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Abstract

by

Primoz Ravbar

Advisor: Professor Ofer Tchernichovski

Co-advisors: Professor Lucas C. Parra and Professor David S. Vicario

When learning to perform continuous actions one needs to cope with conflicting motor
requirements: while some parts of the action may require exploratoapiigyito find motor
states that can efficiently produce a desired outcome, other parts mag ceqsolidation if

they are already close to the desired goal. A possible solution to this prelgantitioning the
action into segments that could be controlled independently, but it is not known if exploratory
variability can be locally regulated during the sensory-motor learniagcohtinuous action.
This dissertation explores song learning in songbirds as a model of learnimfiptope
continuous actions. In the first set of experiments we manipulated songde@raebra finches
(Taeniopygia guttata) to experimentally control different requirements for vocal exploration in
different parts of the song. We first trained birds to perform a one-syahlg and once they
mastered it we added a new syllable to the song model. Remarkably, whesiny éloé

modified song, birds rapidly alternated between high and low acoustic variabtibytine

vocal exploration to the newly added syllable. Analysis of exploratory vatyalithin

syllables revealed that acoustic variability changed independently acngsslements that were
only milliseconds apart. The variability of each song element decreaseappsaached the

target, correlating with momentary local error and less so with the global#e mean of local



errors across the syllable). We concluded that vocal error is computed locally-syllabic
time scales and that song elements can be learned and consolidated indgpétuigeatier, our
evidence for partitions singing behavior into segments that may be |eadepeéndently, also
indicate that those segments are not developmentally stable. For examplbserved that the
appearance of distinct syllable types usually precedes the appeararstact siib-syllabic
song elements, suggesting that the time scales at which syllablegrassl lmight get shorter
over development, perhaps in a hierarchical manner, from the learning of evapsedl
structure to the learning of fine temporal structure. To test this hypethestudied song
learning at the articulatory level by measuring the control of réepyraressure during song
learning. We found that during early song learning, respiratory presstempatere coarse,
and fine temporal structure was later added to that pre-existent civacsers. This effect was
not observed in socially isolated birds that developed their song without learningeal tut
model. We therefore propose that the learning of continuous singing action iseddbyfirst
partitioning the song into coarse segments, and then to finer units, where exphaatiyity

in each unit is dynamically gated until a local match to the song model is athieve
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Chapter 1: Introduction

This dissertation studies the learning of continuous actions. | will stiwravirief review of
discrete learning of goal-oriented actions, using an example of throlantgjat a target to
present the question of the trade-off between exploratory variability andlicati®n, which
arises from simple reinforcement learning of goal-oriented actions wiithibe followed by a
presentation of the challenges associated with learning of more complexiocastactions such
as dancing. We will see how the time scales of motor exploration and eruateraare
important in the learning of such actions, and examine how exploratory \igriedamn be applied
to the learning of continuous actions, where some parts of the action mayaloly &erned
while other parts may require more exploration. | will discuss possibleaswuo this problem,
and focus on the partitioning of the action into segments that could be evaluatedkseflacat
error assessment) as a potentially effective mean of sinmgifjie learning task. | will propose
testing this hypothesis in songbirds, where song learning as alread\sted#isleed as a suitable
model system for testing such hypotheses, which will bring us to the masroathis
dissertation:

1. Test if birds learn to imitate song syllables (continuous action) by congneHyi
partitioning them into segments. This way the error can then be assesdgdriczth
segment and exploratory variability can be confined to those song elementethed ne
change most, while other song elements (those that are already we#dinda
consolidate. Testing this hypothesis required developing of experimental Bstitata

methods to measure exploratory variability of individual song elements in tihes sta



milliseconds and across hundreds of thousands of syllables produced during
development.
2. Testif the units of segmentation might change during development. If so, wlthear

implications?

1.1 Reinforcement learning and the role of exploratory variability

Reinforcement learning can be described as a simple form of learning wleargreal associates
an action with a stimulus that follows the action. If as a consequence of preseatstigiulus
the frequency of repeating that action increases then we can concluithe thizulus is
internally evaluated as a reward (positive reinforce)(Watson, 1913, Skir938; Ferster and
Skinner, 1957). The concept of reinforcement learning was further developed in etfsesach
as machine learning, dynamic programming and control theory (Kae#iladg 1996). The
“goal” of the animal in reinforcement learning is to maximize the cuimvela¢ward (the
positive reinforcement stimulus), which could be presented to the animal eidraaliyt or
externally. In the simplest case of reinforcement learning the antantd with no prior
knowledge about how actions are rewarded. Then, by trial and error the animalilatesim
knowledge about which actions resulted in highest rewards, and consequently tfievedte

rewarded actions increases.

Reinforcement learning requires both motor exploration (trials) and consmiiddiearning

(reducing the error), and there is often tension between these two requiraseasbe



illustrated by the following three cases of simple task learning: hmeagiu are looking for a
golden wrist watch buried somewhere in send on a beach, using a metal detectorrdrmentst
will emit pulses of sound at increasing rate (reward) as you approach tie(thattarget). In
this trial and error task you move the detector, either systematicalin@omly, to different
locations while listening for the rate of sound pulses. Once pulse ratelgpwestaseline you try
to lock on the target: If the rate is higher than in a previous location, then you kndkethat
move has been in the right direction. As you get closer to the target you wouldyy@date
the amplitude of each move in order to prevent overshooting the target. Thereforergasalec
the magnitude of exploratory movement as the rewards get higher (the rat@adisises from
the metal detector increases). Conversely, if the reward is low thétke isdk of reducing it
even further by changing the position of the metal detector and consequenthgtheideaof

exploratory movements is usually higher.

Now consider a somewhat different example: throwing of darts to a talgegoRl is to hit as

close as possible to the center. In this case you know the location of the targetduites
considerable practice to achieve good performance. Computing the coarserirajegour
movement is done instantly (Kawato, 1999), but there is a prolonged process during which you
are exploring different variations of throwing movements. You are then “selethiogg

trajectories of throwing movements that improved your performanceryta tepeat the

throwing movements where you know you were “doing something right” and try to improve
them even further. This way the variability of movements should decreasdsasudar
progressively closer to the target. You can evaluate this distance andes#tienatror with each

throw.



Finally, consider a case that combines both cases of simple task leastngeatkabove.
Imagine you are throwing darts into a white screen behind which the target is hidpgpos&
there is a metal detector at the location of the invisible target and it respdimdscyeasing rate
of sound pulses as the (metal) darts land closer to igri@. signal decreases. In this case you
are exploring the surface of the screen as well as the parameter spaneofent trajectories
that will result in more accurate and more precise throws. As before, thef deaining of this
task is to maximize the cumulative reward (the rate of increase in sound utssstarows).
Initially the trajectories of the throwing movements are variable but oveotirse of learning
those trajectories that resulted in a decreased error signal arekalyréol be repeated and
variability consequently decreases. Once the error signal stops deg(#as cumulative reward
of several throws is constant) you effectively turn offak@oratory variability and your

throwing movements become stereotyped (consolidated).

The cases above all descrisal-oriented actions, where a particular trajectory of the throwing
movement taken does not matter, as long as it results in a decreased errof lsggtratie-off
between exploratory variability and consolidation in goal-oriented actionsectherefore
formulated as following: when the error signal is high (rewards are |gpayg to explore
different throwing movements that could potentially result in higher reward Meowé&the
cumulative reward of several throws is relatively high than exploration eescorare risky (as it
could result in decreased reward when the darts land further from the targetjjueotiyehe

gain of exploratory variability decreases (Kaelbling et al., 1996n&teand Muler, 2009).



1.2 The role of exploratory variability in learning of continuous actions

Most sensory-motor learning studies are concerned with learning of discatirgcted
movements, such as reaching (van Beers, 2009) and throwing movements, as exelmplified a
(Muler and Sternad, 2009). In goal-directed actions the success of ¢gigroften estimated by
a single parameter (a vector, or a scalar value), such as the distance fsbdathe target.
Therefore the error estimategiobal, i.e., the execution of themtire action is evaluated against
a single error estimate, which includes two parameters: angle aadcgistom the target. The
error in turn is estimated only at the last time-point of the action, callé@nldepoint”. In the
case of throwing darts this end-point would be the vector describing the velatittyeaangle of
a dart at the moment when it is released from the throwers hand (in the absenvi@bimental
noise, this vector will fully determine where the dart will land with resgmettte target). Of
course, with four joints involved, there are many possible kinematic trajedtwaitamight arrive
to the same end-point vector (and thus the same error estimate). Theredaret ttivial even in
simple task that a global error estimate is sufficient to allowieffidearning of goal-directed
movements. Nevertheless, there is evidence that error could be estimated cdgtiMansof
the studies that show this utilize the force field experiments in which perturbare applied to
the subject’s hand during a reaching movement (Shadmehr and Mussa-Ivaldi, 1994). Reaching
movements (and other goal-directed movements such as throwing of darts) arteallrstier
control, meaning that they are computed (internal model of limb dynamiesaied) before they
are executed and that sensory feedback has no immediate (on-linepmffieettrajectory of
their execution (Morasso, 1981). Experimentally induced perturbations are ryoamatiction

of hand position and/or velocity (or acceleration). Before the perturbatioap@red the

movement trajectory is typically a straight line (going right for thal)g@s soon as the



perturbations are presented to the force field the movement trajectoryeddraat the straight
line. But with practice the trajectories start converging back to thenatigiraight line
(compensation). This learning is possible because the internal model of thigeldraed limb
dynamics can change adaptively, e.g. it can predict the change in thédioredter the

perturbation has been applied (Bhushan and Shadmehr, 1999; Kawato, 1999).

What is the nature of the error signal? In two cases presented above itisggaaiovas non-
parametric — the learner only know how far was the target but not its directemirkEthe case
of throwing darts to a visible target we can imagine a naive learner how haglabahlimb
dynamics at all and has to randomly explore trajectories that will brindpitie closer to the
target. But such non-parametric error signal might not be reahsaicimals. We do not
randomly vary the trajectories of throws when trying to hit the center ofripet.t&ather, the
exploratory variability employed has a direction such that the throws varyimibre direction
of the visible target. This is because the error signal is informative atehthéng process

guided (Andalman and Fee, 2009; Engel and Soechting, 2011).

Learning of discrete (“simple”) goal-oriented actions could be contrastedearning to
performcontinuous actions such as driving a car or performing a dance. In continuous actions
the goal of learning is not the set of parameter values at the end-point, huthathatire
trajectory of the action. Thus the quality of a dance performance, for exaspde,@valuated at
any particular moment in time but along the entire performance. So how isdhsignal

produce when learning continuous actions and how is the exploratory variability agied?

are a few possible scenarios illustrated by the examples bellow.



Imagine a dance student who is learning to perfect her act. The dan@&r madbates her
performance at the end of each act, but only with a numerical grade (suéB)asThe teacher
never explicitly points out any particular weakness of the act and the staddomly varies her
performance across all elements of the act. Now in real life the &walwh performance would
rarely be non-parametric. The error signal would have a direction. For exah®ebktudent
could watch a video of the performance she wishes to imitate and compare it to af\nde
own performance. The error estimates would then have a direction. But as didtbssed later
the nature of the error signal in learning of birdsong, as an example of continuonsiadill
somewhat an open question. In order to present the main problem studied in thisidisseztat
will employ a simple ( even if unrealistic) case of a non-paramatroe signal such as grades

from 1 to 10.

So in this case the student selects those acts that have received higteagdad more likely

to repeat them (as in the case reinforcement learning of throwing of ddmis)still retaining

some exploratory variability, hoping to improve the current grade. In this casatofuous

action learning the error is evaluagidbally (the sum of errors across all time-points of the
dancer’s trajectory) and the exploratory variability is applied acrosantive act because the
student does not know which particular part(s) of the act should be improved and which ones
should change less. Consequently, the student will at times change the pasdcbthiat had

been already perfected and thus somewhat deteriorate the performance. Tihisrefme
illustrates the conflict between exploratory variability and consolidatidrctraarise from

learning of continues actions. Whereas some parts of the action may requiraterplor



variability to find motor states that can efficiently produce a desired mgtcother parts might
require consolidation if they are already close to the desired goal. EMearsing of
continuous actions with only global error estimates can work, as has beenediggasiodels
of song-learning in birds (Fiete, 2007), where combining uniformly distributed etqipra
variability with a mechanism for comparing the overall (global) sintyiao the song model that
a bird is attempting to imitate is theoretically sufficient to enable ssargihg. It has also been
experimentally confirmed that birds can improve individual song elements ehereifror
estimate is global, as in our example of the dance student (Charleswortl2@1i 3). In these
experiments a negative reinforcement was applied when fundamental frequarmyriain
element of the song did not reach a threshold specified by the experimentalpirtantly, the
negative reinforcement could be applied at any time during or after the sooignaarte. This

result will be discussed further in Chapter 7.

But how can be such conflicting demands between exploration and consolidationdsditisfig
learning? Imagine again the dance student who now finds a new teacher. Thietisecher
explicitly grades separate elements of the dancing act (again mitmerical grade). Thus the
parts of the act that the student needs to improve will receive a lower grglderfiar signal).

We can say that the error is now evaluadgedlly. With this information at hand, the student can
apply exploration to different elements of her act separately, so that thosnts that have
received high grades become consolidated while elements of the act that preeemnent can

vary more. Now her dancing act does not have to deteriorate when more explerafiphed.



So rather than evaluation the performance of a continuous action globally raatizite
approach would be taartition the task into several short segments, compute local errors, and
approximate the target in a piecemeal manner. The segmentation of continicudwaatg
reinforcement learning has been studied by several theoretical models 2D0§a It has been
shown by the models that either in the case of global or local error estith&tgain of
exploratory variability must decrease with learning, but partitioning thketdediscrete segments
could also make it useful to relive the tension between the conflicting reqoisefoe
exploration and consolidation in different parts of the action. However, while @sgfe that
animals do employ partitioning of continuous actions, there is no direct experieddt&ice to
it. In this dissertation we use birdsong as a model for continuous action learning arttiahow
indeed, zebra finches can locally evaluate the elements of their songttiercaurse of
learning and can apply exploratory variability to those parts that need to chariggrtiees
following section | will present my considerations in using birdsong as a mod=&rfonuous

action learning.

