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Abstract. The human sequential grouping that organizes
parts of tones into a group was examined by the mismatch
negativity (MMN), a component of event-related poten-
tials that reveals the sensory memory process. The sequen-
tial groupingis accomplished by the combinations of some
factors, e.g., temporal and frequency proximity principles.
In this study, auditory oddball stimuli in which each of the
stimuli consisted of series of tone bursts, were applied to
the subjects, and the MMN elicited by the deviation of
the frequency of the last tone in the stimulus was investi-
gated. The relationship between the expected phenomena
of sequential grouping of tones and observed magnitudes
of MMN was evaluated. It was shown that the magnitudes
of MMN changed according to the configuration (num-
ber of tones, frequency) of tone sequence to be stored.
This result suggested that the sequential grouping of pre-
sented tones was achieved on the preattentive auditory
sensory memory process. It was also shown that the rel-
ative change of MMN magnitudes corresponded to the
conditions of sequential grouping, which had been pro-
posed by the auditory psychophysical studies. The inves-
tigation of MMN properties could reveal the nature of
auditory sequential grouping.

1 Introduction

In the process of human auditory information processing,
itis generally thought that much of the presented informa-
tion is handled not only serially but also in parallel using
“buffer” memory.

The auditory sensory memory is a memory system that
stores auditory information within a short period of time
(a few seconds). )

The property of the sensory memory process can be
revealed by the mismatch negativity (MMN), a compo-
nent of event-related potentials (ERPs) (Nédatidnen 1992).
MMN is closely related to the auditory discrimination and
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storage functions in the sensory memory (Tiitinen et al.
1994; Kanoh et al. 1996). The neuronal generators of the
auditory MMN are thought to be located mainly in the
superior temporal cortex (Alho 1995).

The MMN studies showed that the successive auditory
information was integrated into meaningful entities and
was represented as a unitary event in the sensory mem-
ory system (temporal integration) (Tervaniemi et al. 1994,
Yabe et al. 1997; Kanoh et al. 2001). It was also shown
that basic information processing was applied to the stored
information during the auditory sensory memory process
(Naédtanen et al. 2001).

Sequential grouping (Darwin 1997), which binds some
successive information into one entity, is one of the func-
tionalities of such a primitive processing. Like the per-
ceptual grouping in the visual system, sequential group-
ing is accomplished by the combinations of some factors,
e.g., temporal and frequency proximity factors (Bregman
1990). A computational model of sequential grouping of
auditory stimuli has been proposed in which such auditory
psychophysical findings were taken into account (Bau-
mann 2000).

However, no physiological evidence that would validate
these factors on sequential grouping has been reported.
Observing the neuronal correlates of sequential grouping
will help to determine the principle of auditory informa-
tion processing and to hypothesize about the neuronal rep-
resentation of temporal tone sequence, e.g., how the order
and frequency of the successive tones are encoded.

In this study, the sequential grouping in human audi-
tory cortex was examined by MMN, a component of ERPs
that revealed the sensory memory process. By changing
the configuration (number of tones, frequency) of tone
stimulus that consisted of some tone bursts in MMN mea-
surement, the relationship between the amplitudes of elic-
ited MMN and the expected grouping of these tones was
investigated. It was shown that the sequential grouping
of successive tones was achieved during the preattentive
auditory sensory memory process, and the properties of
the sequential grouping were revealed by the MMN activi-
ties. These results showed the neurophysiological evidence
of preattentive auditory sequential grouping and will help



in discovering the cortical representation of auditory stim-
uli and will contribute to a computational theory of audi-
tory information processing.

2 Background and working hypothesis
2.1 Mismatch negativity

The MMN, an ERP component, is elicited when some
frequently presented (“standard”) stimuli are randomly
replaced by infrequent (“deviant”) stimuli with some
different attributes from the standard ones (oddball par-
adigm) (Ndédtdnen 1992).

The MMN is a measure of preattentive sensory memory
properties and is closely related to the auditory discrimi-
nation and storage functions. The important property for
the present study is that the MMN magnitude increases as
a function of the extent of deviancy (difference between the
physical attributes in the standard and the deviant stimuli)
(Néatdnen 1992; Tiitinen et al. 1994; Kanoh et al. 1996).

2.2 Temporal integration

In the auditory sensory memory, the function called tem-
poral integration, which integrates successive information
into some entities, has a functional role for the perception
of auditory events (Bregman 1990).

The sensory information is integrated and stored in the
sensory memory, where primitive processing is applied to
the stored information (Néétdnen et al. 2001).

The width of the temporal window of integration
was evaluated by several studies on human MMN, e.g.,
150 ~ 170 ms (Yabe et al. 1997), ~ 200 ms (Winkler et al.
1998), 200 ~ 250 ms (Tervaniemi et al. 1994). The authors
determined the width of the temporal windows to be
300 ~ 400 ms (Kanoh et al. 2001), which was longer than
that reported by other authors. The authors also inves-
tigated the attention effect on the temporal integration
process, and it was shown that the attention could pro-
long the period of temporal window of integration and
that the MMN activities with attention had more com-
plex distributions in the frontal area than in an ignored
condition (Kanoh et al. 2001).

2.3 Sequential grouping

The sequential grouping, which organizes or binds some
successive information into one entity, is one of the func-
tions of the primitive processing of sensory information.
In auditory modality, this function serves as a foundation
for the segmentation of speech sounds, and it is believed
that the auditory sequential grouping is achieved in the
process of temporal integration in the auditory sensory
memory (Naidtinen et al. 2001).

