the
response method was again binary.

In contrast, other studies manipulated acoustics
and used a much larger stimulus range (spanning

the entire F1/F2-space) in combination with a con-
tinuous response method to perceptually map
vowels in a multidimensional vowel space (Evans
& Iverson, 2004; Iverson & Evans, 2007; Iverson,
Smith, & Evans, 2006). In the current study, we
synthesized speech sounds in a similar fashion
and used an adopted response method (unidimen-
sional path) but now to measure speech sound recall
for vowels.

We studied isolated vowels rather than vowels
with consonants. Both types of phonemes are per-
ceptually distinct, but vowels are usually perceived
as more continuous than consonants (Fry et al.,
1962; Schouten & van Hessen, 1992). It has also
been proposed that they are represented differently
in memory, as consonants decay faster than vowels
(Pisoni, 1973; Pisoni & Tash, 1974). Schouten and
van Hessen (1992) claim that there are two differ-
ent types of memory stores associated with either
type of phoneme. Additionally, there is neuroima-
ging evidence that vowels and consonants might be
processed in distinct neural systems (Caramazza,
Chialant, Capasso, & Miceli, 2000). Based on
these findings, as well as aiming for a continuous
sampling and response method, we designed a
paradigm focused on WM of speech sounds for
vowels only.

Variable length sequences of phonemes were
used, with each phoneme composed of a vowel
sound sampled from a continuous scale (based on
the formant frequency, F1/F2, space) and always
paired with the same consonant /d/. A participant’s
memory for one of the phonemes in the sequence
was tested, where the target was indicated by its
serial order position. The same continuous scale
used to create stimuli also served as a vector along
which the sound of a probe vowel could be adjusted
by participants.

Importantly, this response method allows us to
record a continuous rather than a binary response,
where the probe is adjusted to match the vowel
sound of the actual target value. The deviation
between the target and response made by the
subject provides a simple measure of response
error, from which memory precision is calculated
as the inverse of the error’s standard deviation.
This novel phoneme-matching paradigm provides
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an index of the quality or fidelity of phonological
memory representations.

We investigated how WM precision varies with
memory load (number of phonemes within a
sequence) and serial order (phoneme position
within a sequence). In addition, we applied multi-
dimensional scaling (MDS) to our results to map
responses made by participants back onto the con-
tinuous vowel space. Furthermore, a probabilistic
model was applied that has previously been used
to model data from visual WM (Bays et al., 2009;
Fougnie et al., 2010; Gorgoraptis et al., 2011;
Zhang & Luck, 2008) to investigate sources of
response error: the extent to which these are
related to increased variability in response around
the probed item (continuous response), or the pro-
portion of responding to a vowel category, as well
as random guessing.

EXPERIMENTAL STUDY

Method

Participants
Twenty-one native English speakers with normal
hearing and no musical training (10 female, mean
age: 25 years) participated in the experiment after
providing written informed consent approved by
the local ethics committee.

Stimuli and apparatus
Stimuli consisted of vowel–consonant (VC) sylla-
bles, composed of a vowel and the consonant /d/.
Vowel qualities were sampled at random from a cir-
cular one-dimensional (1D) acoustic space. This
stimulus continuum was constructed based on the
formant frequency (F1–F2) space for vowels of
Southern British English (see Figure 1). The
figure depicts average values of the 1st and 2nd
formant frequencies for a group of speakers of the
given accent. Thus any vowel sound drawn from
any location of the space depicted can be described
by two formant frequencies.

Using Klatt and Klatt (1990) synthesis, a circu-
lar path was overlaid on the diagram, and stimuli
were synthesized along this dimension; Iverson,

Smith, and Evans (2006) used a similar method
for speech sound synthesis (except for the /h/).
The total set of 360 stimuli was generated to
form a 360-step continuum. This method allowed
us to construct a continuous “vowel stimulus
space”, which served as a 1D acoustic dimension
from which stimuli were selected. At the same
time this space also served as a dimension along
which subjects could make a response. This was
particularly of interest and allowed us to use the
method of adjustment, where participants searched
through this continuous vowel space to make a
response to specific target vowels.

Stimuli were presented using Cogent (2000) via
Matlab 6.5 (Mathworks Inc.) at a sampling rate of
44.1 kHz. Sounds were delivered binaurally
through headphones (Sennheiser HD 380 pro) in
a soundproof testing room. The stimulus duration
was 300 ms, followed by an interstimulus interval
(ISI) of the same length. Next, an auditory mask
was presented, which was generated using signal
processing in Praat (Boersma & Weenink, 2014)
by layering all 360 stimuli. The amplitude of the
mask was adjusted and approximated the intensity
of memoranda (speech sound stimuli). Each mask

Figure 1. Formant frequency and vowel stimulus space. F1–F2

space for vowels of Southern British English, showing average

values of both formant frequencies for a group of speakers of the

given accent. The circle forms the “vowel stimulus space”, which

served as a sampling and matching dimension.
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was followed by another ISI of 300 ms in length.
The mask was added in order to prevent the
memory strategy of chunking (e.g., connecting
multiple syllables to form words; Miller, 1956)
and to ensure that subjects stored each syllable as
a single unit.