1.3 Zebra finch song as a model for learning of continuous actions

The song of adult zebra finches is composed of bouts of repeated units commonly called

“syllables” (see Figure 1.1, day 90).



0 Time [ms] 1500

Figure 1.1 Structure and development of zebra finch song. Birds in acoustically isdlated

boxes can be tutored by a model song played from a speaker. The sonograms shpw how
the song develops to resemble the model (from 40 to 60 days of age). The fully
“crystallized” song bout, shown at day 90, has three syllables and two “introductory
notes” before them.

Typically a song bout consists of 2-5 different types of syllables procdwoedew shorter
“introductory notes”. Zebra finches are frequent singers and can produce up to 30,000 song
syllables per day. The order of syllables in a bout is quite conserved in a fullggkx/eong,
although skipping of a syllable is not uncommon. If interrupted, a bird will stop singihg at
end of a syllable rather than break the song within a syllable (Franz and @o@02; Cynx,

1990). In this sense syllables can be understood as discrete units rather thacoatinliypus

action. A typical duration of a syllable is about 130-280 ms and it consists of 4-Gleroaints

10



commonly called “notes”. During song development it is technically easieteoctdkstinct time
events within syllables rather than segmenting the syllables, and tleeregéowill refer to intra-
syllabic structures (notes and events) as “vocal elements”. Unlikélsglla a song bout, the

vocal elements within a syllable are invariably performed in the same owdi¢nexe are rarely
distinct boundaries between them, and as such a syllable could be considered a true continuous
action. This dissertation will mostly focus on the development of syllabis tfya@ include

several vocal elements.

The ability to train zebra finch to perform specific syllables, and to dabeir entire learning
(every single performance of each sound) make them a nearly ideal modedifong sensory-
motor learning of continuous action and for studying the role of exploratory vayiaiihat
learning; We were able to follow developmental trajectories of differeral wements
separately and reliably identified these vocal elements during prolonged deestapepochs.
The shear amount of singing with thousands of repetitions per day promises robtisastatis

analysis.

Neur obiology of song lear ning mechanisms

Song production and learning in male zebra finches involves in two brain pathways: anterior
frontal pathway (AFP) involved in learning (Figure 1.2, red color) and the productiongyat
which includes nuclei HVC and RA (Figure 1.2, blue color). Only the main nuclei of these
pathways are illustrated in Fig. 1.2. Lesions of AFP prevent song leaBottge( et al.,1984;

Scharff and Nottebohm, 1991; Brainard and Doupe, 2000; Haesler et al., 2007) but have less

11



affect on song production, while lesions of RA or HVC (in adults) completely prevent song

production.

Although birds can sing without AFP their song can no longer change after the lesioning
(Brainard et al, 2000, Haesler et al, 2007) and its performance becomesgxstmeotyped
(Scharff and Nottebohm, 1991; Olveczky et al., 2005). As we will see later, even anthefs
normal adult zebra finches there is still some residual variabilitgptesut in birds with

lesioned AFP even this variability is minimal. This finding suggestedhbatariability might

be functionally connected to learning. Then came the direct evidence thatliaéisong
patterns can be used for vocal exploration (Olveczky et al, 2005, Andalman and Fedn2009).
these studies AFP was temporally inactivated by injections of TTX toxin #RRenucleus
LMAN (Figure 1.2). The injections were done during the sensitive period of songhigarma
resulted in the complete ablation of variability while the structure ofyilebtes seemed to
revert to the developmental stage of the previous day (Andalman and Fee, 2008silhis
important for understanding of the nature of the error signal. If the error gigaantirely non-
instructive, resulting in exploratory variability with no particular directibben the structure of
the song would not revert to previous developmental stage during LMAN inactivation. The son
would become stereotyped but its structure would not change. This suggests that AFP is

providing some information about the direction in which the structure of the song should change.
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In young birds the singing of very variable and unstructured subsong is drivefFogadthway

as the bilateral lesions of HVC do not prevent singing (Aronov, 2008). While these variable
song patterns dominate singing behavior in juvenile birds, during development neural control
gradually shifts to a second vocal center called nucleus HVC (a proper (faom)v, 2008). In
contrast to AFP, the neurons in HVC generate highly stereotyped eleciodpbigsl activity
(Hahnloser et al, 2002; Kozhevnikov and Fee, 2007). And, as noted eatrlier, in the absence of
AFP pathway the activity of HVC pathway results in a very stereotypedmodgction. Both
variable song patterns from AFP and stereotyped song patterns from HVCgeoinvitre
premotor song nucleus RA which, in turn, controls primary motor nuclei in the braitstem t
drive the muscle systems involved in song production (respiratory muscles and the miuscle
the syrinx) (Schmidt, 2004). Consequently, as HVC gradually takes over the contraj of son
production during development, the acoustic variability of the song decreaseksaustihg
becomes fully crystallized with only a small gain of residual varigilitginating from AFP.

This residual variability can still be used to modify the song even in older(budser and

Brainard, 2007).
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Caontrol of syrinx and
respiratory muscles

Figure 1.2 The song system. Two pathways are responsible for song production (blue nuclei)
and learning (red nuclei). The HVC nucleus (proper name) is involved in both, sensory jand
motor processing. The HV© RA connection is necessary for song production as lesions of
either HVC or RA prevent the ability to sing in adult animals. The red nuclei esprige
Anterior Frontal Pathway (AFP) which is necessary for song learbMgN nucleus from
AFP projects onto RA. Lesions in LMAN prevent song learning and result in very
stereotyped song production.

Song variability can also change adaptively in short time scales, dependsogial context and
behavioral state (Brainard and Doupe, 2000; Sakata and Brainard, 2009; Jarvis, 1998; Kao,
2005). During courtship, males sing to attract females and such femalediseaq is
significantly less variable than the undirected song. This effect is pariycsti@ng in juvenile

birds (Hessler and Doupe 1999 a,b). A possible interpretation of this result could be tham birds

14



not explore the acoustic space (they are not engaged in active learning) whiderfoem to
females. Exploratory variability present in the female-directed sonigt megatively affect its
structure. In contrast, during undirected singing (practice) the songableaas the bird is
engaged in vocal exploration. It has been shown that practice singing triggergastization
of immediate early genes at the AFP (Jarvis, 1998) and consequently the prethotpiirac
AFP (nucleus LMAN, projecting to RA) becomes more noisy and the song mablggKao,
2005). During female directed singing, on the other hand, there is no apparent activaditn of e
gene expression in AFP and the premotor activity becomes synchronized. Althdugmacto
level AFP output is noisy during practice singing, microstimulations of LMANares result in
brief and very specific, time dependent modulation of song features (Kao, 2005)ofidéeP
can play a role in reinforcement learning by “injecting” exploratonabality to the RA at

narrow time-scales.

Although this dissertation does not include an investigation of neuronal mechanism, the
behavioral results will allow us to present alternative hypotheses about Higlgosle of AFP

in regulating vocal exploration.

1.4 Hierarchical learning of complex actions

The central question of this dissertation is if vocal exploration might be loegilyated by
computing deviations (errors) from the song model in short segments of the song, namely

weather the exploratory variability could be regulated at short tialessdf indeed the bird
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computationally partitions the song to several segments, how should the sizes oitségme

determined?

To illustrate this problem, let us go back to the case of a dance student. Imaghes tieat
teacher evaluates the dancing act at just a few time-points, say tiesedtiring the whole act
(broad segmentation of action). The student only needs to remember the thre¢hgiastae
receives after every act and then apply exploratory variability acgpydBut because the
partition of the dance act is so broad, within each segment the same conflierbetwe
consolidation and exploration arises as with global error estimates. On thbarttdethe teacher
could evaluate the dancing act at very short intervals (say 100 times per pec®ynidis

would create a new problem: difficulty to remember the whole grade vector (108)gzade
track each segment separately. It would also mean more work for therfsacivben we are
discussing reinforcement learning wititernal reinforcers, as could be the case in birdsong

(Fiete, 2007) the error evaluation would present an additional challenge.

One solution to the problem of segment size couldi&archical learning. Initially, when error
is large, the risk of exploration is small (remember the trade-off beteg®aration and
consolidation presented above). Therefore, in the beginning of learning period thatstigme

can be broad. Later, as the overall performance improves, the segmentation aaavioer n

In our case of the dance student, imagine her initial performance is vémynfawhere it should

be. Most elements of her act are far from the target. It would not make muclisehse

teacher to grade (again numerically) each element. Instead a globahlbewgpuld be given.
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Now, as the student varies her act, suppose the first half of it becomes bettam(tsg) clt
would become worthwhile to decrease the amplitude of exploration in this partcahileuing
changing the second part. So two grades could be given (a higher one for greetlirand the
act would be partitioned into two. Imagine repeating this process of partititt@ragt to shorter
and shorter elements. We will refer to this gradual decrement of segaeeasSstructural

refinement”.

We have observed such increasingly fine partitioning of the song when weeshabtzhe
acoustic structure of the song, but rather the structure of respiratory pressisr@ressure,
produced by bird’s air sacs drives the singing as it forces the air thraugirihx (Goller, 2002;
Suthers and Margoliash, 2002). But unlike in human speech, the structure of the respiratory
pressure in a singing bird can be relatively modulated, e.g. it is made of haahglements.

How does such complex structure of respiratory pressure develop?

The results presented in this dissertation (Chapter 5) suggest that initi@itylearns very
broad modulation of respiratory structure (coarse structure). But withgeraet adds
increasingly short finer structure to the pre-existing coarse steudthis suggests that the
development of the complex structure of respiratory pressure might indeedarerioal as the
granularity becomes progressively finer (the action is partitioned intogasigely shorter

segments).
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Chapter 2: Vocal exploration is locally regulated during song
learning

Data collection and experimental design used in this chapter was contributeuahyifikind.

2.1 Background and Rationale

Exploratory variability is essential for sensory-motor learning. We khewwariability across
renditions of syllables decreases over song development as the strutiersaig becomes
increasingly similar to the model (e.g. the acoustic error decre#tdess been shown that this
exploratory variability is necessary for song learning (Brainard and D20Qp8; Olveczky et
al., 2005). But it is not known how and at what time scales can variability be relgltiaizuld
be, for example, that acoustic error is estimated globally and as it slexrédse exploratory
variability of the entire song decreases with it (global consolidation). On thehatihe,
observing local consolidation (e.g. where variability decreases locallytsngiahe song where

the target is approached) would imply that acoustic error is estinuaizity!

In order to disambiguate between these possibilities we manipulated somggéazebra
finches to experimentally control the requirements for vocal exploration areliff parts of their
song. We first trained birds to perform a one-syllable song, and once they thédsteredded a
new syllable to the song model. If the birds can regulate the exploratoryiNgranly globally,
we predicted that the addition of a new (and unstructured syllable) to the song wolih rasul
increment of variability gain across the entire song bout, including the ainezgtgred syllable.

On the other hand, if variability can be regulated locally we predicted tplatration would be
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confined only to the newly added syllable, which would also imply that acousticcarrdre

estimated locally.

2.2 Methods

2.2.1 Animal care

All experiments were conducted in agreement with USNIH guidelines amdrexeewed and
approved by the Institutional Animal Care and Use Committee of City Collegevoférk,

City University of New York.

2.2.2 Training procedure

Birds were bred in family cages. Fathers were removed when clutch ma¢es-@/eays old or
less, and thereafter birds were raised by their mothers and were not exxpssegs. On day 30-
32 post-hatch, male birds were individually isolated in sound-attenuation chambéisd\l|
were tutored with operant song playbacks from day 43 to 90 days post hatch, as described in
Tchernichovski et al., 1999. Eight birds used in the study presented in this chapté&amed

using an altered-target training procedure as described below.
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2.2.3 Song recording and analysis

We audio recorded (16 bit, 44.1kHz) each bird continuously from day 32 to day 90 post-hatch
using Sound Analysis Pro 1.4 (Tchernichovski et al., 2000). Recording epochs containing songs
were automatically identified and saved, and song features (amplitude, piecter\&ntropy,

etc.) were computed as in Tchernichovski and Mitra (2004). Multitaper spectraiana
(Tchernichovski et al., 2000) was performed with time windows of 10 ms, advancing in steps of
1 ms such that song features were computed for every millisecond. Syllable Esndse

identified using a stationary threshold of sound amplitude (segmentation).

2.2.4 Altered-target training procedure

Zebra finches were trained sequentially with two song models (“source”anget® as in

Lipkind and Tchernichovski (2011, Fig 2A2B). Source and target song models for training
were composed from natural syllables. Twenty-eight birds were trainkglaitbacks of the
source song, composed of a single syllable (AAA...) from day 43 post-hatch, and somgs wer
analyzed daily to determine if the source model was imitated. For birdsahestdethe source
before day 63 (n=15), we switched their training to playbacks of the targetABAB (..).