Like the perceptual grouping in the visual system, it is
hypothesized that sequential grouping is accomplished by
the combination of various factors (Bregman 1990). Some
of the factors are as follows.
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— Proximity: sounds that are near to one another in time
(temporal proximity) or in frequency (frequency prox-
imity) will group with one another.

— Good continuation: sounds with good continuation
(e.g., frequency change) will tend to bind together.

The properties of sequential grouping have also been
investigated by ERP studies. The relationship between
the sequential grouping due to the temporal proximity
factor and the observed MMN was studied, and it was
shown that the sequential grouping could occur in sensory
memory preperceptually without willful attention (Win-
kler et al. 2001; Sussman et al. 1998; Schréger et al. 1996;
Winkler and Schréger 1995). In addition, it was suggested
that the auditory streaming effect due to temporal prox-
imity and frequency similarity in the multiple-tone stream
(i.e., frequency distribution in the series of tones) was also
achieved in the preattentive sensory memory process (Shi-
nozaki et al. 2000; Sussman et al. 1999).

But the relationship between the temporal proximity
factor and the degree of sequential grouping has not been
evaluated by MMN experiments. Furthermore, evidence
for sequential grouping as a result of the interaction be-
tween temporal and frequency factorsin the sensory mem-
ory process was not demonstrated directly by the previous
MMN studies.

2.4 Working hypothesis

In this study, preperceptual sequential grouping was eval-
uated by observed MMN magnitudes by assuming the
following hypothesis on the relationship between MMN
amplitudes and sequential grouping phenomena.

Consider an experiment with oddball tone sequence in
which each of the stimuli consists of several tones and only
the frequency of the last tone (deviated tone) is different
between the standard and deviant stimulus.

The MMN is generated by comparing the memory
trace of the standard stimuli and the neuronal representa-
tion of an incoming deviant stimulus.

Let us assume that the neuronal activations of each
grouped auditory stimuli are bound together as a unitary
representation on the auditory cortex.

Incorporating this assumption, when the last tone is
grouped with other tones, MMN will be elicited by com-
paring two unitary neuronal representations of the stan-
dard and deviant stimuli, both of which encode the same
set of grouped tones, including the deviated tone.

In this case, the higher the number of tones in the
grouped unitary entity, the smaller the relative change
of attributes in the corresponding neuronal representa-
tions of the standard and deviant stimuli. As described in
Sect. 2.1, MMN magnitude decreases with less deviancy in
the standard and deviant stimuli. A relative difference be-
tween the neuronal representations of two sensory events
in the sensory memory can be evaluated by MMN mea-
surements.

The present study was then informed by the following
working hypothesis: “When the number of tones grouped
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together with the deviated tone increases, the elicited
MMN magnitude will decrease.”

In the present study, the two experiments were con-
ducted to determine whether the sequential grouping was
achieved in the sensory memory process and to find out
what “rules” for sequential grouping are applied to vari-
ous configurations of tone series.

3 Experiment 1: Temporal proximity factor
on sequential grouping

At first, the relationship between the number of grouped
tones due to temporal proximity and the elicited MMN
amplitude was examined.

In this experiment, the oddball sequence in which each
stimulus consisted of several tones (first tone, inserted
tones, and last tone) was used. The relationship between
the number of inserted tones and elicited MMN amplitude
elicited by the deviation of the frequency of the last tone
was investigated, and the tendency of sequential grouping
by temporal proximity was discussed.

3.1 Method

The subjects were six male volunteers with normal hear-
ing. Auditory stimuli were applied to both ears by head-
phones. Each subject, in an electromagnetically shielded
room, was instructed to read a self-selected book and to
ignore the presented auditory stimuli (reading condition).

The schematic diagram of stimuli is shown in Fig. 1.
Each stimulus consisted of several tone bursts (20 ms,
60 dB SL, rise/fall time 5 ms), i.e., the first tone, last tone,
and tone(s) inserted between the first and last tones. The
total duration of each stimulus was 200 ms. The intervals
between the last inserted tone and the last tone, and be-
tween inserted tones were set to 20 ms. Interstimulus inter-
val (onset to onset) was set to 600 ms.

In the standard stimulus (p = 0.9), frequencies of the
first, inserted, and last tones were 1000, 1000, and 2000 Hz,
respectively. And in the deviant stimulus (p =0.1), only the
frequency of the last tone was deviated to 1000 Hz.

In separate blocks, the number of inserted tones (¥,)
was set to 0, 1, 2, and 3. The relationship between N, and
elicited MMN by the infrequent change of the frequency
of the last tone was observed. The goal of this experiment
was to evaluate the number of tones grouped with the last
tone.

The EEG signal was recorded with Ag-AgCl electrodes
at two locations (Fz, F4) and referred to linked earlobe
(A1, A2) with a forehead ground. The vertical electro-oc-
ulogram (EOG) was also obtained using bipolar recording
from the outer canthus of the left eye. These signals were
amplified (gain x 500) and recorded with a bandpass filter
setting of 0.1-100 Hz and analyzed —100 to 500 ms from
the onset of the first tone (sampling rate 1,000 Hz with
antialiasing filter of 200 Hz).

The signals were referred to the mean amplitudes in the
prestimulus baseline (—50 ~ 0 ms). EEG epochs in which
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Fig. 1. (Experiment 1) Schematic diagram of stimulus on each con-
dition

recorded amplitudes exceeded 4100 4V were automati-
cally rejected. The accepted EEG epochs were separately
averaged for each stimulus type. The responses to the stan-
dard stimuli just after the deviant ones were excluded from
the analysis.

