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1. INTRODUCTION

Br man (1990) contends that the mixture at sounds readiing the ears is sublet: to an
au rory scene analysls, In which acoustic elements likely to have arisen from a common
environmental source are grouped In a perceptual representation termed a steam.
Funhemtcre, Bregman contends mat title grouping process Is performed in accordance
with the peroeptuaricrrindpies described by the Gestalt psyct'ioioglsts (e.g. chika. 1936).

Such princlzies I ude grwpin on the basis at temporal and frequenw proximity
Bregman Campbell. 971; an Noorden, 1977: man, 1978?, common onset
Dennenbri 8. Bregman'. 1978; Darwin. 1981: Cioooa Darwin. 993). harmonioity
9a'r7vlvln, 19 i; Darwrn & Gardner. 1988) and similarity of timbre (Wessel. 1979; Singh,

Given the number at organisational principles which appear to be employed by the
auditory system. it Is reasonable to expect that situations exist where such principles will

suggest conflicting organisations. For example. temporal proximity may suggest that two
tones should be grouped. Millet fluency proximity suggests that they be segregated.
This Implies the eidstenoe oi a lsm tapable oi combining the evidence from a
vari of organisational principles In order to select which at the potential organisations
will perceived. This paper presents a consideration ot the properties of this
mechanism. along with a computational model of auditory organisation which
demonstrates many oi these properties.

2. PROPERTIES OFAN EVIDENCE COMBINATION MECHANISM

Whilst direct experimental evidence concerning the excafiature of an evidence
combination med'lenism ls 'Ilmlted. the p ct'loacoustrc literature contains many
Investigations which indicate the basic prope as such a mechanism would need to

possess. This literature ls briefly reviewed below.

2.1 Groupi Processes .
Bregman ( 990) argues that primitive (Innatg? auditory organisation Is the result at two
basc processes 0 organisation: sequonli (horizontal) and simultaneous (verticail).
Simultaneous processes organise auditory elements which occur simultaneously, but n
different regions at the spedrum, whereas sequential processes organise elements which
succeed each other In time. Agan. it is to be expected that there will be situations where

sequential and simultaneous grouping processes su gest alternative anisatlons. Such
conflicts have been documented b several workers e.g. Dannenbn'n Bregman, 1978;

Steiger & Bregman, 1981, 1982). is lmpiies that any organisation mechanism cannot
treat simultaneous and uentlal grouping lndivl ally: they must interact

ootemporaneousiy in order to con ct.

2.2 Streaming Phenomena
Auditory weanling Is the phenomenon whereb a sequence of strictly consecutive tones

ct diitering frequencies peroeptuall separates me two or more streams. The Impression
ct streamrng grows stronger It sequence ls presented rapidly, or contains large
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frequency separations. One important observation conoemlng streaming is that the
siren of the streaming percept accumulates as the sequence is presented (Bregman.
1978 . Typically. the sequence is lnitiall perceived as a coherent whole. with the percept
oi two or more streams emerging gradual‘.

2.3 Effect of Context
There have been a number of experiments Which demonstrate that auditory organisation
is hi hly context dependant. For example. Bregman & Rudnicky (1975) found that
identi ing the order of two tones A and B) became difficult if they were surrounded by
two flanking tones F (Le. FABF). owever. If the flankin$ tones were embedded within a
sequence of similar frequency captor tones C (Le. CCC ABFCCC) it becomes easrer to
Identify the order of tones A and B.

Bregman & Rudnicky argue that this is due to the raptor tones capturing the flanking tones
in a separate stream, on the basis of freqfiuency proxrmity. Thus tones A and B are Isolated
in a second stream. makln their ldenti cation easier. This im lies that the decision to
group or segegahe the flan ing tones and the target tones is ependant not just on the
relationship etween the target and flankln tones. but also on the context in whlch they
appear. Bregman (1978b) demonstrated simi ar results.

The auditory system also appears to employ a "wait and see" attitude to organisation; the
organisation imposed u on elements at a particular moment in tlme can be modified b
elements arrivin at a re time. A demonstration oi this was presented by Bregman
Tougas (1989). ey found that when presented with the stimulus shown in figure 1a,
subjects reported that tones B and C tended to fuse.