Eight birds that succeeded to learn the target song were selected fersamalgix of these

birds, the novel syllable B was a harmonic stack (see Figd)Za8d in the remaining two birds,

a broadband, highly modulated syllable.
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2.2.5 Cluster analysis

After the segmentation of song bouts mean acoustic features of the segnmerdsmuted. In

the acoustic space these segments tend to fall into clusters as shown inri@.Eigu

Syllabic types

N

FM

20004

0
00 oo 200 200 w0 00

Duration of segments [ms]

Figure 2.1 Hierarchical nearest neighbor cluster analysis methods was used tfyidenti
syllabic types. Song segments typically form clusters in the acoudticdesgpace. Only
two features (FM and duration) are shown in the scatter plot but the clusteorithaig
operates on multiple features. Each point represents mean song feature valsegnoént.
The colored points belong to identified clusters; gray points are not clusteredddtgsi

We used a hierarchical nearest neighbor clustering algorithm, using Sougdig\Rao 1.4
(Tchernichovski et al., 2000) for the cluster analysis. In the figure abovdietbntusters are
colored. Although only two song features are shown (FM and duration) cluster sulysi

performed across multiple features.
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2.3 Results
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Figure 2.2 Vocal exploration is confined to newly added syllabfesThe AAAA—>ABAB
altered target training proceduB. Spectral derivatives (sonograms) showing the source and
target song model€, Scatter plots of syllable features (goodness of pitch versus duratign).
The red cluster corresponds to syllable A and the blue cluster to syllablé/Briability
(SDgyi1) of syllables A and B across development. This example from one bird shows
variability pooled over syllable featureg, Same as i, but across bird$€8), 3 days
prior, 3 days after the appearance of cluster B, and last 3 days before gf@rgntote, the
variability of A cluster does not change after the appearancemfB98), while variability
of B drops significantly§<0.003, single-tailet-test).
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2.3.1 Inclusion of a new syllable to the song bout

We first manipulated song learning so that only one part of the song would require voca
exploration. We used an altered-target training approach (see 2.2.4 amdl lap#Hi
Tchernichovski, 2011), training juvenile zebra finches (day 43 post-hatch) first with & sourc
song model (AAAA) consisting of a single syllable and then altering tivertgato a target song
model (ABAB), which included an additional new syllable B (Fig. 2R andMethods). Most
birds succeeded in inserting the new syllable into their song bouts and stanteduce the

target song.

2.3.2 Recording and analysis of the syllables

We recorded and analyzed the entire vocal output of each bird during the transition
(AAAA >ABAB), automatically segmenting the songs into syllables. The structwacbf
syllable was summarized by four features: duration, mean Wiener entraqyfreguency and
goodness of pitch (Tchernichovski et al., 2000). We then performed cluster analy$iesbié s

features in order to identify the A and B syllable types (see Methods).

Figure 2.Z presents an example of one bird, showing scatter plots of two syllable features
(duration versus mean goodness of pitch) in different stages of song learningtiBetie
altered the tutoring, the cluster that corresponded to syllable A (red)r@adyasmall and
dense. In contrast, the cluster that corresponded to the newly learned syllblie)Bvas
initially much larger and highly scattered. The variability across tiendi SDsy) of syllable B

(blue cluster in Fig. 2@) then gradually decreased until it became similar to the variability of
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syllable A (Fig 2.D). Interestingly, there was no apparent increase in the variabilitylabkgyl
A when syllable B appeared (Fig £ indicating that when the bird sang ABAB it rapidly

altered between performing a highly stereotyped and a highly variable syllabl

2.3.3 Exploratory variability is confined to the newly included syllable
across birds

To test across birde£8) if variability of syllable A was affected by the appearance of new,
highly variable, syllable B, we calculated the variabil®p4) of both clusters during three time
periods: just prior to the appearance of B (days -3 to -1), just following the appeafdhc

(days 1-3) and at the end-point (days 90-93 post-hatch). As shown in HigtBe2variability
across renditionsDs) of syllable A (red traces) did not increase during the three-day period
after the highly variable cluster B (blue traces) emergef.08, paired-test) and did not differ
from SDgy; at the end of developmenqt>0.98, paired-test). At the same time§Dg for syllable

B decreased stronglp<0.003, paired-test). This result indicates that exploratory variability
was confined to the newly added syllable across birds.

We also compared variability during morning singing to afternoon variabilgyvil be shown

in Chapter 4, morning variability of sub-syllabic structure tends to be higher tieamoain
variability, suggesting that most exploration takes place during mormguongi which could be
related to the “morning effect” (Derégnaucourt et al, 2005). Fighrshdws examples from
three birds. As in Fig. 2[2, variability decreases across development in syllables A and B. Note
that in some cases of A or B syllables the morning variability (traces chatke “*”) is

consistently higher than afternoon variability (traces marked cjrdlass however was not the
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case across all birds in syllable B, while in syllable A the median vatyalvéis significantly

higher in the morning than in the afternoon (FigB2.3
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Figure 2.3 In some birds morning variability of syllables is higher than afternoon
variability. Morning variability (SD across features) is shown with “*” $ghin A and
afternoon variability with circles. Variability of syllable A is showitlwed trances and
variability of be with blue traces. Three examples of birds trained with stgjueaining

and afternoon variability across all eight birds in syllable B. While sg@labk less

was a difference it was always in the direction of higher morning vhtyafais shown in

AN

procedure are shown. We did not find significant difference between morninigiNtgria

variable than syllable B, its morning variability was higher than afternooabilétly, across
all eight birds, as shown B (p<0.017, single-tailetitest). We did not detect significant
difference between morning and afternoon in syllable B. However, in thewhsesthere
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2.4 Conclusion and discussion

When new syllables are incorporated into a song bout, the exploratory variagtliiyeceto
learn the new model (target) is confined to them alone. This finding supports the higpibidites
when faced with the conflict between consolidation and exploration during learning of
continuous actions, the bird segments the singing action and adjusts vocal iexplevat
locally. We can conclude that learning trajectories of syllable A atabsyIB are separate as
they consolidate independently one from another. That is, the song can be leanpiedémaal

fashion.

What is the source of exploratory variability? As noted in Chapter 1, the tempdeanirs) of
AFP (“learning pathway”) by injecting TTX into LMAN promptly reduce iadnility between
syllabic renditions to that of a fully stereotyped adult song (OlveczKy 20@5). Similar results
(elimination of variability between syllabic renditions) were obtained @vegllables that were
highly variable (Andalman and Fee, 2009). It would be interesting in this contextampéhe
sequential training procedure in birds where LMAN could be inactivated. Given the above
mentioned results the prediction would be that both, syllable A and the new syllabledB woul
become stereotyped. A similar experiment could be carried out using directed vecteddir
singing. As noted in Chapter 1, during directed singing the syllables becomeassicfatiable
(Hessler and Doupe 1999 a,b) and it has been shown that this difference in wacabibe

used to study the role of AFP in learning (Kao, 2005).
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We took advantage of the “morning effect” to see if there is a differenbe whdrnal variability
oscillations associated with the effect, between syllables A and B. Wetptkthiat if, as we
will suggest in Chapter 4, most exploration takes place in the morning, thatestslishould be
greater for the newly added syllable B. We observed a small, but sighifi¢i@rence between
morning and afternoon variability in syllable p<0.017, single-tailetttest ) However, we did
not observe any significant difference between morning and afternoon variebgiilable B It
should be noted that in all birds where the difference in morning vs. afternoon variaasit
significant (the “morning “effect” was there) it was always themmg variability that was
higher. However, as we shall see in Chapter 4, this is a misleading finaoegvariability at the

syllable level is often a compound outcome of the means and variances of intra-gyl&atis.

It is possible that while an overwhelming portion of variability could be explaip¢ebactive
injection of noise to the motor pathway by the AFP (Olveczky et al, 2005) therecisralse
source of variability caused by differential sensitivity of the motor pathw#he AFP input.
According to this view the morning variability could be higher because the pattovay
becomes more responsive (sensitive) to the noise injected by the AFP. plarsaggn would
also be consistent with the view that morning song is more plastic than the afterngon son

(Derégnaucourt et al, 2005).
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Chapter 3: Regulation of vocal exploration during continuous
actions

Most of the data used in this chapter was contributed by Dina Lipkind.

3.1 Background and Rationale

In Chapter 2 we show that exploratory variability can be adaptive such that arbrdrdine the
exploration only to the syllable that needs to improve most. The syllable thaadymastered
does not become more variable even when the new variable syllable is added. We camatuded t

this can allow for a piecemeal learning of the song.

But what are the smallest units and the natural time scales of vocal érp@r&ne possibility
is that these are the song syllables, which are somewhat discrete soitg @roduction. Our
null hypothesis is that vocal exploration is globally applied across thre syliable. We will
test if similar piecemeal learning strategy can take placaatler units during the continuous
action of the syllable. To answer this question we examined song learregsabtsyllabic
level, using song development data from six birds trained with the altegsd-ti@ining

procedure (as described in Chapter 2) and two birds trained with a single song model.

While quantifying the variability across renditions of whole syllablesnetagively straight
forward, getting such measures of variability of structure within algglwas difficult because

intra-syllabic structure (notes) are not easy to segment, and are nopdeetally stable.
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We therefore had to develop methods for robustly identifying significant treréseduring the
continuous syllable, and for measuring the exploratory variability of iimrsesyllabic events.

For this reason Chapter 3 is dedicated to presenting these new methods and tbetiioappl

3.2 Methods

3.2.1 Training regimes and animals

The development of inta-syllabic events was measured in eight birds: Six obitusseere

trained with alternate training procedure (see Methods in Chapter 2 foiptieaanf the

procedure and Fig. 2R for the song model), and in each of those birds we analyzed the first
syllable (A) they were trained with. Syllable A has complex structure anddai repeats of

the learning of the same syllable allowed us to compare the learning dicsipé@-syllabic

song elements across birds. To make sure that our findings are not limited &irimg tregime

or to the particular choice of syllable, we analyzed another syllable fromitgsthat were

trained with a single song model (Fig. 1.1). For the analysis of intra-sy#abints we used the

one complex syllable from those two birds. All the findings described in thigtdisse apply to
both groups, and since we have seen no apparent differences in results, we poolednhe data a

present those eight birds as a single group.
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3.2.2 Syllables selected and analytic approach

For each bird, we selected for analysis one complex syNebiteat least three distinct song

elements (but typically 5-6 song elements) at the endpoint of song developmenatked t

occurrences of local minima in Wiener entropy within each syllable acres®gment.

In previous studies (Du and Troyer, 2006), complex song syllables were oftemssdjtoe
smaller units called notes. Although segmenting syllables to notes is possbidtizebra
finches, we find this task much more difficult during song development. A someveat teak

is of detecting significant time events within a syllable. The advanfagésapproach is that it
does not require detection of boundaries (which are often blur in developing songs) but only
center of events. Further, if, due to noise, our probability to detect such events Kioaiapy
high, say 50%, a large enough sample of syllables should allow us to detect thosqueteents
easily. In contrast, trying to segment a syllable to notes with 50% noiseneletecting

boundaries would have resulted in highly variable segments.

One of the most robust features of the developing song is Wiener entropy, andnta mini
indicate a local peak in tonality (highest local concentration of spectragy@n@o detect
significant time events within syllables, we measured Wiener entrapynaifor all occurrences

of a syllable type for each day of development (roughly 600-10,000 renditions per dayd)er bir
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3.2.3 Smoothing procedure

For each rendition of the syllable type we smoothed the Wiener entropy time gsmg8&80 ms
Hanning window using the Matlabhann function and then automatically detected the local
minima in the smoothed curve (usually 3-6 per syllable). These locahmiwften consistently
repeated across syllabic renditions to form clearly visible clusteesKigure 3.3) that we call
“intra syllabic events” (see Fig. 3.3). The 30 ms size of the Hanning windewletarmined
empirically in a subset of our data to optimize the detection of distinct irtadisyevents.
Experimenting with different windows sizes, we found no or little impact of the wirsiewon
the qualitative results: the same clusters (intra-syllabic events)igdantified over a range of
different window sizes. Further, in the vast majority of the cases wealikr¢o trace intra

syllabic events over prolonged developmental epochs.

3.2.4 Time histograms of significant events

In order to identify intra-syllabic significant events (consistently ifiabte events of Wiener
entropy minima within a syllable) we aligned samples of 100 syllabléwsfame type and
computed the histograms of time positions of Wiener entropy minima. Those hissdgadm
sharp peaks that could be easily detected at the time-positions of laghgisy, which we call
intra-syllabic events. The minima of the histograms were used to delineatgeéndmits of
each intra-syllabic event. These limits (separations between difiatea-syllabic events) were

set 5 milliseconds in each direction from the histogram minima.
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3.2.5 Detecting song elements within a syllable

Much of our analysis was based on detecting robust song elements within syllaipig s oinig
development. As mentioned above, our goal is to analyze the role of exploratobylitiaria
within a syllable. We encountered two problems arising from measuring théilgriacross
renditions of continuous actions: alignment and segmentation. For example, toectanat
variability, one could align renditions of syllables according to the points vaheaeticular

acoustic feature crosses a threshold, as shown in Figue 3.1
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Figure 3.1 Misalignment of syllables can result in biased measurements of vayialsiloss
renditions such that the slope and variability estimates will be positiveblataud. See text

Now one could measure variability across renditions as standard deviation, for kiaelond
of the syllable. With perfect alignments this simple method should produce relieaéeiras of

variability at each time point (millisecond) within a syllable. But threbfgm appears when there
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are slight misalignments between syllabic renditions. Note that suchlignisients” can result

from bird’s own temporal imprecision. The problem is illustrated in Figurg. 3.1

Note in Fig. 3.B, that when the slope of syllabic features is low, the measured difference
between the two renditions (and thus SD) is also low (green arrow) while ipdisitedns

located at high slopes, the measured difference between renditions is selaghglred arrows).
Therefore our measure of variability between syllabic renditions wilatywdepend on the
location within a syllable. Another way to see the problem with this method isvéhise
comparing the values of acoustic features between renditions of syfdblgsrticulatime

within a syllable. For example, we compare what a bird did at millisecond 20, in taiecsyl
rendition, to what he did at millisecond 20, in another rendition. But millisecond 20 does not

necessarily correspond to a particular (consistently identifiable) tareusnt within a syllable.

In order to circumvent this problem of comparing syllabic renditions at edli$econd, we
identified events within a syllable that were consistently present in eaditioa.