After the application of low-pass filter (30 Hz) to the
averaged waveform, the amplitude of the negative peak
in the difference waveform (deviant-standard) whose la-
tency was 100-250 ms was evaluated. The data were statis-
tically tested using one-way analysis of variance (ANOVA)
with the factors of stimulus type (p < 0.05) to determine
whether the ERPs associated with the standard stimuli
were significantly different than those associated with the
deviant stimuli at the MMN peak amplitude.

3.2 Results

Figure 2 shows the averaged responses to the standard and
deviant stimuli and their difference waveforms in Experi-
ment | (subject A, electrode Fz). From this subject, MMN
was elicited when the number of inserted tones N, was 0,
1, and 2, but no significant MMN was observed at N, =3.

The normalized amplitudes of the observed MMN on
all subjects are shown in Fig. 3. On all subjects, the elic-
ited MMN amplitude taken from Fz was larger than that
from F4. The properties of the observed MMN amplitudes
could be divided into the following two groups:

— Group I: The observed MMN amplitude was smaller
for larger N, (subjects A~C).

— Group 2: The MMN amplitudes at N, =0 was the larg-
est, and at N, =1-3 almost the same amblitudes were
observed (subjects D-F).
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Fig. 2. (Experiment 1) Averaged standard (dashed) and deviant
(solid) waveforms (a—d) and their difference waveforms after low-pass
filtering of 30 Hz (e) (subject A, electrode Fz)
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Fig. 4. (Experiment 1) Schematic diagram of possible hypothesis.
Temporal configuration of the standard stimulus on each condition
is shown

3.3 Discussion

Although the interval between the last inserted tone and
the last tone was fixed at 20 ms, the MMN amplitudes were
changed depending on the number of inserted tones (N,).
This result could be explained on the assumption of the
working hypothesis described in Sect. 2.4 as follows.

On group 1, the MMN amplitude decreased monoton-
ically when N, increased. This result could be explained
by the hypothesis stating that all the inserted tones were
grouped together with the last tone by the factor of tem-
poral proximity during each of the experiments (Fig. 4a).
And on group 2, the largest MMN amplitude was elicited
at N, =0, but no clear differences of MMN amplitudes
were observed at N, # 0. If the subjects in group 2 tended
to group only the last two tones (the last inserted tone and
the last tone), such a result would agree with the present
hypothesis (Fig. 4b).

The different phenomena on groups 1 and 2 can then
be explained by the different width of the time window
for grouping based on temporal proximity: longer than
140 ms (group 1), 60-80 ms (group 2).

From Fig. 2 it was also found that both peak and
onset latencies were shorter when N, was larger. And the
duration of MMN was shorter when N, =0 (120 ms) but
longer when N, = 1, 2, and 3 (200 ~ 250 ms). These results
could be observed on the other subjects. Such an ERP
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component with shorter latency might be related to com-
ponents other than the MMN.

4 Experiment 2: Frequency proximity factor on sequential
grouping

Next, the relationship between the tone frequency and
sequential grouping was evaluated by the elicited MMN
amplitude.

In this experiment, the oddball sequence in which each
stimulus consisted of three tones was used, and the rela-
tionship between frequency of the second tone and elicited
MMN amplitude was examined.

Asdescribed in Sect. 2.3, temporal and frequency prox-
imity are known as the factor of proximity for auditory
sequential grouping. An attempt was made to control the
tendency of sequential grouping, i.e., whether the second
tone tended to be grouped with the first tone or the last
tone, by changing the frequency of the second tone.

4.1 Method

The subjects were five male volunteers with normal hear-
ing. Auditory stimuli were applied to both ears by head-
phones. Each subject, in an electromagnetically shielded
room, was instructed to read a self-selected book and to
ignore the presented auditory stimuli (reading condition).

The schematic stimulus diagram is shown in Fig. 5.
Each stimulus consisted of the first tone (duration 40 ms),
the second tone (20 ms), and the third tone (40 ms), each of
which was 60 dB SL tone burst (rise/fall time 5 ms). Total
duration of the stimulus was 200 ms. The interval between
the second and third tones was set at 30 ms. Interstimulus
interval (onset to onset) was set at 600 ms.
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Fig. 5. (Experiment 2) Schematic diagram of stimulus on each con-
dition

In the standard stimulus (p = 0.9), the frequencies of
the first and third tones (fi, f3) were 1000 and 2000 Hz,
respectively. In the deviant stimulus (p =0.1), only the fre-
quency of the third tone f3 was deviated to 1800 Hz.

In separate blocks, the frequency of the second tone ( f3)
was set at 1000, 1200, 1500, and 2000 Hz. The relation-
ship between f» and the MMN elicited by the infrequent
change of the frequency of the third tone was observed.
The EEG recording and analysis procedure was the same
as in Experiment 1.

4.2 Results

Figure 6 shows the averaged responses for the standard
and deviant stimuli and their difference waveforms in
Experiment 2 (subject A, electrode Fz). From this subject
significant MMN was elicited on each condition.

The normalized amplitudes of the observed MMN for
all subjects are shown in Fig. 7. On all subjects the elicited
MMN amplitude taken from Fz was larger than that from
F4. The elicited MMN amplitude was largest when f, was
1000 Hz on all subjects, but the tendency of MMN ampli-
tudes could be divided into the following two groups:

— Group I: The smallest amplitude was observed when
/> was 1500 Hz, and the amplitudes on f, = 1200 and
2000 Hz were almost the same (subjects A, B).

— Group 2: The smallest MMN amplitude was observed
when f» = 1200 Hz, but there was no significant differ-
ence between f>= 1200, 1500, and 2000 Hz (subjects
D-F).