The beginning of each trial was indicated by text
appearing on screen, followed by a further visual
message, indicating the number of speech sounds
to be memorized (e.g., “Memorize 4”). There was
a minimum separation/distance of 10 steps
(degrees) between any two speech sounds in the
sequence.

The vowel quality of the probe sound was ran-
domly selected from the same circular sampling
dimension. The probe was played as a continuous
sound stream, where the playback of each individ-
ual speech sound was looped. Participants could
make a response by adjusting a dial (PowerMate,
Griffin Technology): In this way, the participant

was able to update the vowel quality of the probe
in real time in order to approximate the vowel
quality of the target by dialling through the vowel
stimulus space.

Design and procedure
In order to familiarize participants with the task
and to reach a stable performance level, each par-
ticipant completed two training blocks of 50 trials
each. Participants were not specifically instructed
to perceive stimuli as vowels. On each trial, subjects
memorized a single speech sound, which was fol-
lowed by a mask (Figure 2A). Their memory
recall for this particular syllable was then probed.
A randomly selected probe syllable was played as
a continuous sound stream, where the playback of
this particular speech sound was looped. The
vowel quality of the probe sound was then adjusted
by the participant to match the speech sound
probed using the dial.

Figure 2. Experimental paradigm. (A) Sample sequence for training: A message appeared on screen indicating that subjects would have to

memorize a single phoneme. Next a randomly sampled single phoneme (e.g., vowel quality at 3° and consonant “d”) was played. This

phoneme was followed by a mask. Next, participants were instructed to perform the vowel matching. A final randomly sampled probe

phoneme was presented in repetition forming a continuous sound stream (e.g., starting at vowel quality 120° and consonant “d”). The

probe had to be adjusted to match the vowel quality of the previous phoneme. (B) Sample sequence for main experiment: A message

appeared on screen indicating the number of phonemes to be memorized. Next, subjects were presented with a sequence of phonemes (e.g.,

Phoneme 1: vowel quality 3° and consonant “d”; and Phoneme 2: vowel quality 120° and consonant “d”). Each phoneme was followed by

a mask. After the memoranda were presented, the instruction to match was presented also indicating the target number (here: second

phoneme). A randomly selected probe phoneme was then played, which had to be adjusted to match the vowel quality of the target (2nd

phoneme).
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In this manner, participants searched through
the circular 1D vowel stimulus space (see
Figure 1) to find the vowel quality that matched
the target speech sound best. Once they were
certain of their selection, they made a button
press to confirm that this particular speech sound
resembled the one held in memory best. They
were required to perform the matching task
within a maximum response window of 25 s. The
start of the next trial was initiated either by
making a button press to indicate response selection
or when 25 s elapsed.

Upon completion of the training blocks, partici-
pants continued with the main experiment, which
consisted of six blocks of 48 trials each with equal
number of trials per memory load (16 trials per
block per memory load). Within each block,
trials selected from different memory loads were
randomly interleaved. On each trial, they listened
to a sequence of speech sounds of variable length,
containing 1, 2, or 4 syllables (Figure 2B). Prior
to the start of each sequence, participants received
a visual cue indicating how many items to expect.
If the cue read as “Memorize: 2”, the cue would
be followed by two speech sounds separated by
masks. Thus, the cue always correctly indicated
how many items one had to encode in memory
on each trial.

Each speech sound within any given sequence
was followed by a mask (i.e., for a sequence of
memory load 2 the order of events was as follows:
1st speech sound, 1st mask, 2nd speech sound,
2nd mask). At the end of each sequence, recall of
one of the speech sounds was probed, indicated
by a number on the screen—for example, 2 for
second speech sound. A randomly selected probe
sound was then played in the same way as described
for the training blocks. The vowel quality of the
probe sound was then adjusted to match the
speech sound probed, as above. Again, subjects
were required to perform the matching within 25 s.

Upon completion of the experiment, many par-
ticipants reported that they used a memory strategy
to perform the task, imagining words of which the
vowels were part of. The use of this strategy
suggests that the vowel stimuli used here were per-
ceived as speech sounds.

Data analysis
First, it was of interest to understand how precisely
information about speech sounds could be recalled.
Recall precision was derived from the measure of
response error in the following way. As the par-
ameter space for speech sounds was circular, the
angular deviation between the vowel quality of the
target sound and the response made by the
subject was calculated to obtain a measure of error
(ε, in radians) on each trial,

1 = wrap (VT− VM)

where “VM” is the measured or matched vowel
quality (i.e., response given by the subject) and
“VT” is the actual vowel quality of the target. The
MATLAB wrap function (Bays, 2014a) was used
to ensure that the measure of error remained in
the given stimulus range.