We found, empirically, that Wiener entropy is the acoustic feature witthwieccould identify
such consistently present events, early in development after the firstaapyeeaf the syllable
(we will discuss the time of appearance of these events later). Wenegperd with using other
acoustic features (amplitude, mean frequency and pitch) for the purpose of idgsidyificant
time events (traceable across development) but Wiener entropy produced tieslites We
therefore used Wiener entropy as a master feature to identéypisitions of the intra-syllabic

events. From these time-positions we extracted the values of other acoustasfaatwell.
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Wiener entropy is a measure of spectral noise (it estimates the witdthpdwer spectrum).
Instead of linear scale (zero entropy = order, one = disorder) we use a logasithha to
increase the dynamic range, and zero (log(1)) stands for disordewhite,noise, and negative
values for order (harmonic stacks and pure tones, Tchernichovski et al., 2000). A &\ieoey
local minimum represents a moment within the syllable where the concentrasipectial
energy reaches a local peak — this corresponds to moments where harmonic staekoe pur

notes are most clearly defined, as shown below (Fig. 3.2):

—_
o

Frequency [kHz]

L J

100 ms

Figure 3.2 Detection of significant intra-syllabic events. Wiener entropy was usée as t
acoustic feature in order to identify significant intra-syllabic everite.Blue trace,
overlaying the spectrogram of a syllable, is the smoothened Wiener entropgcahe |
minima were selected as significant intra-syllabic events (colorgds) if their time
positions were consistent across syllables. Note that the intra-syNaits eéhus identified
capture the points of high local spectral density (or harmonic sounds), with the miglalie
(pink circle) as the global Wiener entropy minimum.
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In Fig 3.2 above note five detected events within a syllable indicated by coialed.cThe blue
trace represents the smoothened Wiener entropy (see Methods in this dregterdthing
procedure). If these events consistently repeat across syllabicaesgditie call them significant

intra-syllabic eventsin the next sections we show how these intra-syllabic events can be tracked.

3.2.6 Tracking intra-syllabic events

In previous section we showed how we detected significant events withintdestiiat could be
used to compute variability across syllabic renditions, circumventing the aigrmproblem. For
these events to be useful they have to be present consistently across syll#ibans, e.g. we

should be able to track them over the time of syllabic development.

Figure 3.3 demonstrates the identification of intra-syllabic eventnasstently occurring

events within a syllable.
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Significant intra-syllabic events = clusters

\

A Detected events

T
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Renditions of a syllable l /F\ N N\
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-3002
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Figure 3.3 Procedure for identifying of intra-syllabic evems.smoothened Wiener entropy
(blue trace) of one syllabic rendition. Six significant events (Wiener gninbpima) were
identified: colored circlesB: Clusters of significant events form after several syllabic
renditions. These clusters we call “intra-syllabic ever@s’/Averaged (across renditions)
shape of Wiener entropi2: Averaged Wiener entropy and intra-syllabic events overlaid.

First Wiener entropy local minima were detected, as described in the pregaiios (Fig. 3.3
A). After several renditions of a syllable, these local minima were ddtastelusters (Fig. 3.3

B). Note that the clusters are well separated from each other in time, sotagiagram could

be used to identify them automatically. We called thus identified clusteassyllabic events.
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Some intra-syllabic events are more “subtle” then others, meaningélyad@ not necessarily
appear in each rendition of a syllable. For example, in FigufetBe8blue and yellow minima

in Wiener entropy detected are less pronounced than other minima and are not deteetgd in e
rendition of the syllable. As a result the total number of detected minima ovewvartes

among different intra-syllabic events. For this reason we computed atissatif intra-syllabic
events using a fixed sample size of each intra-syllabic event (i.e., bsisgrhe running widow
size as presented in section 3.3.2.). Since we record and analyze the entire sotigmpaiduc
each bird, keeping sample size equal across events has only a negligdblefdféeing data

epochs with slightly different boundaries for the analysis of different igttabsc events.

In summary, intra-syllabic events are Wiener entropy minima thatycksad consistently

appeared in a recognizable timing within a syllable.

3.3 Results

3.3.1 Tracking of intra-syllabic events across syllable development

Figure 3.4 demonstrates the tracking of intra-syllabic events acraasisylevelopment in one
bird.

On the third day after the onset of training, a syllable first appeared agd tipe
(identifiable cluster in feature space such as in FigC)3 Bhree to seven days later, events

appeared that seem to fall into clusters as described above (Bp. 3.4
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Figure 3.4 shows the approximate location of the intra-syllabic events on the sonograms.

Notice that the almost pure tone event (black color) appeared after mu¢hdatether events.

This pattern of intra-syllabic event appearance was observed in all eightspltalsle types
appeared 3.2+2.1 days (means and SD) after the onset of training while intoac £xknts
appeared 7.6+3.1 days after the training onset. This delay suggests a hierprobéss, where
coarse structures (at the syllabic level) consolidate prior to the fuststs (at the sub-syllabic

level).

In practice, once aimtra-syllabic event could be recognized, we were usually able to track it

continuously and automatically thereafter (using time histograms asbaégisabove). In some

cases such as bifurcations we had to identify clusters by visual inspection.
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Figure3.4 Time courses of changes in variability within a syllaBleSonogram of a
developing syllable from its first appearance (day 3) until its consaidédiay 45). Arrows
point to approximate locations of the intra-syllabic events identified. Note thaayB e
could not yet identify any intra-syllabic even®, Identified intra-syllabic events can be
traced across trials. The blue curve represents mean Wiener entogsyavaraged across 50
syllables. Overall, the intra-syllabic events become less varialthe atusters get smaller.
(The variability of the red cluster, however, seems to increase on day 22thalaié day 3
we can identify syllabic types but Wiener entropy minima (black syde not form intra-
syllabic events (clusters) until day®, Developmental time courses of variabili§D{nrasyi)
for all identified intra-syllabic events. Variability decreases acatisintra-syllabic events buf
this decrease is asynchronous.
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With the method of tracking intra-syllabic events at hand, we can now analyzewent
separately across the course of syllabic development; we can meagbgityasf each intra-

syllabic event, independently of alignment.

3.3.2 Statistics of intra-syllabic events

In the previous section we show how intra-syllabic events can be identified tracked
independently of the alignment. Because we analyzed complex syllables, wdbtdhtee intra-
syllabic events (typically 4-5 events), this method also allows us to setimesylables. This

allows us to compute the statistics for different parts of the syllablesa@ditions.

The two main statistics that we used were mean and standard deviation. Thervasmeed to
determine the feature magnitude of a part of a syllable and the latter wassuseneasure of
exploratory variability for each part. As noted in previous sections Wienepgnt/as the main
acoustic feature with which intra-syllabic events were identified. \dabfi@ther acoustic

features were then identified at the time-positions of these intra-sydabits.

Mean values and standard deviations across 50 renditions were computed for all déattnas
syllabic events. We will refer to the variability of intra-syllabi@ets asSDinra-si. In order to
computeDinra-syi We first removed the trend (the shift of the mean) which results from the
natural progression of learning. This procedure produced a few hundreds of mean ardyariabi

estimates per day. To obtain daily estimates of variability for eactvegpoled the standard
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deviations, computed as described above, for whole-syllable features. To avaidrige s
oscillations in song structure during mornings (Derégnaucourt et al., 2005), we fDpleg
values from the latest third of daily renditions only (which corresponded apprekrat
evening singing) to obtain stable daily estimates. We will discuss thidsestallations in

Chapter 4.

Figure 3.€ is showing time courses of daily values of variabil®i(a-s) for six intra-

syllabic events. Note that the variability of all six events is degrgdmit this decrement is not
synchronous: the variability of the red intra-syllabic event, for example aseteapproximately
from day 15 to day 25 after the start of training and decreased thereaftey élbs evident from
the size of red cluster in Fig.B% while the variability of most other intra-syllabic events in Fig.

3.4C decreased before that period.

We wondered if such asynchronous decrements of variability could indicate the pafsence
adaptive exploration (regulation of exploratory variability) within a syllabézause we did not
have the same advantage of alternate training procedure to manipulate leaimiragsyllabic
events (as we did with whole syllables, see Chapter 2) we had to look at how closglliaiia-

events were to the target (the song model). We turn to this issue in Chapter 4.
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Chapter 4: How the developing song is compared to the song
model

4.1 Background and Rational

In Chapter 3 we discussed the difficulties of quantifying the variabilitysaaenditions of
syllables. We introduced the method for identifying and tracking of the intedsgyevents
which ultimately can be used to compute the unbiased estimates of exploratilityaon

short time scales (short lasting events inside of a syllable).

In the present chapter we turn to our main question: do birds regulate exploratdiityaoia a
short time scale, within a syllable (which is a true continuous action). As disicinsthe
Introduction birds posses the brain pathway responsible for song learning (AR cahi
induce fine time-scale changes to the song performance (Kao et al., 2005) aad thesused
for exploration of acoustic space. So while the “hardware” seems to be in placetior

localized application of exploratory variability we do not know if birds actualyituthis way.
Another issue that we discuss in this chapter is the question of diurnal oscillatighalot s

structure and the role of exploratory variability in the morning singifge(wariability is

higher).
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With our method for measuring the exploratory variability of intra-syllalkents at hand we
now look at how variability correlates with acoustic error. But first let is@l&ocal error” and

“global error”.

4.2 Methods and definitions

4.2.1 Local acoustic error of intra-syllabic events

Local error was obtained by computing the Euclidean distances for each intra-syliahic e
relative to the corresponding events in the target. Distances were congrugadH day using
the daily means of acoustic features. These daily measures providecauinse of the local
errors over development. This time course was correlated with the vayiabihtra-syllabic

events which we call thecal correlation (rioca).

4.2.2 Global acoustic error of intra-syllabic events

To estimate the global errors for intra-syllabic events, we computed timefanesach syllable of
the local acoustic errors across intra-syllabic events. Again, theses @aéuebtained for each
day and correlated with the variability of intra-syllabic events which Weoa theglobal
correlation (rgo0a). Notice that we obtained these global correlations for each intra-sythadnt

separately.
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4.3 Results

4.3.1 Correlating exploratory variability with acoustic error

To visualize an example of the detailed relationship between variability stachck from target
we plotted them against each other as shown for one syllable in FigAr&4.Distances of
Wiener entropy and mean frequency were computed in reference to the end-pohtliffignd
also in reference to the song model (FigBJ.As shown, in all intra-syllabic events, variability
decreased across the time of development, but at different rates. For mistlese was an
association between the distance from the song model (or from the end-point) awveltbé |
variability. For example, looking at Fig. 8,1for events 1 and 6, the initial variability was high
in both, but in event 1 variability and distance from target decreased substantially in
approximately five days, whereas in event 6 variability and distances bameshat high
levels for about 20 days. Another interesting case is event 3, which bifurcatetiCadtays into
events 4 and 5. Note that event 4 was initially closer to the target and also of loakgtitya

than event 5.
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Figure4.1 Variability decreases when intra-syllabic events reach theirttafgeAcross
development, variability of significant events decreases near their latglaents. Color of

circles corresponds ®Dinrasyi and size represents the Euclidian distance of intra-syllabic

events from their end-pointB, The same variability data asAnis presented with the
Euclidian distance from the corresponding intra-syllabic event in the song model.
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Figure4.2 Exploratory variability and distance from target across blrdsost intra-
syllabic events, across all eight birds studied the magnitude of vari&@ilis, and the
distance from the target are correlated. As in Fig 4.1 color of circlesponés tdDinrasyi
and size represents the Euclidian distance of intra-syllabic events frioroaiiesponding
events in the target song. The feature shown is Wiener entropy. Six birdsaiesd with
sequential training (see section 2.2.4) and two birds were trained with a singlecoel
(“Simple”). For both models the most complex syllables was used in the analysis
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Figure 4.2 shows the how exploratory variability relates to the distanoetlitarget across all

eight birds used in this study.

4.3.2 Variability correlates better with local error than with global error

We wondered if the magnitude of vocal exploration differs across intra-syllabitsear& if so,
whether different time courses of variability might mirror differencethé learning pace of
different intra-syllabic events, i.e. whether decrease in acoustic eres ddaptive decrease in
variability separately for each event. To test for this we computed thiel@arcdistance of
intra-syllabic events from the corresponding events in the tdogat érror). We then examined
if this local error can explain the local variabilit§Qjras) better than theglobal error over the
entire syllable. Note that the global error (being the averagedrnatra-syllabic events in the
syllable) provides a more stable estimate compared to individual local endtheaefore by
default should provide slightly better correlations. We first computed the timreecof global
error across development, and correlated it with the time course of vayitdilgach intra-
syllabic event fDinrasyi). This estimatesgona, Was then compared to the correlation between the

local errors and local variability,oca .

To test if exploratory variability correlates locally within a sgleg we analyzed eight complex
syllables, one from each bird trained with either sequential trainingdgare¢six birds) or a
single song model (two birds, see Method sections in Chapter 3, 3.2.1 & 3.2.2). The eight

syllables selected (always the most complex syllable in a song in eactypicd)ly had 4-6

48



intra-syllabic events. The relationships between distance from the aadyetriability

(SDinrasyil) intra-syllabic events, across all eight birds are shown in Figure 4.2.

We computedioca andrgona for each intra-syllabic event in each of the eight syllables, which

produced 41 values fofca andrgopa -

Figure 4.3 shows plots ofca VS. rgona, for Wiener entropy, mean frequency and time position.
The data include all identified intra-syllabic events across all hiregl(intra-syllabic events
from 8 birds). Measures of intra-syllabic events within a syllable cannairtstdered as
independent samples. Therefore, for the purpose of statistical testingmpated median
correlations {oca andrgosa) across intra-syllabic events for each bird, to obtain a single
statistical estimate per bird. We restricted this analysis to ditfesefrom the song model

(differences from the endpoint were only inspected qualitatively). Varaliéis significantly

more correlated with local error than with global error in all song featesésd Wiener entropy

(p= 0.015) mean frequencp< 0.04) and time positionp£ 0.044, paired, two-tailedtest; n=8

birds). Results in reference to end-points and song model were similar, buténemave

cases of negative correlations when the reference was a song modégdtingshese showed

that the bird had reached the model values, but then continued with vocal changes further away

from the model, perhaps purposely diverging from the model.
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Figure 4.3 Variability of intra-syllabic events is better correlated with |dbaln with global
error.We correlated time courses of variabilit§inrasyi) Of intra-syllabic events with their
local error to obtaim.ca and with global error to obtamgewa. The errors were computed for
Euclidian distances from both end-point (top) and the song model (bottom). Local arld globa
correlatesr{oca andrgopa) Were computed for all intra-syllabic events, across 8 birds,
separately for each feature. Local correlates are significgrebter than global correlates for
all three song features (see text). For visualization, we denoted nonesighdorrelations by
pink circles. The bars present mean and s.e.m for correlations with local (bldakphal
(red) correlations.