4.3 Discussion

In Experiment 2, the frequency of the second tone f, was
changed to control the contribution of the frequency prox-
imity factor to sequence grouping. Taking only the fac-
tor of frequency proximity into account, it was expected
that the second tone would tend to organize together with
the first tone when f> = f; (1000 Hz). But when fo = f3
(2000 Hz in the standard stimulus), the expected partner
to be grouped with would be the third tone.

On the other hand, when only the factor of temporal
proximity was taken into account, the second tone tended
to be grouped together with the third tone rather than the
first tone in this case (intervals between the second and
first tone and between the second and third tone were 70
and 30 ms, respectively).

In the former case, the two processes of sequential
grouping based on temporal and frequency proximity fac-
tors contradicted each other because the temporal posi-
tion of the second tone was closer to the third tone than
to the first tone.

In such a situation, it might be possible for the two
factors to be combined (competition or cooperation) to
solve the contradiction. By assuming the working hypoth-
esis on this study, MMN amplitude is expected to decrease
monotonically when f; increases from 1000 Hz to 2000 Hz
because the second tone tends to be grouped together with
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the third tone easier when f> approaches the frequency of
the third tone f3.

But on two subjects (subjects A and B) out of five,
the minimum MMN amplitude was observed when f> =
1500 Hz. This phenomenon could be explained by intro-
ducing the “good continuation” as one of the factors in
addition to the factors of temporal/frequency proximity
for sequential grouping of successive tones.

In Experiment 2, it should be noted that the frequencies
of tones in the standard stimulus formed specific ratios of
musical scale when fo =1500Hz, i.e., f5: fi =3:2 consti-
tuted a musical fifth and f3: f> =4:3 corresponded to a
musical fourth. But as all the subjects in this study had
no special musical skills, it is thought that the relative de-
creases of MMN amplitudes observed from subjects A
and B when f> = 1500 Hz are not due to sensitivity to the
musical period.

Table 1 is the schematic diagram of the present hypoth-
esis. When f, was 1000 and 2000 Hz, the second tone
tended to be grouped together with the first and the third
tone, respectively. And when f» was 1500 Hz, the fre-
quency change of the first (1000 Hz), second, and third
tone (2000 Hz) was roughly regular and continuous. On
such a condition, incorporating the factor of good con-
tinuation, these three tones were organized together as a
tone stream or a unitary entity.

Therefore, when f, was 1000, 1500, and 2000 Hz, the
number of tones in one group including the third tone
(deviated tone) was one, three, and two, respectively. So
the results on the group 1 subjects can be explained by
assuming the working hypothesis on MMN amplitude.
The results on the group 2 subjects are thought to be valid
with the lack of the good continuation factor.

The experiments in the present study provide no direct
evidence of the neuronal process of the sequential group-
ing of auditory information. But these results could be
explained by the working hypothesis shown in Sect. 2.4,
which was based on the electrophysiological characteris-
tics of auditory preattentive sensory memory previously
reported by the MMN studies. As the relative change
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Table 1. (Experiment 2) Schematic diagram of possible hypothesis

(a) Tone Frequency (b) Schematic View of (¢) Factors for Grouping (d) Number (¢) MMN
: of Grouped .
f1 fa fa Standard Stimulus Temp. | Freq. Cont. Tonef Amplitude
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The three abstract relative degrees of factors for grouping the
second tone together with the third tone: temporal proximity
(“Temp.”), frequency proximity (“Freq.”), good continuation
(“Cont.”), expected number of tones in the group including the
third tone (“number of grouped tones™), and expected MMN
amplitude on the assumption of the working hypothesis (“MMN

of MMN amplitudes between stimulus conditions corre-
sponded to the expected sequential grouping phenomena
of tones, these results showed that the auditory sequential
grouping was achieved by the preperceptual sensory mem-
ory process. The investigation of a neuronal or physiologi-
cal basis of the present experiments is left for future study.

5 Conclusion

The neuronal process of sequential grouping of auditory
information in human preattentive sensory memory was
investigated. In two experiments, elicited MMN magni-
tudes were changed according to the configuration (the
number of tones, frequency) of successive tone sequences.
From this result it was shown that the sequential group-
ing of successive tones was one of the processes of the
auditory sensory memory. It was also shown that the rela-
tionship between the configuration of tones and the elic-
ited MMN magnitudes met the working hypothesis on
which the expected MMN magnitudes were assumed for

amplitude”) were shown for each stimulus condition. fi, f2,and
f3 denote the frequencies of the first tone, the second tone, and
the third tone, respectively. The expected combination of sequen-
tial grouping was also shown under each schematic view of the
standard stimulus (“1,” “2,” and “3” denote the first tone, the
second tone, and the third tone, respectively)

temporal grouping factors (temporal/frequency proxim-
ities and good continuation) proposed by the auditory
psychophysiology. These results showed that the factors
(rules) of the grouping could be revealed by the MMN
component. These results will be helpful in investigat-
ing cortical representation in the auditory system and the
computational theory of auditory information processing.

This study was approved by the Ethics Committee on
Clinical Investigation, Graduate School of Engineering,
Tohoku University and was carried out in accordance with
the policy of the Declaration of Helsinki.
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Abstract—The human sequential grouping which orga-
nizes parts of tones into a group was examined by the mis-
match negativity (MMN), a component of event-related po-
tentials that reveals the sensory memory process. The se-
quential grouping is accomplished by the combinations of
some factors, e.g. temporal and frequency proximity prin-
ciples. Experimental results showed that the sequential
grouping of presented tones was achieved on the auditory
pre-attentive sensory memory process, and MMN ampli-
tudes correlated to the temporal configurations of tones to
be grouped. The investigation of MMN properties could
reveal the nature of auditory sequential grouping.