Mean scores of the absolute response error (in
radians) were obtained for each memory load and
serial position. Recall precision was calculated as
the reciprocal of the circular standard deviation
(Fisher, 1993) of response error, just as in visual
experiments (e.g., Bays et al., 2009; Gorgoraptis
et al., 2011). It was calculated separately for each
subject, memory load, and serial position.

Each subject listened to a varying number of
speech sounds, presented in a sequence (memory
load: 1, 2, or 4 sounds), and each speech sound
appeared at a different serial position (e.g.,
memory load 1 has serial position 1, and memory
load 2 has serial positions 1 and 2, etc.). As the dis-
tribution of precision values across the group was
positively skewed, a log transform was applied to
precision values.

For statistical analysis, precision values were
subjected to multilevel modelling (Aarts, Verhage,
Veenvliet, Dolan, & van der Sluis, 2014; Laird
& Ware, 1982). Unadjusted and adjusted multile-
vel models were fitted, allowing repeated
measurements from individuals at different serial
positions with different memory loads to be
taken into account (Laird & Ware, 1982). Tests
were performed in Stata 13.1 software
(StataCorp LP, College Station, Texas), and all
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p, .05 were considered significant, using two-
tailed tests.

Estimating level of chance performance. It was of
interest to calculate the level of chance perform-
ance so that response error could be tested
against chance. The level of chance performance
was computed by means of a permutation test,
which was carried out in the following way.
First, each participant’s actual response values
were randomized. Next, the distance between a
given randomized response and its corresponding
target value was calculated for each trial. This
analysis was run over 1000 iterations per partici-
pant. The values from all iterations were aver-
aged. On this basis we derived an individual
chance threshold for each participant. Finally,
the mean of all individual chance thresholds was
taken to obtain an overall level of chance per-
formance (absolute response error= 2.72 rad).
This method has the following advantage: The
measure of chance performance is based on each
individual subject’s response distribution rather
than on a uniform distribution. Task performance
(response error) was tested against chance, using a
one-sample t-test.

Multidimensional scaling analysis. In order to relate
speech sound representations held in WM to
actual British vowels, we applied multidimensional
scaling (MDS) to our data. In brief, this allowed
responses made by participants to be mapped
back onto our vowel stimulus space and determi-
nation of how memory load and the phonetic rep-
resentations of the listeners may shrink and stretch
perceptual distances between stimuli (e.g., Iverson
et al., 2008; Iverson & Kuhl, 2000; Iverson et al.,
2003).

MDS helps to determine where clusters emerge
in speech sounds along the response space. To put
this in the context of the current study, the vowel
space consists of a circular path crossing the
formant frequency (F1–F2) space in different
regions, where some regions correspond to prototy-
pical vowels (here: categories/good examples of
average British English), whereas others represent
regions between them. Since targets are sampled

from perceptually distinct regions, does this have
an influence on how participants hold such
speech sounds in mind and ultimately make a
response? For example, stimuli, which represent
prototypical English vowels, may be remembered
better and also lead neighbouring vowels to be rep-
resented in WM as more similar to each other (in a
less continuous fashion), affecting the formation of
response clusters. Thus, due to such influences
between speech sounds, the mental representation
we form of the vowel space continuum may be
distorted.

MDS can be used to geometrically model dis-
tortions of the stimulus space. Here, it is of particu-
lar interest to test whether such distortions are also
affected by memory load. MDS is a means of visua-
lizing the level of similarity between target and
response values obtained in this study. In order to
display this, a distance matrix was constructed for
target and response values. Stimulus values corre-
spond to all target values (probed item on a given
trial and memory load) presented within the
entire experiment, while response values corre-
spond to all responses made by the whole set of par-
ticipants to their relevant targets. To compute the
MDS space, the stimulus–response data (not to be
confused with response error) were sorted into 24
overlapping stimulus–response bins that each
spanned a 45° range (e.g., 0–45°, 15–60°, etc.).
Thus, a 24× 24, Stimulus × Response matrix was
constructed, where stimuli are described by actual
stimulus values (in degrees), and responses refer to
actual response values (in degrees). Such a matrix
is potentially affected by response bias (e.g., more
responses for prototypic vowels), so this was con-
trolled by applying the similarity-choice model
(e.g., Nosofsky, 1985) to calculate bias-free simi-
larity coefficient values between bins. These
values were converted to distances, much like d′′

within detection theory (e.g., Macmillan &
Creelman, 1991), by calculating the square root of
the log similarity coefficient.