4.3.3 Exploratory variability changes simultaneously with local error

We next examined if changes in variabili§D{asy) and local error occurresimultaneously

within the one-day time resolution of our study. To test for this, we computed correlations
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introducing lags between error and variability (cross-correlations)cafguted lags for all
three song features in all intra-syllabic events (across all eigh}.bivésthen computed
histograms of lags for all three features (y-axis represents the nofriaeents and x axis the
lag). Thus we obtained three histograms, one for each song feature. Nexhleed the three
histograms (added the frequencies) and obtained a single histogram reprefiehtieg song
features, as shown in Figure 4.4. There was no significant deviation of correlationagrdm
(p=0.512 paired t-test). This result indicates that changes of variability and local arer

indeed simultaneous within the one-day time resolution analyzed.

Number of intra-syllabic events

< 45 4 4 2 2 41 0 1 2 3 4 5L 6 7

Lag [days]

Figure 4. 4 Exploratory variability changes simultaneously with local error. Wfaputed
cross-correlations of local error and exploratory variabif;fas) for all intra-syllabic
events across all eight birds studied. Histograms of lags were computedifaf dae three
song features. In every feature the highest number of events had lag of zerctddraini
presented here is the cumulative histogram for all three features (shentbfde histograms).
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An alternative explanation to our findings would be that perhaps certain song slanmeeboth
easier to learn and faster to stabilize (regardless of learning)stlfort¢his we compared the
learning of four equivalent intra-syllabic events in six birds that waneed with the same
target syllable. We assessed the learning speed of each intra-ssilabidoy computing the
overall change in distance from the song model, and calculating the developmentah&n
the event reached half of this distan8BIOVA of these learned speed estimates showed no
significant difference between the intra-syllabic evept®(124;F=2.25; across=6 birds).
Also note in Figure 4.2 that there seems to be obvious order at which intra-sylkafis ev
consolidate in the six birds trained with syllable A (the sizes of the creeesent the distance
from the target). Therefore, different birds learned similar intlakgg events in different
relative rates, and the only correlation that holds is the one between the locahdrr

variability.

Taken together these results indicate that the changes in local vareigltigst explained by
the local error from the model, suggesting that birds can evaluate theoealby, lat short time
scales of no more than 20-50 ms, and maintain high exploratory variability primathiyse
intra-syllabic events where local error is high. It is particularlgredting that variability not
only of spectral features but also of time positions was better correldtetbeal error (of
timing) than with global timing error, which suggests that time-jittenwé-syllabic events is

locally gated within a developing syllable.
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4.3.4 Diurnal oscillations in variability
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Figure 4. 5 Variability of intra-syllabic events tends to be higher in the morning thanitat
the day.Time courses of variabilityinrasi) Were computed for each intra-syllabic event
from samples taken in the morning and was compared to total variability tingedaken
from late afternoon samples. In two song features (Wiener entropy am@dsitions)

variability was significantly higher in the morning than in the afternoop<0.001 for Wiener
entropy ang=0.02 for time positions). For mean frequency the difference between morning

and afternoon variability was not significapt(Q.14).

In the analyses thus far, with daily units taken from the afternoon and evenisg song

developmental time courses of error and variability were often monotonic. Hoywes@ous

investigations have shown that during periods of rapid learning, there are strong diurnal

oscillations in song structure, such that the morning song is less structuredsasichi@ar to the

song model (Derégnaucourt et al., 2005). We would predict that if a bird can adaptivelg chan
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the magnitude of variability, the morning song, which is less similar to the psbaelld be
more variable than the afternoon song. But a previous study (Miller et al., 20103shetve
syllables become more, rather than less, variable after daily prao@dring morning to
afternoon songs). We therefore performed a similar analysis, but insteaadroheg variability

at the syllable level, we computed variability of intra-syllabic events.

In order to assess diurnal effect we repeated the computation of variabiligves except that
we segregated the data into the first and last thirds of the day (correspondogragiely to
morning versus evening renditions). Note that estimates of variability obtaired byethod do
not depend on the alignment of syllables nor do they depend on the modulation of syllabic
features. Highly structured syllables tend to be more modulated while inrlegsied syllables
acoustic features are more “flat,” which could result in biased estim&tesiability because
higher diversity of vocal states (typical of highly developed syllableg)pr@duce higher
estimates of differences between syllabic renditions, which in turn @sait in higher estimates

of variability (across renditions). Identifying intra-syllabic eweatcumvents this problem.

As shown in Figure 4.5, variability across all intra-syllabic events msfigntly higher in the
mornings for Wiener entropy and time-positions, which is consistent with the leggothat

young birds can increase or decrease variability adaptively.
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4.4 Conclusion and discussion

Putting problems with articulatory dynamics (such co-articulation) ggatétioning the
continuous action could reduce the complexity of the song learning task. Partitteaiegrining
of a continuous action into discrete tasks is sometimes considered suboptimal (DoyaA2000
one extreme, the action can be segmented very coarsely and error can thmaputed for each
segment. At the extreme coarseness of segmentation (single setipisemtuld mean
computing a global error. At the other extreme, the action can be segmeatadény high
number of partitions, which would necessitate the computation of many local @hirsvould

require large memory capacity and many learning trials (Doya, 2000).

In zebra finch song, however, the overall number of distinct song elementblésylad notes)
ranges only from 5 to 20 and so the scale of partitioning does not need to be too fine. To
illustrate the advantage of partitioning consider, for example, the learhifigsyllables, each
with 10 possible vocal events (such as our intra-syllabic events). Assumingethatt learns
these vocal events one by one, and notes do not interfere with each other (no co-@mjiculati
then the bird needs to learn 10 tasks of 10 states (100 possible states). Howeverpif ihe err
only available globally, than the bird would have to select amottp@6sible states (regardless

of the precision of the error computation).
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4.4.1 Age dependent plasticity and the gain of exploratory variability

Zebra finches rapidly lose their song learning abilities with age @&hde@rning as their song
turns from variable to stereotyped (Morrison and Nottebohm, 1993; Boettiger and Doupe, 2001),
but they nevertheless retain some plasticity into adulthood. The minor residaallitgin song
features across renditions, that persists even in “stereotyped” songesyllalstill accessible to
reinforcement learning, and can be used to train birds to shift the fundamental fregfugncy
targeted vocal element within syllable up or down (Tumer and Brainard, 2007; Ancahtha
Fee, 2009). In these experiments a short burst of white noise was played to alsdgase
negative reinforcement, at the precise time when a particular vocavea®uietected in the
bird’s song. The negative reinforcement was removed if the bird either iedreadecreased
the fundamental frequency (to reach the “escape frequency” defined bypgrementalists).
This training procedure resulted in consistent modification of the targeted \eroaine.
Interestingly, however, once the negative reinforcement training wakdihi the fundamental
frequency of the vocal element started to shift back to the original value. Thestsutwat the
error (deviation from the original song model) is persistently reportedthe song is modified.
It seems that the memorized “template” does not change even if the songfialsteon adult

birds.

However, even prolonged training of adult birds which succeeded to shift their fundamental
frequency did nahduce any increments in the gain of variability in the targeted syllables
(Tumer and Brainard, 2007). If the “escape frequency” that a bird had to reach érgtted
vocal element) was too far from the original fundamental frequency, thelaremea succeeded

to modify the song and escape the negative reinforcement. This result provesithe
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exploratory variability is indeed required for birds in order to locally modtigytsong but also
implies that they can only do this in small stépst exceeding the gain of residual variability).
This also suggests that the developmental transition from high to low variahitipt be easily
reversed. (For if it was easily reversible, then why would birds “choos®ttmcrease the

exploratory variability of the targeted vocal element?)

These findings are reminiscent of the results by Knudsen and Knudsen, which show the
differences in plasticity between young and old animals in terms of eea&gljustment of

auditory orienting behavior in response to displacing-prisms in barn owl (Knudsen andriKnudse
1989). Juvenile owls can calibrate their auditory map to adjust for large angutarierieeir

visual field, but adult owls can only adapt to small errors and thus only learn in s&pallla

the adult owl, the ability to adaptively rotate the auditory map is constrainedéyowing
integration window at the neuronal level. Analogously, in songbirds, as we have seém, it is t
range of active vocal exploratory variability that constrains learflingnér and Brainard, 2007).
Vocal exploration in juvenile birds provides a broader range of usable song eldmerttset

adult song, due to stronger variability within a syllable and across syllabitioesdas well as

stronger diurnal oscillation in song structure (Derégnaucourt et al., 2005).

Our interpretation of this result is that different parts of the song tizstandependently based,
at least in part, on local error. This interpretation can explain the rapid charigegain of
variability between syllables A and B documented in Chapter 2, as well asklot éacdence

that birds can easily increase the gain of local variability. This can bendhoan analogy:
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Imagine walking through a corridor while looking outside via windows with variabéygls
openings: each time we cross a narrow window we are forced to look at the saméirhage
while crossing a wide-open window we have a range of images to choose fromq@ontby,
variability in the position of our eyes changes quickly as we walk by the windohm,gitt the
opening width of each window remains unchanged. By analogy, the rapid transigions
observed between variable and stereotyped song elements do not imply thaddtod

variability within each song element can be changed quickly, or reversed.

4.4.2 Hierarchical development

Taking articulatory dynamics into account, however, can complicatersyagtece manipulating
one vocal event could affect the acoustic states of neighboring events, and undmithg: lea

this respect, learning temporary coarse song structure prior to thmépaf temporary fine

structurecould potentially decrease such interactions and facilitate learninge Aave seen in
Chapter 1, such transition from coarse segmentation of continuous action to fine aggment
may solve the problem of the trade-off between memory load (too fine segmerdatichg

conflict between consolidation and exploration, which arises when segmentatiorccatse.

There is some evidence from previous studies that in articulation birds expdsedhdoorhal

song model (tutored birds) can learn more fine time structure than birds thatdvavdneard a
song model (untutored birds) (Méndez et al., 2010). Our results of exploratory itgriabil
analysis corroborate this view, since syllable types (clusters) leettat®ctable in our data a few

days prior to the appearance of robust intra-syllabic events. As we wiil BeEenext chapter
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(Chapter 5) untutored birds do not show any signs of hierarchical development of their song

(although the song does undergo some development and eventually consolidation).

4.4.3 Future directions

The results presented in this chapter are largely based on correlations betvedeityvand
either global or local error. The main result shows that correlationsthvaitlo¢al error are
stronger, supporting the hypothesis that errors from the song templatergreted locally to
gate vocal exploration dynamically in very short time scales. It would &egting to further
study the causality between vocal changes and exploration. Would exploaiabjlity
increase when new sub-syllabic song elements are added to syllables?efeeldautoring
birds with sequential training analogous to the ARAABAB, in which a new sub-syllabic
element was added to the “target”. However, we failed to induce intraisytlaanges in those
birds. Possibly, the source syllable was too consolidated at the time wiadtensd the target
syllable.. It is also possible that peripheral dynamics (e.g., mHdation) imposed constraints
were too strong to allow alteration of that syllable. However, this iskedy lgiven the results
by Tumer & Brainard (2007). A potentially better approach might be to set ugpanmgnt
analogous to Tumer and Brainard (Tumer and Brainard, 2007) where, as noted abowme, negat
reinforcement was used to motivate birds to alter the fundamental frequeanshait song
element. If such procedure is done in young birds, with plastic song, it is possédeifdhe
variability of that short song element will be higher than in the neighboringeatenwhen
template match is not required. The alternative hypothesis is that the feaear failure to
induce intra syllable changes by altering the target is not due to motaracatissbut perhaps

perceptual.
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Chapter 5: Song learning at the articulatory level: the
development of respiratory pressure patterns

Data used in this chapter were collected by Primoz Ravbar, Franz GallBremt Cooper at the
Vicario lab & Goller lab. EMG data were collected by Franz Galtehe Goller lab. Pratik
Shukla also contributed to data collection and provided major help with chronic recording

maintenance. Xiao Jiangiang improved the recording techniques used in this chapter.

5.1 Background and Rationale

In previous chapters we explored the development of a syllable by analyzcgtitstic

structure. We showed that birds can regulate variability across sykgiglitions such that parts
of the song that need to change more (because they are further from thedaepet)higher
exploratory variability. The techniques were developed to track various partsliafdesiyom

their developmental origin onwards. We showed that the scope at which vocal explokatson ta
place could be quite narrow. We know (Kao et al., 2004) that perturbation of syllaloicistr

by the “learning pathway” — AFP — can be very precise, both in time and in théctyeai

acoustic features affected.

But while we know that birds can manipulate song at short time intervals inseless clear
how the ability to do so develops. How doesdki to perform, modify and explore song
elements develop? (We defigell as the ability to manipulate the song at short time scales.) It

would be worthwhile to know, for example, which sets of muscles are involved in song
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production and how does the activity of those sets of muscle develop with song learning.

Unfortunately analyzing the acoustic structure alone can tell usalitiat muscle activity.

This was the main motivation for identifying a physiological variabledaatbe followed
developmentally to study basic processes that underline the emergence okitoldrs
variable isrespiratory pressure and can be directly related to activity in a particular set of
muscles - those controlling respiration (Suthers 1999; Goller 2002). In thisrovapi
discuss the methods used to record and analyze the respiratory pressuregrattseeshow
these methods can be used to measure development of motor skill. But first let e eékam

background of song production.