1. Introduction

The auditory sensory memory is a4 memory system that
stores auditory information within a short period (a few
seconds). The basic information processing is applied to
the stored information during the auditory sensory mem-
ory process [1].

Sequential grouping [2], which binds some successive
information into one entity, is one of such a primitive pro-
cessing. This function is one of the bases of higher-order
auditory processing, like the segmentation and “cocktail-
party effect” of speech sounds.

By the auditory psychophysical studies, it is found that
the sequential grouping is accomplished by the combina-
tions of some factors [3], e.g.

e Proximity: sounds that are near to one another in time
(temporal proximity) or in frequency (frequency prox-
imity) will group with one another.

e Good continuation: sounds with good continuation
(e.g. frequency change) will tend to bind together.

But no physiological evidence to validate these factors on
sequential grouping has been reported. Observing the neu-
ronal correlate of sequential grouping will be a help to de-
termine the principle of auditory information processing
and to hypothesize the neuronal representation of tempo-
ral tone sequence, e.g. how the order and frequency of the
successive tones are encoded.

In this study, the sequential grouping in human auditory
cortex was examined by the mismatch negativity (MMN)
[4], a component of event-related potentials (ERPs) that
revealed sensory memory process. It was shown that the

sequential grouping of successive tones was achieved dur-
ing the auditory sensory memory process, and the proper-
ties of the sequential grouping were revealed by the MMN
activities. These results will help to find out the cortical
representation of auditory stimuli and will contribute to a
computational theory of auditory information processing.

2. Working hypothesis

The mismatch negativity (MMN), one of the event-
related potential (ERP) components, is a measure of pre-
attentive sensory memory properties [4]. It is elicited when
some of the frequently presented (“standard”) stimuli are
randomly replaced by the infrequent (“deviant”) stimuli
with some different attributes from the standard ones (odd-
ball paradigm). MMN is generated by comparing the mem-
ory trace of the standard stimuli and the neuronal represen-
tation of incoming deviant stimulus.

Consider the experiment with oddball tone sequence in
which each of the stimuli consists of several tones, and only
the frequency of the last tone (deviated tone) is different
between the standard and the deviant stimulus.

Let us assume that the neuronal activations of each
grouped auditory stimuli would be bound together as a uni-
tary one on the auditory cortex.

Incorporating this assumption, when the last tone is
grouped with other tones, MMN will be elicited by com-
paring two unitary neuronal representations on the standard
and the deviant stimuli, both of which encode the same set
of grouped tones including the deviated tone.

In this case, when the number of tones in the grouped
unitary entity was more, relative change of attributes in the
corresponding neuronal representations on the standard and
the deviant stimulus would be smaller.

The important property of MMN is that the MMN mag-
nitude increases as a function of the extent of deviancy
(difference between the attributes in the standard and the
deviant stimuli) [5, 6, 7]. A relative difference between the
neuronal representations of two sensory events in the sen-
sory memory can be evaluated by MMN measurements.

Therefore, the present study was examined under the
working hypothesis: “when the number of tones grouped
together with the deviated tone increases, the elicited
MMN magnitude will decrease.”

In the present study, the two experiments were executed
to determine whether the sequential grouping was achieved
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in the sensory memory process, and to find out what “rules”
for sequential grouping are applied to various configura-
tions of tone series.

3. Experiment 1: Temporal proximity factor on
sequential grouping

At first, the sequential grouping of multiple tones by
the temporal proximity factor was evaluated by the elicited
MMN amplitude.

3.1. Method

Six male volunteers with normal hearing ability partici-
pated in the experiment as subjects. Auditory stimuli were
applied to both ears by headphones. Each subject in an
electro-magnetically shielded room was instructed to read
a self-selected book and to ignore the presented auditory
stimuli (reading condition). The EEG signal was recorded
with Ag—-AgCl electrodes at two locations (Fz, F4), and re-
ferred to linked earlobe (A1, A2) with a forehead ground.

Each stimulus consisted of several tone bursts (20 ms, 60
dB SL, rise/fall time 5 ms), i.e. the first tone, the last tone,
and the inserted tone(s) which was (were) inserted between
the first tone and the last tone. Total duration of the stim-
ulus was 200 ms. The intervals between the last inserted
tone and the last tone and between inserted tones were set
to 20 ms. Inter-stimulus interval (onset to onset) was set
to 600 ms. In the standard stimulus (p = 0.9), frequencies
of the first, inserted and the last tones were 1000 Hz, 1000
Hz and 2000 Hz, respectively. And in the deviant stimulus
(p = 0.1), only the frequency of the last tone was deviated
to 1000 Hz.

The number of inserted tones (N;) was set to 0, 1, 2 and
3, and was fixed within a single session. The relationship
between A, and elicited MMN by the infrequent change of
the frequency of the last tone was observed. In this experi-
ment, it is intended to evaluate the number of tones that are
grouped with the last tone.

After the application of low-pass filter (30 Hz) to the av-
eraged waveform, the amplitude of the negative peak in the
difference waveform (deviant — standard) whose latency
was 100 — 250 ms was evaluated. The data were statisti-
cally tested using one-way analysis of variance (ANOVA)
with the factors of stimulus type (p < 0.05) to determine
whether the ERPs associated with the standard stimuli were
significantly different from those associated with the de-
viant stimuli at the MMN peak amplitude.

3.2. Results and Discussion

Figure 1 shows the difference waveforms of averaged re-
sponses to the standard and the deviant stimuli in Experi-
ment 1 (Subject A, electrode Fz). From this subject, MMN
was elicited when the number of inserted tones N, was 0, 1
and 2, but no significant MMN was observed on N, = 3.