Classical (metric) multidimensional scaling
(Gower, 1966) was used to plot these bin points
into a two-dimensional space for each memory
load. Given that MDS solutions are invariant
across rotation and translation, the three MDS
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plots were centred at the mean of the points and
rotated to maximize to correspondence between
plots, such that the configurations under each
memory load could be more easily compared. For
example, rotation also allowed us to ensure that
the /u/ based on the MDS solution and the under-
lying stimulus–response matrix is exactly where the
/u/ symbol is located corresponding to a specific
region of the formant frequency space.

Modelling sources of error in participants’ responses.
Scatterplots (Figure 3) show the relationship
between responses made to target stimuli. While
a large part of responses were closely scattered
along the diagonal, which can be characterized as
continuous, we also observed clustering of
responses in particular regions along the diagonal.
Clusters may form as responses are biased by categ-
orical representation. Visualizing this relationship
let us examine different sources of error contribut-
ing to memory performance. The distribution of
responses was analysed using a mixture model for
information that is both continuous and categori-
cal. The model we used here proposes that response
errors can be decomposed into three components:

1. Continuous responses directed at the vowel quality
of the target vowel. Scatterplots describing the
relationship between responses made to target
stimuli show that a large part of responses are
closely scattered along the diagonal, with

responses closely matching the target
(Figure 3). In the model, the first component
captures continuous responses made in response
to different targets, with a Gaussian distribution
centred on the vowel quality of the target (probed
item), where the target is remembered with pre-
cision σ (Figure 4A) .

2. Categorical responses directed at the target cat-
egory (the category the vowel quality of the
target falls in; Figure 4B). Scatterplots of target
versus response (Figure 3) also show clustering
of responses in particular regions along the diag-
onal. For this type of response we assume that
the acoustic representation is lost, and partici-
pants only remember the category that a speech
sound belongs to. The second component cap-
tures such categorical responses, where each cat-
egory is modelled as a “square of confusion”,
assuming that all vowels within this region
sound alike, if the continuous memory represen-
tation is lost. The categories were determined in
a data-driven manner as the best fitting category
boundaries for each subject individually.

3. Random responses (guesses) unrelated to the
target.

The third component was modelled as a uniform
distribution across the range of the entire stimulus
space. For this component we did not take priors
for the different vowels into account, as we were

Figure 3. Target–response relationship across memory load. For (A) memory load 1, (B) load 2, and (C) load 4, each figure contains the data

points of all trials obtained from the entire group of 21 participants. There is a strong correlation between the quality of target vowel and

participants’ matching responses. In addition to clustering around the diagonal (corresponding to the region around the vowel /u/), there

was also evidence of clustering of responses in particular regions along the diagonal, which might correspond to responses made to the

category a speech sound belongs to. Clusters at the top left and bottom right corner of each scatterplot, near 0o or 360o, are due to the

circular nature of the vowel space. To view this figure in colour, please visit the online version of this Journal.
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Figure 4. Probabilistic model for information that is both continuous and categorical. Response errors were decomposed into three components:

(A) Scatterplots describing the relationship between responses made to target stimuli (Figure 3) show that a large part of responses are closely

aligned along the diagonal, corresponding to matching closely the target vowel. In the model, therefore, one component captures such continuous

responses directed at the target vowel. It is described by a Gaussian normal distribution, centred on the vowel quality of the target (probed

item), where the target is remembered with precision σ. (B) A second component captures categorical responses directed at the category a

target vowel is contained in. Each category is described as a “zone of confusion”, described by a uniform distribution. Note that the

boundaries shown are given to illustrate the model, but do not correspond to actual data. Boundaries determined by the model represent the

best fit for a single participant, but may be different for another participant. A third component (not shown) captures random (guessing)

responses unrelated to any of the vowels presented in the memoranda as described by a uniform distribution. (C) Example of a single

subject’s fitted data, showing how the sum of the continuous and categorical components captures the relationship between responses made to

targets. (D) Mean proportion of responses captured by each component. While the proportion of continuous responses decreases with an

increase in memory load, categorical responses remain constant, and guessing increases. (E) Ratio of categorical to continuous responses

(second component) increases with memory load. To view this figure in colour, please visit the online version of this Journal.
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interested in capturing guesses, responses unrelated
to the target itself, or the category the target falls
into. The random response component therefore
also captures lapses, where participants may have
been unable to encode the one or more stimuli at
all.

The model is described as:

P(response|target) = aN (response− target,s)

+ b(responses 1 [bi, bi + 1]) 1

(bi + 1− bi)

+ (1− a− b) 1

2p

where P is the probability of responding to a target
based on three fitted parameters: α, β, and σ, where
α is the probability that the target is recalled per-
ceptually (continuous response); N is the normal dis-
tribution and standard deviation σ of response
error; β is the probability that the target’s category
is recalled; and bi is the position of the category
boundary immediately preceding the target (in
radians). The three category boundaries b1, b2, b3
[0, 2π] are also fitted to maximize the likelihood
of the model. (1− α− β) is the proportion of the
remaining responses, captured by the model as
random guesses. Maximum likelihood estimates
(Myung, 2003) of the each parameter were
obtained separately for each participant and
memory load using an expectation-maximization
algorithm.