;.. r—“———-—!

 

FIGURE 1: Stimulus patterns used by Bregman & Tougas (1989) to
demonstrate constraint propagation.

However. When presented with the stimulus shown in figure 1b, subjects reported a
greatly reduced tendency for tones B and C to fuse. Thus the presence of tone D has a
retroactive effect on the fusion of tones B and C. Bregman 8. Tougas e lain this in terms
of a constraint pmpagalion mechanism. The grouping of tones C and on the basis of
frequency proximity reduces the fusion of tones B and C. which strengthens the grouping
of tones B and A and so on. Obviously, this. propagation must occur over a limited time
period; otherwise constraints would be propagated back indefinitely and a stable percept
would never emerge.

It has also been demonstrated that a harrnonlc can be “heard out" if it terminates
asynchronously with the remaining harmonics of a complex tone (Dannenbring 8.
Bregman. 19 8). The decision to segregate the harmonic must be made retroactively,
followin the harmonics termination. A similar ar ument extends to the perceptual
restoration ot a signal obscured bya loud masker ( regman. 1990). Such restoration is
dependant upon the sensory evidence present both before and alter the masker, Implying
that the restoration is retrospedive.

Thus it would appear that both perceptual restoration and constraint epropagation rely
upon the operation of a retroactive mechanism. Assuming that they r y on the same
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mechanism. the maximum duration of noise through which perceptual restoration ocwrs
should indicate the time period across whidr constraints are prgopagated. Perceptual
restoration has been observed h noise bursts ranging irom to 350 msec (e.g.
Closes 81 Bregman. 1987: Kluander 8r nlson. 1992).

2.4 Properties at the Evidence Combination Mechanism
lnsummary.thereareanumberollmportanttadorsooncemi eudl organisationend
evidence combination: ng m

- Primitive audlto organisation Is rlorrned b two main rou processes -
simultaneous an?sequential - which caPne suggest ao¥rtilaing organlsgatlor‘ifls'.‘g

- Eachoitheseprocessesem anumberolgroupin nol Ies.eedrofvlhidtcan
also suggest conflicting g p" p

- The mechanism Is context-sensitive and accumulates evidence over time.
- {he organisation at auditory elements can be rnodllled by elements arriving at a future

me.

3. OVERVIEW OF THE MODEL

3.1 Previous Models of Auditory O anlsatlcn
A number of computational mode at auditory organisation have been described. many
at Whid'r were intended to either segregate speedi from Interfering noise 9. . So‘rellers.
1983; Brown. 1992: Cooke, 1993) or to segregate melodic lines from poyp onlc music
(Meliinger. 1991; Kashlno 8- Tenaka. 1992; Brown 8. Cooke. 1994). However. few of these
models have addressed the problem oi Integratlgg" the evidence presented by
contradicts rouping rinci las. Regardless at their to regate sounds. these
models WOl’in go In le oi‘emulatlng the organisation of sigma £3 tone sequences.

One exception lsthemodelbyKashlnoetTanaka. whlohattemtsto dl Im rate
evidence from psychoaooustlc e rlments. The model suppce-ts the ol‘
evidence from two groupin princl es. hannonlolty and onset ssynchrony. However, the
model does not consider a context In which tones appear. and does not accumulate
evidence over time.

Similarly. there have been a number oi models aimed at reproducin the resuln of
audits experiments. such as Williams (1989) STREAMER - which as a high-level

bole approaa‘r to simulating the organisation oi pure tone stimuli - and the pen haral
annellln model presented by Baauvols 8. Meddis (1991). n, these models not

gagger a context In which an element Is presented. nor do ey exhibit any retroactive
our.

3.2 Modelling Constraint P atlon
Tire primary objective behi the develo ment at this model was to demonstrate a
mechanism capable ol combining a num er of rouplng principles within a constraint
propagation framework. As argued previously. constraint propagation mechanism
must operate within a finite time period. This is modelled using a temporal window. Which
feeds information to a propagation mechanism.