5.1.1 Major components required for song production

The song is produced by coordinated activity of the vocal apparatus, which incledm#joe

components:
1. The Syrinx
2. Therespiratory system

3. The beak and the upper vocal tract

These components have to be well orchestrated during singing. Now we wititphese

functional role of each component.
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The Syrinx

Figure 5.1 Schematics of the syrinx. See text.
Taken from Suthers et al., 1999

Syrinx, the vocal organ of songbirds, is located in the interclavicular air saedrethe two

bronchi and the trachea (in zebra finches). It is a complex organ composed modifiagkeca

and six muscles at each side. Those muscles are responsible for adductiong &idsing
abductions (opening) of labia in each bronchus. The vibrations of the labia result in sound. Labia
on both sides of the syrinx are fully abducted during silent respiration (Fg. Riring

singing labia adduct (which increases the resistance in the bronchus ansl tbeeatght

conditions for sound producing oscillations (Fig.B.1Also, when labia are completly adducted
they can act as vents, closing the ipsilateral bronchi (Fi§) 5Ektensive EMG recordings

during singing revealed functions of different sets of muscles in the f@oller and Suthers,
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1996). Thedorsal muscles (dS and dTB, Fig B) are involved in closing (adduction) the bronchus,
decreasing the air flow through the syrinx (Suthers et al, 1999). When thedeswostract,

they adduct the labia by moving the cartilage of the bron&hamsal muscles (vS, vTB), on the
other hand, control the frequency of sound my manipulating the tension of labia (Goller and

Suthers, 1996).

Interestingly, the two sides of the syrinx can (in some species) produce soend quit
independently from each other (Suthers, 1997). This “lateralization of song camtreises
production capabilities of some species of songbirds: the two sides of the syrifteare
specialized for different frequency ranges. In domestic canary, for exatin@lright side
produces high frequency parts of “FM sweeps” (these are syllables oopsytables where
mean frequency is decreasing as to produce a “sweep” on a sonogram), anditreedefdsices
the low frequency parts (Suthers et al, 2004). In other species, like in brown headeds;owbi
songs are produced by alternation between left and right side of the syrinx $Sunther
Roderick, 1997). In the zebra finch, however, most song syllables are produced byatmoper
between the two sides of the syrinx, except from high pitch notes which are progiibed b
right side only (Goller and Cooper, 2004). But this lateralization of song productionatsght
pose additional challenges of coordination; now the motor system has to coordinate not only

respiratory muscle activity with the syrinx but also the two halves of tiexsyith each other.
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Therespiratory system

| levatores

external
obliqgue m

Figure 5. 2 Abdominal muscles are involved in production of expiratory pressure. The
production of inspiratory pressure is controlledsbglenus m, levatores costarum muscles,
while expiratory pressure is produced by abdominal musEaéen from Suthers et al., 1999

The respiratory pressure is produced by a set of about a dozen muscles actiompler af
interconnected air sacs. The activity of these muscles has to be precisdigated with the
syringeal muscle activity. In contrast to syrinx, the laterabmadf song control does not apply
to the respiratory pressure (Goller and Suthers, 1999). As such, the pressure amaityldbal
articulatory state, common to both bronchi. In birds, both inspiration and expiraticstiaee a
processes (Konishi, 1965). The expiration pressure is produced by the activity ofredddomi
muscles, while the inspiratory pressure is controlled by a set of thoraates@salenus m,
levatores costarum, see Fig, 5.2 above) (Suthers et al., 1999).

How does the respiratory pressure relate to the vocal output? When the aissacepse

measured during singing we can observe a number of interesting propettiks.ivhuman
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speech the respiratory pressure amplitude follows closely the acousticis of the song. The
pressure signal is composed of repeated pulses of expiration which wdlWHRs
(expiratory pulses). EPs are correlated with the acoustic signal (#ig@n a coarse scale the
pressure correlates with syllable boundaries, but on a finer scale, iatesn@ith intra-syllablic
structure. Note that pressure shape reflects, to a large extent, theitmgusyrinx and not a
combined effect of respiratory muscles and syringeal resistance. ThRtsbape is not
significantly determined by changes in syrinx resistence (Cooper arer G6l04). This is
shown in Figure 5. 3. Fine structure of the EPs is not affected by fixing of the sych that it
stays always open. Under this condition the resistance of the syrinx does notaihicga
therefore not contribute to the finer structure of the EPs observed. Notice tigatgsis silent
under those conditions, while the pressure signal is not affected (Fig. 5. 3). dimisdscation
that EP shape is determined by the respiratory system alone. This faatakfor the main aim

of this chapter, namely to relate the development of the skill (ability to matepadng at short

time-scales) to the activity of muscles.

Figure 5. 3 The fine temporal structure of respiratory pressure does not result from the
activity of the syrinxThe top trace is showing respiratory pressure pattern during
vocalization (sonogram bellow). After muting procedure where the aitarseswas set
constant the pressure pattern retained all of the fine temporal structuregtessure trace;
the sonogram after muting bellowaken from Cooper and Goller, 2004
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This highly structured pattern of respiratory activity must in turn be tiglobydinated with
syringeal activity, ensuring that the syrinx receives just the right amopnésgure for

producing the correct sub-syllabic acoustic structure.

Another interesting feature of respiratory pressure is that while miosals exclusively
vocalize during positive respiratory pressure phase (e.g. during expiratrds)alsio (albeit not
often) vocalize song syllables during inspiration. Acoustic notes produced duringtiospare
observed more often in early, non-crystallized songs (Goller and Daley, 2001). §he son
syllables are separated by short, usually silent periods during which theibheélisg. These
short inhalations are called “minibreaths” (Calder, 1970) and are much deeper thatiromha

produced during quiet respiration.

These properties make pressure especially important for the temporatatiganof the song. If
a singing bird is interrupted by a strobe light, the song usually (but not algetgsyuncated
usuallybetween, but sometimes alsgithin a syllable (Cynx, 1990). These “continuation to
completion” effect is even stronger at to the level of expiratory pulse$ ¢BBsrved on air sac
pressure (Franz and Goller, 2002). Thus, when the song is interrupted by the strobe light, it
breaks dowronly between the cycles of inspiration and expiration. In a sense the respiratory
pressure determines the temporal structure of song and the motor units of itsigndtaotild

be referred tharticulatory component of singing.
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Figure5. 4 Pressure amplitude follows closely the acoustic output of song. Note that
pressure follows the sub-syllabic structure of acoustic syllaldpsdted units in the
spectrogram above).

The beak and the upper vocal tract

Another motor system, and a major component of song production, that has to be integrated with
the syrinx and respiratory systems consists of the beak and the upper wastsitown that

beak movements during the song are stereotyped (Goller et al., 2004). In zdtas timecbeak

gap is also well correlated with the peak frequency of different notes irahlsythamely large

beak gape usually results in removal of high frequencies from harmonic. Sthikenay

indicate that opening the beak shortens the upper vocal tract, thereby chenfijteging

properties. Beak gap is also closely correlated with the amplitude of tespeessure. This
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coordination between respiratory system and mandibular motor control is not welltoodefs

lot more is known about coordination between respiratory system and the syrinx.

5.1.2 How are respiratory muscles and syrinx muscles coordinated?

This is a subject of current research and we will summarize just one possdblamsm by
which the nervous system is coordinating respiratory activity with the aativityringeal

muscles.

The forebrain nucleus RAdbustus archistriatralis) sends projections to pre-motor nuclei of
both parts of the vocal apparatus: syringeal and respiratory. On the slypadex the vocal
apparatus, neurons from ventral RA ipsilateraly project onto motor neurons in tlggdsgab
nucleus (nXIIts). These motor neurons drive the activity of syringeal musclbs/drdtal and
dorsal. On the respiratory part of the vocal apparatus, dorsal RA projects onto RAengnucl
retroambigualis) and RVL (ventrolateral medulla, controlling quiet regmia RAm, in turn
projects to both nXllits (bilaterally) and onto respiratory muscles (Wild €080). More recent
findings (Kubke et al., 2009) suggest that RAm consists of two distinct neuronal populations
both projecting onto nXIlIts, as well as populations projecting onto motor neurons ct@spir
muscles. These various populations of RAm neurons are likely involved in coordination of the
syringeal muscle activity with the activity of respiratory musclesitiég and inhibiting the

nXIlts during different parts of respiratory cycle. It is thought that RAay play a role in

gating of the nXlIts activity so that approprigiease delays are established between syringeal

68



and expiratory muscles. These delays allow for enough expiratory pressuredatbd (by
expiratory muscles) before syringeal vocalization starts (Suvet Margoliash, 2002; Kubke et

al., 2009).

Now when we presented all the major components involved in song production let us go back to
our main aim in quantifying the development of skill. But first let us present thedaditions

under which we will measure skill development.

5.1.3 Acoustic isolates vs. tutored birds

In order to quantify the skill development we compared birds that were tutored saitig a
model to those that were raised in acoustic isolation. The latter birds cahdmaelves

vocalize but have no memorized tutor song to copy. The rational for this choice ofrexyati
groups is that we would expect more skill development in birds who attempt to iméateng
model, than in acoustic isolates. That is, we would expect tutored birds to develop in the
direction of being able to manipulate their song at shorter time scalesstirtgly, however,
song undergoes some developmental changes even in these birds, although their song has

atypical features and is not completely stereotyped (Marler, 1985).
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5.2 Methods and definitions

5.2.1 Recording of respiratory pressure during singing

In all the birds, we used a surgically implanted scilastic tube (a catou&dord respiratory
pressure continuously for periods from a few days to a few weeks, togéthénevacoustic

signal. Under these conditions, birds sing spontaneously.

5.2.2 Analysis of respiratory pressure patterns

From these data, we identified pulses of expiration on the respiratory pregmal. These
pulses usually correspond to syllables in the acoustics (Franz and Goller, T2g62)are also
inspiratory pulses (negative pressure), usually associated with sitepaasiting the syllables.
Therefore when we study the activity of respiratory muscles, negultiexpiratory pressure
pulses (EPs), we can infer that this activity is in fact involved in syllabic alewent. And, not
surprisingly perhaps, as the syllables develop so do their corresponding EPs. Thus tir@tbas

of our pressure pattern analysis are the EPs.

We then quantified the developmental changes in EP waveforms (raw data)dthedrast
Fourier Transformation (FFT), to compute a power spectrum for each EP analymechethod
will be described in detail in this chapter, but its essential use is to quantifyditieraof
increasingly fine temporal structure to the pre-existing coarsewsteust the EPs, over the
period of song development. This process of addition of fine structure to the cazmteetve

call pressure refinement, which is our measure of motor skill. Most importantly, our method
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allows us to compare pressure refinement (motor skill acquisition) betweerlgusetiadult

birds as well as between tutored and untutored birds

We found that, although the song of untutored changes, it does not show the same refinement as
in tutored controls. Thus, refinement (addition of fine temporal structure to EP9)atamscur
merely as a function of vocal practice, but appears to require guidance lguardc

“template”.

5.2.3 Data collection

Once the singing activity was stable we started recording the respipagssure from a plastic
cannula inserted into the thoracic air sac. Surgery was performed under gasssmest
(isoflurane), the skin was punched just under the rib cage and a cannula was fixed ioio posit
by surgical suture and tissue adhesive. This procedure is relatively norvénaadithe bird
resumes singing 1-2 days after the surgery. The cannula was then led oussuegegransducer
incorporated in a backpack attached to the back of a bird. Pressure data was dagether
with the sound using NIDAQ card and the Sound Analyisis Pro software (Tchernichoakki e
2000) for training and recording. The pressure signal was acquired at the saatplioigd4.1
kHz and amplified. Filters were set to record signals from DC — 3 kHz. Weaoreshithe
pressure signal during singing and quiet respiration. If the signal to naséSdR) decreased
drastically we repeated the cannula implant surgery. Only the data witlsteotlgihigh SNR
were analyzed. This procedure allowed us to record respiratory pressure idualdoirds for

continuous periods lasting 4-14 days. Pressure data was analyzed usimg/MBRiav signal
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was averaged to millisecond resolution. Data with no singing activity origmalsto-noise ratio

were discarded.

5.2.4 Segmentation

The pressure signal was segmented by a stationary threshold set atgsuoepithe average of
silent respiration). This way EPs (expiratory pulses) crossing the thilesigolsolated. We used
mean amplitude and duration to segregate EPs and cluster them into different tyyp&$<©

belonging to the same type (cluster) were used for analysis.

5.2.5 Alignment and averaging

EPs belonging to the same type were aligned by the beginning (the firshtpwhth they
crossed the stationary threshold). These EP segments where then aveasgeaaditions to
produce the averaged shapes of EPs presented in Figure 5.11 of the Resultsl &Mertraive

alignment methods but did not observe a significant difference in averaged shapss of E

5.2.6 Fast Fourier Transformation (FFT)

Any complex signal can be decomposed into a number of sine waves of differenhéregue
After EPs of the same type were aligned we high-pass filtered them diféangntial filter. The

input signal was padded with zeros on both ends as necessary so that power spediBf th
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could be computed on the filtered data (Matldt: Wunction). Averages of 100 spectra of
sequential EP renditions were taken in order to remove non-repeating frequéheise
averaged spectra were then used to calculate their mean frequencies (oue wieastor skill):
of the center of gravity of Fourier coefficients (power) was taken adiamaés of mean

frequency.