We therefore obtained measures of how often
each subject relied on an acoustic representation
(alpha) and the acoustic representation’s fidelity
(sigma), and how often they relied on their categ-
orical representation (beta), under each memory
load.

Results

Effects of memory load and serial position on recall
precision
The precision with which listeners performed
phoneme matching was assessed for different
sequence length (memory loads; Figure 5A) and
all serial positions within a sequence (Figure 5B)

using multilevel modelling. Unadjusted and
adjusted multilevel models were fitted, so that
repeated measurements from individuals at differ-
ent serial positions with different memory loads
could be analysed (Laird & Ware, 1982). While
the unadjusted analysis does not treat the variables
memory load and serial order in separation, the
same variables are separated out in the adjusted
analysis. The adjusted analysis allows to partition
the variability in memory precision attributed to
each variable.

The results for the unadjusted analysis show
that log-precision declined significantly with
memory load (global p, .00001). Mean WM
precision was 18% lower for two items than for
a single item (95% CI [4, 33]). Thus there was
a significant drop in precision even when the
number of items to be maintained in WM was
increased from one to two—that is, below the

Figure 5. Precision of recall varies with total memory load and serial

order. (A) Overall mean precision by memory load. The plot shows

how precision decreases with an increase in memory load (number

of phonemes within a sequence). Error bars represent one standard

error of the mean (SEM). (B) Mean precision plotted by order in

the sequence for different memory loads, denoted by different

colours. Error bars represent one SEM. To view this figure in

colour, please visit the online version of this Journal.
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capacity limit of two items assumed previously for
auditory stimuli (Fougnie & Marois, 2011;
Golubock & Janata, 2013; Saults & Cowan,
2007). Precision was 39% lower for four items
than for one item (95% CI [25, 52]), demonstrat-
ing a further drop in memory resolution with the
addition of more items.

Secondly, there was an effect of serial position (a
speech sound’s order in a sequence) on precision of
recall (global p, .00001): It was 19% higher for
the last item in the sequence (95% CI [6, 33])
than on trials on which the first item in the
sequence was probed (Figure 5B), indicating a
recency effect. Precision was 25% lower (95% CI
[8, 41]) and 3% lower (95% CI [–11, 17]) for the
second and third items in the sequence, respect-
ively, than for the first item, indicating a primacy
effect in the sequence of four items.

The observed order effects are driven by differ-
ences in precision observed for memory load
4. The unadjusted analysis shows that both
factors—memory load and serial position—were
significantly associated with precision. Analysis of
the impact of memory load on the most recent
item in the sequence (last position) across
memory loads reveals that precision was 17%
lower (95% CI [2, 31]) at memory load 2, and
19% lower at load 4 (95% CI [5, 34]), respectively,
than at load 1 (global p= .015).

In order to assess the independent effects of
both variables (memory load and serial position)
we also performed an adjusted analysis, which was
part of our multilevel model (Laird & Ware,
1982). Here, we partitioned out the variability in
memory precision attributed to each variable. In
this model, the effect of memory load remained sig-
nificant (p= .0007; decline in precision of 26%
from load 1 to load 4; 95% CI [40, 11]). The
effect of serial position on precision (p, .0001)
and the interaction (p= .02) between load and
serial position both also remained significant.
These results demonstrate that within a given
memory load, serial position significantly influences
precision of recall.

Performance was significantly above chance for
every combination of memory load and serial
order, t(20). 2.168, p, .001, indicating that

some information was stored about every speech
sound within the sequence.

Target–response relationship
We also visualized the relationship between the
response made by the participant (in degrees) and
the vowel quality of the target (also given in
degrees in the circular 1D acoustic space we
used). In line with the finding of a decrease in pre-
cision due to an increase in variability in respond-
ing, there is more scatter from a diagonal when
memory load is increased. Clusters are formed in
specific regions of the stimulus space, where the
region affected even at the lowest memory load of
1 item corresponds to /u/ sounds.

On the one hand, memory representations
reduce in quality with an increase in load. On the
other hand, they appear to become less continuous
(more categorical) as more information has to be
retained. This suggests that as load is increased,
responses made by participants are more influenced
by representations of the discrete identities of the
speech sounds (speech categories) stored in the
mental lexicon. Further analysis is reported below
to verify this interpretation.