3.2.1 The Temporal Window. The temporal window Is a sliding rectangular window at
finite width, The organisation at audlto events can only be modified while they are
contained within the temporal window. nee an event has departed from the temporal
window. a pennanant organisation ls imposed.
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in the current Implementation. there is a single temporal window oi fixed 350 msec)
width. However. certain grou ing principles - In articular those concerned wi emergent
properties such as pitch an timbre (e.g. Krurn ansi a lverson. 1992) - operate over a
significantly wider time stale. This suggests that either the width oi the tem ral window is
variable. or there a number oi temporal windows with diiierent widths. computational
scheme which adopts the latter approach is discussed in detail in Godsmark (1994).

3.2.2 The Prefagation Mechanism. Currently, the model employs a symbolic
r resentation 0 sequences of tones. consisting of start time. duration and trequency
in onnation. As tones enter the temporal window. every possible interpretation oi these
tones is created and added to a structure called the scene Interpreflfion tree SIT).
Consider. tor example. a consecutive sequence of three tones. labelled AB and C. en
tone A enters the tem oral window. there is only one possible interpretation. When tone 8
enters the temporal wndow. it can be grouped with tone A or regated. The arrival oi
tone C suggests a number of possible interpretations. figure 2 owe the SIT after the
three tones have arrived.

 

/
1/, ‘ -. ,/"

53'6" 3

FiGURE 2: An interpretation tree for three tones AB and C.

 

  

   

Each interpretation in the SIT is evaluated by a range of grouping "experts". This
evaluation IS entirely local as only the relationship between the most recently added tones
is considered. In the case of the exam is given above. the root at the SIT receives a score
at 0. as there is nothing to evaluate. e second level of the tree will be scored based on
the relationship between tones A and B. Finally. the lowest level of the tree will be
evaluated on the basis of the relationship between tones B and C.

The eiqaerts score the interpretations on the basis oi how well they abide by aparticular
principle. For example. it tones B and C are dose In frequency. a Irequency proximity
expert will give a high score to any interpretation with tones B and C grou ed. and a low
score to an] interpretation with tones B and C isolated in diiierent streams. e local score
for any no e is the oombinatlon of the scores oi all the grouping experts. Presently. these
scores are combined through simple addition.

In addition to this local score. each interpretation also has a global score. This global
score is its own local score combined with the local scores of all the interpretations
derived from it. Thus when a new tone is added. all possible interpretations oi it are added
to the SIT. The local scores oi these new interpretations are propagated up the tree and
combined with the global score oi the Interpretation trorn which they were grown. This
label score is in turn propagated back up the tree to the previous level, and so on.
ventually. this propagation process will modiiy the global scores of the nodes at the root

of the tree Thus the score of the root nodes will be dependant upon every tone within the
temporal window.

As tones exit the temporal window. the root node with the highest label score is selected
and the tones are organised according to that interpretation. All temative interpretations
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are then pruned from the SIT. As this global score is highly context demdmt, the chosen
organisation Is a direct resdlt of the context at tones occurring at a re date: thus the
mechanism embodies both context sensitive grouping. and a retroactive component.

3.3 Emergent Properties
An interesting emergent propeny of this approach is that, for a simple tonal sequence
ABAB presented rapidly enough to Invoke sti'eammg. the iobai score of the root node
continually increases over time. It the magnitude of the glc score is taken as a measure
of the strength oi the percept, then this simulates the peroept oi streaming continually
Increasing over time.

A iurther property of this approach Is that It inherently incorporates competition between
individual grouping principles. and between roupln processes. As the SIT contains all
possible interpretations, eve possible con ict WII be considered, and automatically
resolved by the selection of a root node according to Its global score. Additionally, this
mechanism is capable of incorporati as many grouping principles as required. As
corn tition between principles is hen led implicitly by the propagation mechanism, all
that 5 required to add a new principle is an evaluation metric to produce the local score.