5.3 Results

5.3.1 Development of EP structure during song learning

The developmental changes in a representative zebra finch song (in a bidiwitiore song
model) that lead to a stable, stereotyped “crystallized” song areatledtn Figure 5.5. This
figure shows an introductory note and two different syllables that make up a songdoah A
be seen from the sonograms, the syllables become progressively more sirhdantmlel as the
song develops from Day 55 of age to Day 72 (training started on Day 43). Theses@range
accompanied by changes in the pressure signal (blue trace), as well as the acqplistde
signal (orange trace). The horizontal black line indicates zero resgipgessure (room pressure
or averaged pressure of quit respiration). This line is used as a threshold totsbgmeessure
trace into positive pressure pulses (pressure above the zero-line) and nagatuee pulses
(below the threshold line). We refer to the positive expiratory pressure psiE@saNearly all
vocalization is produced during the EPs although a subclass of syllables can be pooduced
inspiration (Goller et al., 2001). Fine temporal modulations can be seen not only on thie acoust
amplitude but also on the respiratory pressure, suggesting the contribution ofogspsavell

as syringeal control to song production (see Discussion of this chapter).
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Importantly, the modulation of the respiratory pressure signal increasetheymriod of
development from Day 55 to Day 72, as is evident from the pressure signal (bluentfagare
5.5A. The changes are seen in the superimposed EP segment. ifileSed arrows in 5.5A

indicate the points where new valleys and peaks have appeared.
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B EP segments

resno

Figure 5. 5 Song developmentA, sonograms (vertical axis is frequency; horizontal axis
time) show song development from day 55 to day 72 after hatching. The blue tracehghows t
respiratory pressure and the orange trace represents sound amplitude. Timeahditeck

lines identify zero pressure also used as a threshold to segment expiratesy(g#s). The
duration of these song bouts is 1.0 sec. Red arrows point to examples of added fine structure.
B, EP segments from Day 55 (blue) and Day 72 (red) are superimposed for comparison.
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Changes in EP waveform over the recording period were seen in all birds, beddiffer
dramatically between tutored and acoustically isolated birds. Figure 5.11 esnepaly and late
examples of vocalizations from three tutored and three untutored birds (Fiy.ahd5.1B
respectively). The averaged EP shapes (across 100 renditions) are showh bardegblue and
red traces represent early and late recordings, respectively), next tothesponding
sonograms. For each bird, the upper sonogram (in blue frame) is a sample taken from the
beginning of a pressure recording period and the lower sonogram (in red frameXxsmple
obtained from the end of the recording period. For each bird we also present thetEP spe
(produced by FFT analysis of EPs), which we use to quantify the amount of tesnpoeall
structure present in the EPs. It is now time to describe this method as is don®liowhed

section.

5.3.2 Application of Fourier Transformation to quantify the presence of fine
temporal structure in the EPs

As noted earlier, when EP structure develops over the period of song learning, tenfiperally
structure is added to the pre-existing coarse structure. We refer to tleasgascpressure
refinement or motor skill acquisition. The addition of fine structure can be qudrdyfiérst
decomposing the EPs by Fourier Transformation. The spectra thus obtained cdaplsectol
across renditions. The averaging of EP spectra is done in order to determipetiigee
frequencies e.g. the fine structure of EPs that is consistently ré@eatss renditions (see

Methods and definitions for details).
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We can demonstrate this method by a simple simulation. Any signal can be destmpts
frequency components by Fourier Transformation (FT). Take a simple sieenith a

frequency of 10 Hz and decompose it by FT as shown in Fig. 5.6 below:
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Figure5. 6 Fourier transformation of a 10 Hz signal. See text.

The obtained spectrum has one peak at 10 Hz. Now let us look at another sine wave of 1 Hz

frequency and decompose it (Fig. 5.7):
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Figure5. 7 Fourier transformation of a 1 Hz signal. See text.

This signal has a single peak at 1 Hz. Next letdasthe 10 Hz signal to the 1 Hz signal to

obtain thecomposite signal (Fig. 5.8):
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Figure 5. 8 Adding signals with different frequencies results in a composite signal. eX8e€ t

This composite signal can then be decomposed by FT to obtain its spectrum as shownidpelow (F

5.9):
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Figure 5. 9 Fourier transformation of a composite signal. See text.

The spectrum of the composite signal has two peaks, one for each component: 1 Hz and 10 Hz

peaks.

We can represent the coarse structure of EPs with the low frequency(signavel of
structure modulation) and the “refinement” of EP structure wittaddéion of a high frequency
signal to the pre-existing coarse structure. Therefore the refin@ihsinticture should result in a

new, higher frequency peak in the spectrum as summarized in Fig 5.10 below:
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Figure5. 10 Adding a higher frequency “fine” structure to the low frequency “coarse”
structure results in a shift of spectral power towards higher frequereye8e

Thus we predicted that with refinement of EP structure of trained birds theaspeeter would

shift toward higher frequenc¥n the other hand, spectra of isolated birds, where no or little

structural refinement happen should show no such shift of spectral power. (To eltimnate
effect of noise that could potentially get added to the EP measurementswlated means

across spectra so that only the repeated frequencies “survive”.)
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5.3.3 Structural refinement happens predominantly in tutored birds

In Figure 5.11 compare the spectra of isolated birds to the spectra of tutored birdeaNeven
at the end of the recording period (red spectra) untutored birds have less powatretedt in
lower frequency ranges, which indicates that their EPs do not have as much finatempor
structure as the EPs of tutored birds. Moreover, isolated birds do notrepiawement of motor
skill, as measured by the shift of power of EP spectra towards higher freqaageg, while

trained birds do show a shift, indicative of pressure refinement.

SAraniiigps

EP spect

| \jﬁ ‘
TUY M

e

Trained birds

Figure5. 11 Comparing early to late EPs and their spectra in trained birds and isolates.
A, Three examples of isolated birds are shown. Blue traces indicate earlgsamagltraces
late samples. The corresponding sonograms are shown (blue frames iratigataraples,

red frames late sampldB, In trained birds spectral power shifts from lower frequencies ir]
early recordings (blue curves) toward higher frequency ranges indateliregs (red curves).
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To quantify these differences further we performed this spectral analbysiss five tutored birds

and compared them to 5 un-tutored birds. Figure 5.12 shows the mean frequency of spectra for
tutored and untutored birds. Empty circles indicate beginnings and ends of recoraidg foer
individual birds. Each mean frequency is calculated as an average of meandiexjaéall

types of EPs analyzed per individual bird (typically 1-2 types of EPs)ciRdds and links

indicate 5 tutored birds, while blue circles and links represent acoustsiyed birds. It is

possible that the difference of EP structure refinement that we measiddeaxplained with

the particular song model we used to tutor the birds with. So we also analyzed endrppies sa

of EPs from birds tutored with different song models (filled red circleg)f&ind that the mean
frequency of all 10 tutored birds was higher than the mean frequency of akdsbiats (Fig. 5.

12A).

While isolated birds may show less fine structure of their EPs than tutoregdthaygsnight still

be able to improve this measurement during a period of development. However, we found that
across birds this mean frequency shift, indicative of refinement processgwidisant only in
tutored birds (ANOVA1p=0.0378) but no significant change (ANOVA$0.6457) was

observed in isolated birds (Fig. 5.2 Thus we detected no improvement of EP refinement in

untutored birds.
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Figure 5.12 The mean frequency of EP spectra increases in trained birds and is ogéel| |hi
than in acoustically isolated birds, Circles indicate mean frequencies at the beginnings and
ends of recordings (see methods). Red: trained birds; blue: isolates. Fultlesl samples
of birds trained with different models. Mean frequency shifts across trairdsdanid is
overall highemB, than in isolate€.
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We wanted to characterize in what frequency ranges addition of fine strughpenbawhich
corresponds to thieme scales at which a bird refines his song. Figure A®mpares spectra

from the beginning and end of recording in one tutored bird, and this example shows how power
is added to certain higher frequency ranges (red fill), while power is lost @ fawges (blue

fill). Figure 5.13B shows the changes in power spectra in 5 tutored birds (different colors of
circles represent the 5 subjects). Data points above the zero line indicatesase of power for

the corresponding frequency range. The points below the zero line indicat@sdsaépower.

Figure 5.18 shows a box-plot of the data from Fig. B1®ower significantly increased in high
frequency ranges of 20-30 Hz and 40-50 Hegt; p-value = 0.0244 and 0.0143 respectively),

with the maximal increase in 20-30 Hz range. The addition of fine structure enftegaency

ranges is also significantly higher than in 1-10 and 10-20 Hz ranges.
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In terms of time-scales this result means that the greatest additioe sfrficture to EPs spans

from ~30-50 ms in length. For example, this would correspond to the broader three plaks of t
middle EP in Figure 55 (note the deepening of the valleys — red arrows, separating these 3
parts of the EP, from Day 55 to Day 60 in Figure 5.5). The addition of fine structuréswas a
significant (-test; p-value = 0.0143) at the shorter time-scales, from 20-25 ms (40-50Hz in Fig.
5.8C). This finer structure could correspond to the peaks and valleys such as those added to the

EP on Day 72 in Figure 56

Biue — decreased gain ¥
A Red - increased gain ‘ R C
1 L E B i
o | . = 0 = | | -
E.'\;_ \ 5 T -
SHH Y : :
1 i1 .:: f . J_
¢ 3 -
1-10 10.20 20-30 3040 4050 1410 1020 20-30 3040 4060, 1410 10-20 20-30 3040 4060
Freq interval [Hz] Freq interval [Hz] Freq interval [Hz]

Figure 5.13 Identifying the frequency intervals where power changes occur in tutod=d bif
A, Example of power changes in one bird (red: increase; blue: decig@aBejver changes in
5 EPs of trained birds in 10 Hz intervals. Units of change are arbi@aBox plots of power
changes across 5 EPs of trained birds. Significant changes of power eagethddy “*”. The
highest increase of power was in 20-30 Hz interval, corresponding to time scale of 30 < 50
ms. We also see significant increase of power in 40-50 Hz interval indidagiragitiition of
temporal fine structure as short as 20-30 ms.
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5.3.4 Changes in respiratory activity are closely associated with changes in
syringeal muscle activity

As already noted, previous studies have shown that fine temporal structureratoegpi
pressure is not affected by the resistance of the syrinx (Cooper and Goller, T20043ct is
critical for the interpretation of our results because we wanted to asdbeiateuctural
refinement with the activity of a particular set of muscles (regpiyrahuscles). We also wanted
to know weather the refinement of respiratory pressure would precede the refioéeivity

other components of the song production system (see Discussion).

To find the answer we recorded the activity of the syringeal muscles B Biér a period of
song development, in three birds. We cross-correlated the developmental time obpesés of
EPs with the same time courses in the EMG signal where developmentalchang®bserved
and found no lag (median across three bird8:47,lag=0). Figure 5.14 shows the aligned EPs
(first column), acoustic features and the EMG in two birds. Note that espedmte the
correlations between EPs and EMG are strong (lower row) there is no appautetinaen the
two correlated signals signals. Although this is a small sample of birdgriieéation between
changes in EP shape and changes in EMG signal from the syrinx is indibatisgractural

refinement is probably coordinated between the two components of song production.
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Figure 5.14 EMG activity is correlated with respiratory pressure with noRespiratory
pressure and EMG was recorded together with sound (in the laboratory of Frearz Gol
University of Utah). EMG was recorded from both left and right muscles of thexgEMG
L and EMG R). Three birds were analyzed (two are shown). In cases wheratoeg
pressure and EMG signals were strongly correlated (lower row) tlué &agss-correlation
was zero (compare pressure to EMG L in the lower r
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5.4 Conclusion and discussion

In this chapter we compared the syllabic development between tutored and untutisrelddie

are three of our main findings:

1) Tutored birds add more fine temporal structure to their EPs (expiratory)ghksesio
untutored birds, over the course of song development. This confirms the previous finding

(Méndez et al., 2010).

2) There is no indication that untutored birds add any fine temporal structure to thdurrieigs
song development, although changes in their EP shapes do occur. These developmensal change
do not seem to include addition of new peaks and valleys or other increments of modulation

(such as peaks getting higher, valleys getting deeper), that could bedbieoter method.

3) In the samples of EMG data from syringeal muscles where developmenta<biiMG
shapes were closely associated with changes in the EP shapes, we did not findaeithag
signal. While due to small sample size (three birds) this result is not dulbhusive it could
suggest that the addition of fine structure has to happen on both, respiratory and sigeelgeal

of song production system simultaneously.

In human speech respiration has to be coordinated with articulation (Conrad and Schohle, 1979
and the control of the breathing pattern is a critical art that has to be learsiegdrg
(Sundberg Johan, 1993). The right amount of air has to pass through the articulatory and vocal

structures in order to produce the desired sounds. On the other hand, the gas exchange in the
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lungs has to be uninterrupted during speech or singing. However, in human vocal behavior the
is no need for fine temporal coordination of respiration. Instead, most of théaditic is
performed by articulatory structures controlled by different musclemsgs As the result human

respiratory pattern lacks time complexity found in some songbirds.

In zebra finches, on the other hand, the respiratory activity during singisglfsniolved in
articulation and, as a result of this, possesses a great temporal contpebtyrresponds to the
acoustic complexity of the syllables (Wild et al, 1998). This is perhapssagpbecause, in
principle, the fine articulation of song structure could be carried out by tim syone (this
would be analogical to human articulation), which would pose a lesser challepgedse
temporal coordination between syrinx and respiratory muscles. If this was#ehen it might
suffice for respiratory activity to determine the rhythm or the syntalxeo$dng, while the fine
intra-syllabic structure would be learned on the level of the syrinx. But in zeble§ temporal
structure of respiration closely follows the complex acoustic structurdlableg. This would
imply that the learning of fine temporal structure of respiration must thosag with the
learning of other motor gestures (syringeal activity and beak movemaf@show that tutored

birds add fine temporal structure to the coarse respiration pattern durirmgn¢heevelopment.

While the major advantage of our method is in that we can indirectly measurentg aict
(respiratory) muscles rather than acoustic structure (which results droplex interaction
between muscles, membranes in the syirinx and respiratory muscles), tdeceagpossible
disadvantage. It lays in the fact that respiratory signal is smoother th@nasoustic features

(see Fig. 5.5) so we may be missing even finer time-scale segmentatidialoies than what we
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can see in respiratory pressure. To detect such fine time-scale @ehtslate them to central
activity) one could record chronically from nuclei such as RA or downstream tir@uri

attempts to produce such data have not been successful.