Multidimensional scaling analysis
MDS (see Method section) allowed us to map
responses made by participants back onto the
vowel space that we designed for the purpose of
our study (Figure 1). In this way, we determined
which regions appear as distorted due to represen-
tations becoming noisier with an increase in infor-
mation load. We could also map out the locations
along the vowel space, where any response clusters
emerge. MDS solutions for a given memory load
were computed to map memory representations
back onto the stimulus space (Figure 6). There
was an overall shrinkage of the vowel space as a
whole when memory load increased. This obser-
vation is in line with our previous results, which
revealed that memory representations become
noisier with an increase in load, where fine-
grained acoustic differences among neighbouring
vowel sounds are lost.

As also suggested by the linear regression analy-
sis, the shrinking in the MDS solutions was not
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uniform across the vowel space. When memory
load increased, there was a particularly strong
shrinking of the space around the back vowel /u/,
as well as some shrinking of the space toward the
high-front corner of the space. That is, distances
between individual points were reduced, and the
overall space collapsed toward the centre in these
regions. In contrast, areas of the vowel space that
were more dense in terms of English phonological
vowels were relatively unaffected by memory load.
MDS analyses captured the actual data well, as
there was a significant correlation between MDS
model fits and distances between targets and
responses directly derived from the data (load 1:
R2= .87; load 2: R2= .88; load 4: R2= .83).
However, although MDS is useful to further visu-
alize the relationship between targets and responses
in relation to the vowel space, it is not possible to
examine different effects of categorization and
perception independently. Thus, in order to

decompose responses into different types (e.g., con-
tinuous, categorical, and random guesses), we
applied a mixture model to our results.

Mixture model
The mixture model was employed to examine
sources of error contributing to memory performance
(see Figure 4), as previously described for visual
(Bays et al., 2009; Zhang & Luck, 2008) and audi-
tory WM (Kumar et al., 2013). However, the com-
ponents employed in the model here differ from
those in previous studies because we model in cat-
egorical responses here. As the number of speech
sounds increased within a sequence, responses
directed at the target (probed item) became increas-
ingly variable. This is indicated by a significant
decrease in the mean proportion of responses cap-
tured by the continuous response component
across memory loads (global p, .0001; decrease
in the proportion of responses of 6% from load 1
to load 2, 95% CI [13, 1]; and a decrease in the pro-
portion of responses of 18% from load 1 to load 4,
95% CI [25, 11]; see Figure 4D, purple line).

Although, there was no difference in the absol-
ute proportion of categorical responses (global
p. .05; see Figure 4D, cyan line), the ratio
between categorical and continuous responses
increased with memory load (see Figure 4E).
Thus, there was a greater reliance upon categorical
responses than upon continuous ones with increas-
ing WM load. Finally, the proportion of guessing
increased with an increase in memory load (global
p= .001; increase of guessing of 4% from load 1
to load 2, 95% CI [1, 10]; and an increase of gues-
sing of 10% from load 1 to load 4, 95% CI [4, 16];
see Figure 4D, blue line). Finally, there was no
significant increase in the standard deviation of
the Gaussian component (fitted sigma) with an
increase in memory load (p= .17).

GENERAL DISCUSSION

To examine the fidelity of representations in audi-
tory WM for speech, we presented participants
with sequences of speech sounds of variable length.
The precision with which listeners matched the

Figure 6. Multidimensional scaling (MDS) solutions. Each circle

shows an individual MDS solution for the target–response data

obtained for each memory load (red= load 1, green= load 2,

blue= load 4). Corresponding points are connected by grey lines,

and phonetic symbols indicate the position of British English

vowel categories. The solutions were centred at the origin based on

the average position of the points and rotated to maximize the

comparability of the MDS solutions. There was an overall

shrinkage of the vowel space as a whole when memory load is

increased and a particularly strong shrinking of the space around

/u/. To view this figure in colour, please visit the online version of

this Journal.
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vowel quality of a probe (composed of a particular F1
and F2 value) to the vowel quality of a target was
analysed. Importantly, we used an analogue response
method, instead of a binary/categorical one, to
obtain precision. This method allowed us to estimate
WMcapacity in terms of its resolution. In particular,
we measured how information load influences the
quality of speech sound representations in WM, as
well as whether a representation can be captured as
continuous or categorical.

Using this method, the results presented here
demonstrate that precision decreases with an increase
in memory load (Figure 5A). Thus, speech sound
WM representations degrade in quality as infor-
mation load is increased. Additionally, our findings
reveal that the quality of speech sound representations
is continuous at lowmemory loads but there may be a
tendency for more categorical responses at higher
loads (Figures 3, 4E and 6). For a memory load of
4 items, there was also a clear recency and primacy
effect. Such U-shaped serial position curves (Figure
5B, in pink), demonstrating that the first and last
items in the sequence are remembered best, have
been reported in many verbal WM studies using
binary (recall/no recall) methods: for letters or digits
(Baddeley, 2007; Conrad & Hull, 1964; Levy,
1971), syllables (Gupta et al., 2005), and words
(Haberlandt et al., 2005).