4. RESULTS

4.1 Evaluating the Model
The model has been evaluated on the basis of direct comparison with psychophysical
findings. In paniwiar. psydiophysical experiments explicitly demonstrating either
competition or constraint propagation were selected. Halt at these experiments were used
to “train” the three grouping experts currenti implemented (frequency proximity, temporal
proximity and onset asynchrony). and the rema rider to evaluate the models pertcrmance.

4.2 Example: Bregman 8. Tougas I
One of the most Important experiments used to evaluate the model was that by Bregman
and Tougas (1989). As previously discussed section 2.3), they presented their subjects
with a three or tour tone repeating sequence see figure 1): It tone 0 is absent, tones B
and C tend to iuse; It tone D is present tones B and C tend to segregate. Figure 3 shows
the SIT after the first occurrence of tones AB and C have been presented to the model.

 

Figure 3: The SIT when tones AB and C are within the temporal window.
Each interpretation Is displayed as a miniature sketchfl'he numbers to the left
oi each interpretation represent the local (upper) and global (lower) score. A
horizontal bar across the centre of the interpretation represents a stream.
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FIGURE 4: SIT after (a) the next repetition of tone A has entered the tem oral
window if tone is absent and (b) tone D is present and has ante the
temporal window.

It can be seen that the interpretation with B and C Iused is currently regarded as superior
(a score of 240) than the interpretation with tones B and C se regated (215). Assumin
tone D Is absent, the next tone to enter the tem ral window wi be the next re etition 0
tone A. resulting in the SIT shown in figure 4a, n this case, the fusion of B an C Is still
clearly favoured (a score of 265) over segregation (a score of 235).

In contrast. if tone D is present. It will be the next tone to enter the temporal window,
resulting in the SIT shown in figure 4b. Now the segregation of tones B and C (a score of
450) is quite cleain favoured over fusion (3. score of 430). The arrival oi tone A further
strengthens the segregation interpretation.

In both cases, because the sequence Is repetitive the local scores will continually cycle
through a limited set oi values. increasing the global score of both Interpretations by a
constant amount every repetition. However. in each case the Interpretaan initially
favoured is being stren ened the most For example, in figure 4a, the segregation
condition is being siren ened 20. while the fusion condition is being strengthened by
25. Thus the favoured interpretation will steadin grow much stronger. demonstrating the
cumulative aspects oI strearning.

5. CONCLUSIONS

The model described above is capable of explaining a range of organisational
phenomena. In particular. the rriodel la capable of simulatin oth context-sensitive
organisation in a retroactive manner. and the gradual cum ation oflthle streaming
percept. it Is also inherentty capable of combining as many grouping principles as are
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required without modifying the central mechanism. It thus presents an extreme! useiul
experimental tool tor evaluating the contributlon made by the various grouping p nciples.
and the relative imponance cl context.

However, In its current term. the model ls unsuitable for use as a practical applicatlon. The
symbolic representation employed by the model Is e of describin only tonal
sequences consisting of stable pure tones. and the IT exhibits a hi degree of
combinatorial explosion. Even with simple seguences consisting of tones with Just tour or
live harmonics. the SIT typically contains sever thousand nodes.

Development has recently commenced on a more etficient model capable of acce ting
much more complex stimuli. The new model features a computational model 0 the
auditory periphery and thus ecce ts di itised sound In place of the symbolic
representation emplc here. Also. e ba ard propa ation mechanism 01 the current
model has been repaced with a functionally equivalent rward propagation mechanism.
Mth this new mechanism, the SIT never grows beyond a single evel. t is expected that
the new mechanism wall typically consider a maximum cl several dozen interpretations. as
opposed to several thousand In the current Implementation. This model Is described In
detail In Godsmark (1994).

In summary. it is telt that the mechanism of propagation suggested here presents a natural
framework for the Inclusion cl top-down (schema-driven) grouping principles. Many top-
down principles can be Integrated by strengthening Interpretations In the SIT which are
favoured by these top-down principles. Once again, competition between schema-driven
and primitive principles is implicitly modelled by the propagation mechanism, and all that
is needed is an evaluation metric tor the local score.
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