Diff. amplitude [uV]

4 . L
-100 300 400 500

Time [ms]
Figure 1: [Experiment 1] Averaged difference waveforms
(deviant — standard). (Subject A, electrode Fz)
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Figure 2: [Experiment 1] Relationship between N, and nor-
malized MMN amplitude on all subjects (electrode Fz).
From Subject A, no significant MMN was observed on
N, =3 (marked *).

The normalized amplitudes of the observed MMN on all
subjects are shown in Figure 2. On all subjects, the elicited
MMN amplitude taken from Fz was larger than that from
F4. The properties of the observed MMN amplitudes could
be divided into the following two groups:

e Group 1: the observed MMN amplitude was smaller
for larger N, (Subjects A, B, C).

e Group 2: the MMN amplitudes on N, = 0 was the
largest, and almost the same amplitudes were ob-
served on N; = 1, 2 and 3 (Subjects D, E, F).

This result could be explained on the assumption of the
working hypothesis described in Section 2 as follows. On
Group 1, the MMN amplitude decreased monotonically
when N, increased. This result could be explained by the
hypothesis if all the inserted tones were grouped together
with the last tone by the factor of temporal proximity dur-
ing each of the experiments. And on Group 2, the largest
MMN amplitude was elicited on N, = 0, but no clear dif-
ferences of MMN amplitudes were observed on N, # 0. If
the subjects in Group 2 tended to group only the last two
tones (the last inserted tone and the last tone), such result
would agree with the present hypothesis.

Therefore, the different phenomena on Group 1 and
Group 2 can be explained by the different width of the time
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window for grouping based on temporal proximity: longer
than 140 ms (Group 1), 60 ms to 80 ms (Group 2).

From Figure 1, it was also found that both peak and onset
latencies were shorter when N, was larger. And the dura-
tion of MMN was shorter when N, = 0 (120 ms), but was
longer when N, = 1, 2 and 3 (200 ~ 250 ms). These results
could be observed on the other subjects. Such an ERP com-
ponent with shorter latency might be related to components
other than the MMN.

4. Experiment 2: Frequency proximity factor on
sequential grouping

Next, the sequential grouping of multiple tones by fre-
quency proximity factor, and the effect of interplay with
the other grouping factors were evaluated by the elicited
MMN amplitude.

4.1. Method

Five male volunteers with normal hearing ability partic-
ipate in the experiment as subjects. Auditory stimuli were
applied to both ears by headphones.

Each stimulus consisted of the first tone (duration 40
ms), the second tone (20 ms) and the third tone (40 ms),
each of which was 60 dB SL tone burst (rise/fall time 5
ms). Total duration of the stimulus was 200 ms. The inter-
val between the second tone and the third tone was set to 30
ms. Inter-stimulus interval (onset to onset) was set to 600
ms. In the standard stimulus (p = 0.9), the frequencies of
the first and the third tone (fi, f3) were 1000 Hz and 2000
Hz, respectively. In the deviant stimulus (p = 0.1), only
the frequency of the third tone f3 was deviated to 1800 Hz.

The frequency of the second tone (f2) was set to 1000,
1200, 1500 and 2000 Hz, and was fixed within a single
session. The relationship between f> and elicited MMN by
the infrequent change of the frequency of the third tone was
observed. Other experimental procedures were the same as
in Experiment 1.

4.2. Results and Discussion

Figure 3 shows the difference waveforms of averaged re-
sponses to the standard and the deviant stimuli in Experi-
ment 2 (Subject A, electrode Fz). From this subject, signif-
icant MMN was elicited on each condition.

The normalized amplitudes of the observed MMN for all
subjects are shown in Figure 4. On all subjects, the elicited
MMN amplitude taken from Fz was larger than that from
F4. The elicited MMN amplitude was the largest when f>
was 1000 Hz on all subjects, but the tendency of MMN
amplitudes could be divided into the following two groups:

e Group 1: the smallest amplitude was observed when
> was 1500 Hz, and the amplitudes on > = 1200 and
2000 Hz were almost the same (Subjects A, B).
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Figure 3: [Experiment 2] Averaged difference waveforms
(deviant — standard) (Subject A, electrode Fz)
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Figure 4: [Experiment 2] Relationship between f> and nor-
malized MMN amplitude on all subjects. (electrode Fz)

e Group 2: the smallest MMN amplitude was observed
when f, = 1200 Hz, but there was no significant dif-
ference between f> = 1200, 1500 and 2000 Hz (Sub-
jects D, E, F).

Taking only the factor of frequency proximity into ac-
count, it was expected that the second tone tended to or-
ganize together with the first tone when f» = f; (1000
Hz). But when f, = f3 (2000 Hz in the standard stimu-
lus), the expected partner to be grouped with would be the
third tone.

On the other hand, by considering only the factor of tem-
poral proximity, the second tone tended to be grouped to-
gether with the third tone rather than the first tone in this
case (intervals between the second and the first tone and
between the second and the third tone were 70 ms and 30
ms, respectively).

In the former case, the two processes of sequential
grouping based on temporal and frequency proximity fac-
tors contradicted each other, because the temporal position
of the second tone was closer to the third tone than the first
tone.

In such a situation, it might be possible that the two fac-
tors are combined (competition or cooperation) to solve the
contradiction. By assuming the working hypothesis on this
study, MMN amplitude is expected to decrease monotoni-
cally when £ increased from 1000 Hz to 2000 Hz, because
the second tone tends to be grouped together with the third
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Figure 5: [Experiment 2] The schematic view of the standard tone, and the expected combination of sequential grouping
on each condition. See text in details. (“1”, “2” and “3” denote the first tone, the second tone and the third tone,

respectively).

tone easier when f, approaches to the frequency of the third
tone f3.