The finding that memory precision for speech
sounds declines as the number of items to be main-
tained increases is consistent with shared resource
models of WM that have been introduced for
visual WM (Bays & Husain, 2008; Wilken &
Ma, 2004). Such models predict that as the
amount of information is increased, each item is
remembered less precisely, which has been shown
to account for processes in visual WM (Bays et al.,
2009; Bays & Husain, 2008; Fougnie et al., 2010;
Gorgoraptis, Catalao, Bays, & Husain, 2011;
Wilken & Ma, 2004; Zokaei et al., 2011). Our
results demonstrate a drop in precision of WM,
evenwhen adding just a single phoneme to a previous
one held inmemory (Figure 5A).This decline in pre-
cision is difficult to explain on the basis of a fixed
object capacity account, which predicts peak per-
formance until the object capacity limit is reached
(Cowan, 2001; Luck & Vogel, 1997).

However, even when four phonemes were main-
tained in WM, a fixed item limit was evidently not
reached at this stage as performance remained sig-
nificantly above chance. This held for each individ-
ual item (serial position) within the sequence.
Again, this observation is difficult to explain on
the basis of a fixed item capacity account, which
predicts chance performance as soon as the object
limit is breached, as excess items cannot be rep-
resented. Instead, even at the highest memory
load of four phonemes, at least some information
was still recalled about every item.

The scatter plots of target versus response
(Figure 3) add further detail on this representational
noise (response variability). Participants’ responses
did not deviate far from the target when a single
item was presented (Figure 3A) in comparison to
higher loads. Therefore, as participants respond
closely to target sounds spanning the entire
formant continuum, vowel perception and reproduc-
tion can be considered continuous when a single
item has to be reproduced. As soon as further
speech sounds were added to the sequence, the rep-
resentation of items became noisier (Figure 3), but
still with a tight zone of responses around the
target and a suggestion of increased clustering
around specific phonemes. In other words, with
the addition of further items, memory quality of a
speech sound appears to be weaker, but also less
homogeneous over the vowel space. This observation
led to further analysis, which was conducted particu-
larly to clarify whether loss in continuity in speech
sound representations might be due to the influence
of categorical representations.

In order to relate speech sound representations
held in WM to actual British vowels, we applied
a multidimensional scaling (MDS) algorithm to
our data. This allowed us to map responses made
by participants back onto the vowel space. We
were interested in determining which regions of
the space appear distorted as well as where response
clusters emerge along the space. We found that the
vowel space shrinks as memory load increases, cor-
responding to an increased confusability between
all vowels. Moreover, there was greater shrinking
in regions where there are fewer English vowel cat-
egories, particularly near the vowel /u/. That vowel
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in most varieties of British English has become
fronted toward /i/, such that there are no categories
in the high-back region of most British English
vowel spaces. There was also some shrinking of
the space in the high-front corner of the space,
where there were also few English vowels because
our circular path missed /i/. Our listeners thus
selectively made more errors with increasing
memory load regions with fewer categories, and
there was less shrinking along the continuum near
regions that had more British English vowels.
These results are thus consistent with the hypoth-
esis that listeners relied more on the category iden-
tity of the vowels as memory load increased.

To examine different effects on responses (e.g.,
continuous vs. categorical) in separation, we
applied a mixture model to our results to decom-
pose different types of responses. The model con-
firmed that the increase in variability of memory
for the target item with load was associated with
responses directed at the target and speech rep-
resentations becoming noisier (Figure 4D). This
finding is consistent with the view that a limited
resource has to be shared out across all items that
are being stored. As more items are stored, the rep-
resentation of each item becomes noisier (Bays &
Husain, 2008; Ma et al., 2014; Wilken & Ma,
2004). Additionally, a gradual increase in random
guesses corrupted memory for the target item,
which would be inconsistent with an item limit pre-
dicting a sudden sharp increase in guessing once a
capacity limit has been breached.

In our model, a third component captures
responses directed at a given target category.
There were three categories, where each one was
modelled as a “zone of confusion”. The proportion
of categorical responses was constant across
memory loads (Figure 4D). In this respect, categ-
orical responding could represent a memory strat-
egy, which is constantly available to participants,
as such representations are not transient, but
stored in the metal lexicon. However, the categori-
cal response component has to be regarded in
relation to other types of possible responses. It
seems that participants are more likely to make
use of the categorical response strategy, as the
memory task becomes more demanding (with an

increase in load). This is reflected in the ratio
between categorical and continuous responses,
where the relative proportion of categorical
responding increases with load (see Figure 4E).
Thus, as representations of the target vowel
become less continuous, memory for the actual
stimulus fades, and participants begin to guess,
whilst their memory for the stimulus category is
retained. Therefore, categorical memory may be
more resilient to interference from other items.

In line with our results, it has been shown pre-
viously that perception–rather than recall–of vowels
is more continuous for low loads compared to
more categorical for higher loads (Iverson &
Kuhl, 2000; Macmillan et al., 1988; Pisoni, 1973,
1975; Repp, Healy, & Crowder, 1979). These pre-
vious observations are based on acoustically narrow
stimulus dimensions and “binary” (recalled/not
recalled) response methods. However, results
from those studies have been discussed in the
context of a dual-process theory to explain the
shift from continuous to categorical memory rep-
resentations (Fujisaki & Kawashima, 1971). As
speech sound qualities are acoustically distinguish-
able from one another as variations of timbre,
dual-process theory suggests that short-term
memory represents timbre in a temporarily fragile
manner. In contrast, the mental lexicon (part of
long-term memory) is considered to contain rep-
resentations based on speech sound categories,
which in our task subjects may have relied upon
at higher loads.

While WM represents timbre of a single item
acoustically at a high resolution (i.e., continuous
representation, as shown here), the addition of
further information leads to a loss in memory resol-
ution of each speech sound in our study, consistent
with the view that a limited resource has to be
shared out across all items that are being stored.
On a neural level, this might mean that for the
lowest memory load, bothWM and speech percep-
tion processes are recruited, possibly involving
common neural substrates (Ravizza, Hazeltine,
Ruiz, & Zhu, 2011). In contrast, an increase in
load might in addition lead to reactivation of
speech representations in LTM (Hickok &
Buchsbaum, 2003; Hulme, Maughan, & Brown,
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1991). Mapping low-resolution representations
onto existing categorical speech representations in
LTM might serve as a strategy to support recall.
One might therefore speculate that the results pre-
sented here suggest that as information load is
increased, categorical representations in the
mental lexicon are recruited to support recall as
more information has to be maintained in WM.

These categorical representations, with WM as
activity “within” long-term memory, have two
advantages. First they may be more efficiently
encoded, since only a limited number of discrete
states are allowed. Secondly, neural models of sus-
tained activity suggest they may be more resilient to
noise, since they are encoded by point attractors
rather than continuous attractors. For the first
time, we are able to directly compare the properties
of these two distinct kinds of memory represen-
tation, using the same stimuli and responsemodality.

As the paradigm currently stands for vowels, the
continuous, analogue speech-matching task intro-
duced here might provide a sensitive means of
assessing verbal WM not only in healthy partici-
pants but also in patients with brain disorders.
Impairments in verbal WM may result from devel-
opmental language conditions (e.g., dyslexia;
specific language impairments, SLI; neurodegen-
erative disorders, e.g., dementia; logopenic
aphasia; Flagman, Sicong, Samrah, & Michael,
2014) as well as from focal lesions (e.g., dysphasia
following stroke; Brain & Michael, 2009; Brandt,
Caplan, Dichgans, Diener, & Kennard, 2003).
The task may also be useful to measure how
working memory for speech may improve over
time, for example in clinical populations (e.g.,
cochlear implant users), as a function of speech
and language skills (Kronenberger et al., 2013;
Kronenberger, Pisoni, Henning, Colson, &
Hazzard 2011). In many studies, patients’ verbal
WM capacity is usually compared to a fixed
capacity limit (number of items) found in controls.
Such a quantized view has proved to be very useful.
However, it might be even more informative to
gain insights into the quality of memory represen-
tations of speech—not just the number of items
that might be stored—for individuals with different
types of language deficit. In vision, WM precision

has already been used in patients with memory
disorders (Pertzov et al., 2013) while a develop-
mental study has shown how visual WM represen-
tations become more precise with age (Burnett
Heyes, Zokaei, van der Staaij, Bays, & Husain,
2012).

In summary, the method used here provides a
means to obtain an index of the variability of
verbal WM representation around its true value,
very different from traditional binary (recall/no
recall) measures. Increases in memory load affected
the quality of speech sound representations leading
to a gradual decline in precision of recall, consistent
with the view that WM representations become
noisier with an increase in memory load, analogous
to the findings in vision (Bays et al., 2009; Bays &
Husain, 2008; Fougnie et al., 2010; Gorgoraptis,
Catalao, Bays, & Husain, 2011; Wilken & Ma,
2004; Zokaei et al., 2011). Unlike previous findings
in vision, the quality with which auditory infor-
mation (speech sounds) is stored is described not
only by precision, but also in terms of how continu-
ous or categorical a representation is. Thus, in
addition to finding general principles that apply
across WM representations for different sensory
modalities, our paradigm offers a novel method of
probing the interaction of continuous and categori-
cal information storage in the brain, within a single
task. This opens the way for investigation of the
neural basis of these two distinctive kinds of WM
and may help bring together two hitherto separate
approaches in working memory research.
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