But on the two subjects (Subjects A, B) out of five, the
minimum MMN amplitude was observed when f> = 1500
Hz. This phenomenon could be explained by introducing
the “good continuation” as one of the factors in addition to
the factors of temporal/frequency proximity for sequential
grouping of successive tones.

Figure 5 is the schematic diagram on the present hy-
pothesis. When f> was 1000 Hz and 2000 Hz, the second
tone tended to be grouped together with the first and the
third tone, respectively. And when f; was 1500 Hz, the
frequency change of the first tone (1000 Hz), the second
tone and the third tone (2000 Hz) was roughly regular and
continuous. On such a condition, incorporating the factor
of good continuation, these three tones were organized to-
gether as a tone stream, or an unitary entity.

Therefore, when £ was 1000 Hz, 1500 Hz and 2000 Hz,
the number of tones in one group including the third tone
(deviated tone) was one, three and two, respectively. So
the results on the subjects in Group 1 can be explained by
assuming the working hypothesis on MMN amplitude. The
results on the subjects in Group 2 are thought to be valid
with the lack of the factor of good continuation.

From the experiments in the present study, no direct ev-
idence on the neuronal process of the sequential grouping
of auditory information was given. But these results could
be explained by introducing the working hypothesis shown
in Section 2. Similar experiments with variable temporal
positions of the second tone will be needed for investigat-
ing the plausibility of the hypothesis. And by evaluating
the frequency of the second tone in various temporal posi-
tions on which minimum MMN amplitude is observed, the
physiological scale of tone frequency (c.f. the Mel scale)
in the auditory cortex might be determined. The investiga-
tion of the neuronal or physiological basis of the present
experiments is left for further study.

5. Conclusion

The neuronal process of sequential grouping of auditory
information in human auditory sensory memory was
investigated. In the two experiments, elicited MMN
magnitudes were changed according to the configuration

(the number of tones, frequency) of successive tone se-
quences. From this result, it was shown that the sequential
grouping of successive tones was one of the processes of
the auditory sensory memory. And it was also shown that
the relationship between the configuration of tones and the
elicited MMN magnitudes met the working hypothesis, on
which the expected MMN magnitudes were assumed for
temporal grouping factors (temporal/frequency proximi-
ties and good continuation) which was proposed by the
auditory psychophysiology. This results showed that the
factors (rules) of the grouping could be revealed by the
mismatch negativity (MMN) component. These results
will be helpful to investigate the cortical representation
in the auditory system and the computational theory of
auditory information processing.

This study was approved by the Ethics Committee on Clini-
cal Investigation, Graduate School of Engineering, Tohoku Uni-
versity, and was performed in accordance with the policy of the
Declaration of Helsinki.
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Abstract: The Feedback Error Learning (FEL) for
Functional Electrical Stimulation (FES) controller
was examined through computer simulation using a
musculoskeletal model. Dorsi and palmar flexions of
the wrist was controlled by stimulating the extensor
carpi radialis longus/brevis (ECR) and the flexor
carpi ulnaris (FCU). The computer simulation
results were similar to those of experiments
performed previously with a neurologically intact
subject. Furthermore, it was shown that the
Artificial Neural Network (ANN) trained with fast
movement could control the slower one. The
feasibility of the FES controller using the FEL was
also shown by the computer simulation. The model
simulation was considered to be a good method to
advance the FES research.

Introduction

Functional Electrical Stimulation (FES) is an
advancing technology for restoring paralyzed motor
functions caused by the spinal cord injury or the stroke.
One of the main subjects of FES study is to develop a
controller that restores movements precisely and stably.
Open-loop controllers usually used at clinical sites have
problems that they need initial and periodical
adjustments in stimulation patterns, which are
burdening both patients and medical staffs. The multi-
channel PID controller developed by our research group
[1] performed good tracking on 2-DOF movements of
the wrist joint stimulating four muscles. However, the
tracking error increased as the velocity of the desired
movement was high.

The Feedback Error Learning (FEL) [2] controller
was a hybrid regulator with a feedforward and a
feedback controller, which was supposed to make up for
their weak points each other. Our research group
showed the feasibility of the FES controller using FEL
through the experiments with an able bodied subject [3].
Further examinations of the FEL controller under
various conditions are desired for clinical application.
Computer simulation is considered to be preferable to
experiments with subjects for the examination since it is
difficult to perform a number of experiments with
subjects.

In this paper, the FES controller based on the FEL
was examined by using the musculoskeletal model

developed by our group [4]. The musculoskeletal model
could express different muscle properties easily, which
wasn’t possible by the forward dynamics model used in
the previous study [3]. First, learning and control ability
of a trained feedforward controller was tested applying
to a different subject model. Then the capability of the
FEL FES controller was examined in tracking periodic
movements with several different cycle periods.

Materials and Methods

Feedback Error Learning FES Controller: Figure 1
shows the diagram of the control system. The FEL
controller consists of a feedforwad controller and a
feedback controller. In this study, the PID controller [1]
was used as a feedback controller. Three-layered
perceptron neural network shown in Figure 2 was used
as a feedforward controller. The number of neuron was

18 for the input layer, 18 for the hidden layer and 2 (the
number of muscles stimulated) for the output layer. The
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Figure 1. The block diagram of the control system
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Figure 2. 3-layered perceptron neural network for the
feedforward controller



inputs of the neural network were desired angle, angular
velocity and angular acceleration at the time ¢ to #+3.
The output function of the neurons in the second and the
third layer was the sigmoid function whose output was
between 0 and 1. The neural network was trained by the
error back-propagation algorithm using the output of the
feedback controller as the error signal.

Computer Simulation: The musculoskeletal model
designed based on Hill-type model of muscle [4] was
used as the control object. Movements of the elbow, the
forearm and the wrist could be controlled by stimulating
15 muscles with the shoulder joint fixed at an arbitrary
angle of flexion/extension and rotation. The muscle
model had nonlinear length-force and velocity-force
relationships, recruitment characteristics and activation
dynamics. Nonlinear joint angle dependency of moment
arm and passive viscoelastic property were also
included into the model.

The wrist movement was controlled by the electrical
stimulation of the extensor carpi radialis
longus/brevis (ECR) and the flexor carpi ulnaris (FCU).
The desired trajectory was given by a sinusoidal angle
trajectory with 30 degrees in peak-to-peak
amplitude (25 degrees in the palmar-flexion, 5 degrees
in dorsi-flexion). 6 cycles of the movement were
included in one control trial. Computer simulations
under the two conditions were performed in this study
as follows:

1. Muscle properties for control are different from
those for training

The cycle period of the desired trajectory was 2
seconds. Firstly the neural network was learned on the
musculoskeletal ~model  with  certatin  muscle
property (model A). Then the trained ANN was applied
to the control of a different musculoskeletal model
which had different properties in input-output
characteristic and step response (model B). Figure 3
shows the input-output characteristics and step response
of the muscles of the model A and the model B.

2. Cycle period of the desired trajectory for control
is different from it for training

Firstly the ANN was trained through the control of
tracking the sinusoidal angle trajectory with 2, 5 or 10
seconds in cycle period. Then the trained ANN was
applied to the control of tracking the trajectory with 2, 5
and 10 seconds in cycle periods.

Results

The control results of the first and the 24th trials are
shown in Figure 4. It is obvious that the control error
and delay seen in the first trial were reduced in the 24th
trial. The stimulation outputs of the controller were
mainly determined by the PID controller in the first trial
[Figure 4 (A) (b)], while they were determined by the
ANN in the 24th trial [Figure 4 (B) (b)]. The
feedforward controller constructed by learning of the
ANN enabled the controlling of fast movements with
less delay and error.

Figure 5 shows the changes in mean error and power
ratio when the neural network was trained with random
weights or the prerained weights as initial value. The
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Figure 3. Properties of muscles in the input-output
characteristic and the step response used for the ANN
training (model A) and for examination with a different
subject (model B)

error was small and the power ratio was high at the first
trial if the neural network was pretrained. Furthermore,
the mean error was reduced enough and better control
was achieved after a few iterations of training of the
pretrained ANN. On the other hand, about 40 iterations
were required for the training when the ANN training
was started with random weights.

Figure 6 shows the mean error obtained from the
control of tracking movements with different cycle
periods from those for training. Computer simulation for
the training was conducted 5 times changing the initial
values of the ANN’s weights. The graph shows the
mean value of the 5 results. The mean error was
smallest when the cycle period for control was same as
that for training. The ANN trained with fast movements
could also control the slower movements than the
movement for training with small mean error.

Discussion

The FES controller using the FEL was examined by
the musculoskeletal model. The computer simulation
could predict similar results to the experiment with a
neurologically intact subject [3]. That is, the mean error
and the delay were reduced after the training of the
ANN and the number of iterations required for training
of the ANN was reduced by the pretraining (Figure 5).



Similar tendency was also observed through the same
simulations conducted changing the ANN’s initial value
of weights. These results suggest that the computer
simulation by the musculoskeletal model is useful.

The forward dynamics model used in the previous
study had difficulties in modification to express
different muscle properties and in expansion to multi-
degrees of freedom of movement control. Since the
musculoskeletal model used in this study can be
modified easily, it is considered to be suitable for this
research work compared to the forward dynamics model.
It is expected that control capabilities of the FEL
controller will be revealed in more detail by performing
computer simulations under various conditions
modifying properties of this musculoskeletal model.

The ANN trained with fast movements could control
the slow movements with good performance. Therefore,
training with fast movement may only be required for
restoring movements at the clinical site. This will lead
to reduce the burden of patients. However, the ANN
sometimes failed to learn the inverse dynamics of

36.1_orsi — Result —Target
151
i
S 9 L7\ 7N\
— : ' ' [s]
o 8 1 \
E’ 15 @
£-
-30-
palmar
10,  —ECR(PID) ——FCU(PID)
Fany ' = =ECR(ANN) — —=FCU(ANN)
7]
£ 0.5
22
S E DAY WAV
© 0.0
g .0
58
S =  -05 (b)
E
vpd
v -1.0 " .
8 10 [s]

(A) iteration 1

controlled object. When there was large difference in
the output level between the PID controllers for the
ECR and the FCU, only one output of the ANN became
larger and the training didn't succeed. Modification of
the PID controller or the structure of the ANN will be
required to solve this problem.

Conclusions

The FES controller using the FEL was found to be a
promising controller from the results of computer
simulations. However, the PID controller or the
structure of the ANN has to be discussed in more detail
for further improvement, because the ANN wasn’t
trained appropriately in some cases. Then it is expected
to extend the FEL controller to controlling multiple joint
movements. Since the musculoskeletal model was found
out to be a useful tool for these studies, further study of
the FEL controller can be performed by computer
simulation.
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Figure 4. An example of simulation results before and after the FEL
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Figure 5. An example of changes in mean error and power ratio (PR)
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