5.4.1 Bias towards structure refinement in tutored birds

That the song of untutored birds is significantly different from “normal”, tdtbreds has been
known for some time (Marler and Sherman, 1985). The difference in the respiragsyrpre
pattern between tutored and untutored birds has also been established in a recavieatlely (

et al., 2010) by measuring the degree of EP modulation at the end-point of song development
together with the syringeal muscle activation. But, because the studtyisrig only at the end-
point of development, it cannot establish weather the untutored birds also follow the trend of

refinement of motor gestures over development, but to the lesser extent dinaah lirds.

Our results suggest that while there is a measurable systemaiit biiats exposed to the song
model toward addition of fine temporal structure to the respiratory pressunapaites bias

was not detected in untutored birds. Thus the difference between the two groups is lyahmere
the degree of motor gesture refinement (which has been shown before) budiredtnen of
development (qualitative difference). The lack of motor refinement in untutaidould be
caused by the broad time scale at which the vocal exploration is carried out \dmchahe

song can be modified). Because there is no model to imitate, the “goal” of songpdewet

may not be locally defined at all. In terms of hierarchical learning, whechiscussed earlier,
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isolates may be stuck at the lowest level, where only broad acoustic chandesmade.
Indeed, our observations show that developmental changes of EP structure do occur gduntutor
birds (the song does develop) but these changes remain broad. In other words, the untutored

birds may not be able to produce developmental changes at the short time scale.

However, as mentioned earlier, even the untutored birds sometimes produce songs p¥é¢h com
but variable temporal structure (e.g. their songs are inconsistent). One gdwardar method

is that we detect onlgonsistently produced fine temporal structure of the song (by first
decomposing EP shapes by FT and thanaging the EP spectra, see Methods and definitions).
Therefore any untutored birds with highly temporally complex but variable sangd till be

detected as possessing low level of temporally fine structure.

While it is in principle possible that untutored birds can “catch up” with the tutoresl later in
development, this is unlikely for two reasons: first, as discussed above, untutored birds do not
show any bias in the direction of motor refinement, and the second reason is, that thi@acquis
of motor skill is thought to be limited by the “critical period”, when substantialdemental
changes can still be made (Konishi, 1965). The oldest tutored bird that we recordecepress
from (the recording session took place between 94 to 99 days post-hatching) also shows the
lowest amount of pressure structure refinement (Figuredh. This would suggest that the end

of the “critical period”, when refinement of motor gestures can still occug alvaady quite

close for this bird. Therefore, it does not seem that untutored individuals would ever “catch up

with the tutored ones.
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The inability of untutored birds to “catch up” with the tutored ones is, however, probakidimi
to individuals but not communities. A recent study by Feher et al. (Feher2808) looked at
the syllables of zebra finches that were raised in isolation from normiddt{/pe”) songs but

not from each other, and demonstrated that (acoustically) parts of sy(lablesl states”) tend

to get shorter over several generations of “tutors” and “pupils”. In other wbhaids, it a
systematic bias of the whole population to culturally evolve the song with fingotel

structure.

One problem with identifying just the length of vocal states from acoughalsalone is that this
method will not likely detect all developmental changes. A potential advantage of thadnse
that we can detect any changes in modulation of EP structure, even if the lengttsl states
do not change. Therefore any trend in untutored birds towards “normal” song should be

detectable by our method.

Veit et al. (Veit et al, 2011) have recently shown that at least one aspespicdtiary structure
in very young birds is established before the acoustic structure (naméngtie of gaps
between syllables is adjusted on respiratory pressure first). This beréjore indicates that in
young birds, where AFP has the dominant control of song production, the learningsesdfon
the establishment of respiratory patterns. There is also anatomical@vilécario, 1991) that
there is some degree of segregation in nucleus RA between parts controtlirgoassystem
and parts controlling the syringeal muscles, making it possible thagmedimt of articulation

would be learned separately from refinement of syringeal activity.
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However, this body of evidence does not necessarily imply that on the level ofitixetlsg
acquisition of fine motor skill (such as learning of intra-syllabic eveats behind the
respiratory system. Even in the absence of acoustic evidence the refioémentity of
syringeal muscles may still be present. As discussed earlier in tpigchthe acoustic output is
the final product of integration of respiratory, syringeal and beak activity. Thedmjan of this
integration may result in apparently delayed measurements of refinemta acoustic level.
Indeed, as our results from EMG recording of syringeal muscle actagty $0 suggest, there is
no apparent lack of synchronicity between developmental changes in the preisuneapd
changes in syringeal EMG activity. Therefore we suggest thatigpohifine temporal structure

of syllables occurs on all levels of song production at the same time.
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Chapter 6: Collateral damage of vocal changes?

When you chop wood, chips fly Nikolai Yezhov (Joseph Stalin NKVD officer, justifying

executions of innocents)

6.1 Rationale

In the previous chapter we saw how hierarchical learning might explain theeisigpporting
transition from coarse to fine units of vocal change. We suggested that as tlie stauasure
becomes more consolidated, the size of segments should decrease (higheitgyaAualsther
possible advantage to decreasing of the segment size is decreasitigutatian-like adverse
effects during learning. As mentioned in Chapter 4 (Discussion) migiet\&hen the learning of
one part of a continuous action adversely affect the structure of a neighparinddiere we
present a few cases where such interactions across different ghdsygliable seem to take
place during learning. The results presented here are preliminary ahgsemms should be

considered as hypotheses for further studies.
In order to test how vocal changes of one part of a syllable may affect ottsewpaleveloped

some new methods for tracking vocal changes across development, which migifub®us

future studies and are hence presented in details.
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6.2 Methods

6.2.1 Tracking vocal changes by local realignment

In order to track the vocal changes in the syllable across development we hhge syllables,
and then locally realign the intra-syllabic events so as to be able to observeamgesin one
song elements might affect neighboring elements (Fig. 6.1). As in previousrmshaptfocus on
Wiener entropy as the principal feature. Figure 6.1 is composed of aliggredrg#s of a
syllable, where color represents Wiener entropy levels. The shape of \&itragy values over
the syllable changes across development (from Day 50 to Day 76), stastmthree coarse
peaks and two minima, into a much more complex shape. On the left the syllablegac: @)
the first millisecond (real time). On the right side syllables are poadlligned using our
method. Note that on the right side of Fig. 6.1 the x-axis is not time anymored Itisteaaxis
represents the warped time. This representation enables us to align each énesyltdble

with the corresponding event in the previous syllable. Figure 6.2 demonstrates the method.
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Figure 6.1 Results of local realignmemliener entropy is the feature used. The method
aligns the syllables locally so that each event of the syllable rsedligrith the corresponding
event in a previous rendition of the syllables. See text.

We compute the maximum cross-correlation between two consecutive (in develaipimes)t
segments of a syllable as the basis for realignment. However, not thesglhdinkes are cross-
correlated but rather shorter segments (typically 30 ms long frames)lgbhighan then “tracks”
(according to best cross-correlation) each frame from the last day ddpieest (in this case

Day 76) to the first day of development. This is demonstrated in Figure 6.2.
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Figure 6.2 Algorithm for local realignment using best cross-correlatitach frame (gray) is
cross-correlated with the previous frame (in developmental time). The mn@axanmoss-
correlation is then used to realign the frames. Once the tracking algoeificires the
beginning of development (Day 50 here) the entire process is repeated bt finenfie (at
Day 76) is moved for one millisecond in song time (x-axis). The final product of the
algorithm is the realigned raster plot in Fig. 6.1 (right side).

The algorithm continues to locally realign frames from the end of developDen76) to the
beginning of development. Once that point is reached the process repeats, boetthie first
frame (at Day 76) is chosen one millisecond later in song time (the x-axidjn@hgroduct of
the algorithm is the realigned raster plot shown in Fig. 6.1 (right sideg.iNthe realigned
raster Figure 6.1 an artifact caused by the algorithm (right sidengtattDay 50 at about 130

on the x-axis). Such artifacts will be covered in the following figures.
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6.2.2 Determining significant vocal changes in the syllable

We used locally realigned raster plots as the one shown in Figure 6.1 in orderucenteas
developmental vocal changes. For each realigned element (x-axis) we edriguamount of
change over a period of one day, for every day of the development. Only thecatiisti

significant changes were accounted for.

[l Constructive changes [ ] No changes
Il Ocstructive changes
Locally realigned syllables (WV. entropy) Significant changes

Development [days]

W % 8 A A2 4 60 W 10 12 140 ¥ 130 W0

Positions of realigned elements FPositions of realigned elements
(time is warped) (time is warped)

Figure 6.3 Constructive and destructive vocal chan§ee text.
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6.3 Results and Discussion

Figure 6.3 shows the realigned raster as produced by the local realigigoettira described
in the Methods (left side). The right side of Fig. 6.3 shows statisticallyfiseymi vocal changes
of realigned elements (all events in the syllable) as they occurred ga@dndaday was the
frame in which changes were measured). Red colored changes represeni¢tea’sthanges
— where the syllabic structure becomes more similar to the song model thatl tisarhitating.
Blue areas in Fig. 6.3 (right raster) are significant vocal changes inrdotiah away from the
song model (“destructive changes”). The green background of the raster repifesemeas

where no significant vocal changes happen (during each day).

Note in Fig. 6.3 that the changes are broad at first (at the beginning of developmentping bec
narrower over developmental time. This is particularly noticeable in thereida the red frame

in the raster.

Compare the area in the red frame in the right raster in Fig. 6.2 to the saménftamleft
raster plot. Notice in the left raster that a new event in the Wiener entasgpgreated. At first
the framed area in the left raster is blue (low Wiener entropy) but hatievelopment a peak of
Wiener entropy appears. Now note in the right raster the broad vocal changeesisha this
developmental period (labeled “A”). Most of this change is destructive (bluehdmatis a short
part of the change that is constructive (red part). Immediately aftethiei next day) another
broad change appears (labeled “B”) but now most of the change is constructiven(fact)the
change B seems to compliment the previous change A (and is also narrower).figeeRha

happens when the peak in Wiener entropy appears (see left raster).
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We speculate that early in development the bird makes broader changes gstheaen is
broad (see Chapter 5, hierarchical learning). As a result only a part of the cheogstructive,
while its periphery (neighborhood) is destructive. This seems to be the case fygr BhiarFig.
6.3. As the bird was creating the Wiener entropy peak he also increased the sy

around the peak. This “collateral damage” shows up as a destructive change in Fig, 6.3 (the

change labeled “B”).

There are other possible causes of destructive vocal changes. One saatoulilibe the
attempt to segregate to neighboring parts of the syllable in order to cbeiralévelopment
separately (the attempt to segment the action). The change lab&iaed-i§. 6.3 could suggest
such attempt. In such a case it may be preferable to first separate svof @aslllable by
“moving” them in opposite directions and only after the separation (when independeal abntr
both parts becomes possible) change them in the right direction. This may be happabilg at

“D” in Fig. 6.3 where a narrow corrective change (red, constructive ehanbappening.

The third possible cause of destructive changes may be neglect of some {hertsytiéble
when other parts are changing. This hypothesis suggests the existence of tiaotiona It
could be that some parts of the action that require a large portion of a limdacceesf motor
attention will cause other parts to slightly deteriorate. This could be partycrelevant when
difficult parts of continuous actions are learned. The vocal change laligleduld be and

example of such deterioration.
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So far the data supporting these hypotheses are still anecdotal (observed indineghitbirds
studied). It would be interesting to perform an experiment in which young bitdsatna
presumably only perform broad vocal changes would be reinforced to add a shaexdleme
element to their syllables as in Tumer and Brainard experiment with older(fhuimer and
Brainard, 2007). We could predict that early in development the birds will make lraages
with significant “collateral damage” in the periphery of the newly addexhenht (such as label

“A” in Fig. 6.3).

101



Chapter 7: Integration and Discussion

The central aim of this dissertation was to explore how complex, continuous actidres ca
learned effectively, given the conflict that exists between expdorand consolidation of
different parts of the action. The solution to this problem is partitioning of tlumacto

segments but while the advantages of such partitioning have been studied incédencetels

and machine learning algorithms (Doya, 2000), less is know about the implementation of this
solution in animal learning models. Here we studied the learning of zebra fifathles/las a
model of continuous action. We found evidence for partitioning of the syllables into segment
which exploratory variability could be applied independently. This implies thatis assessed
locally, on the level of sub-syllabic structure. The second problem that ariearning of
continuous action by partition is how to determine the size of segments (grahulaatynany
segments (high granularity) would present a burden to the memory, while toagf@erds (low
granularity) would result in the original problem of the conflict between expmlarahd

consolidation.
We will start this discussion with possible neuronal and peripheral mechantsroutthbe

involved in local modification of the song. So the first question is at what times szalehe

known neural substrates regulate exploratory variability.
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6.1 Can AFP regulate exploratory variability in short intervals?

It has been shown that anterior frontal pathway (AFP), which is a likelyesotiexploratory
variability (Olveczky, 2005, Andalman, and Fee, 2009), can modify the song locathyetial.,
2005).

Micro-stimulating the LMAN (the nucleus of AFP which projects direttlfRA in the song
production pathway) can trigger highly time-localized and acoustic fegtewafis vocal
changes in the song of adult birds. A stimulation of a partisitain LMAN can generate
changes in specific parts of the song (always at the same parts). On theathehe
modifications in one part of the song can be qualitatively different from those imeampairt.

For example, micro-stimulations of the same site can increase the furtdbfreguency in one
syllable but decrease its magnitude in another syllable. Therefore, esstitssuggests, tlsge
of micro-stimulation in LMAN determines the time-positions of modificatibnsnot
necessarily their quality (the direction of modifications). On the other handjlations in
different sites in LMAN can have opposite effects in the same syllableefohe there are many
sites in LMAN that can affect the same time-positions of the song but tfesitsebn the song
are qualitatively different.

This opens a question about how can LMAN induce exploration locally. If the sanadvwslys
modifies the song features in a particular direction then many sites in Ldhadld be activated
at a particular time. This assembly of LMAN sites should only affect tine sshort segment, of
the song and thereby induce local exploration. In other words, different aeseailsleurons in

LMAN should be assigned to different times in the song. Such organization issesninof the
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RA, where different assemblies of neurons are activated by the HVC atuliffenes

(Leonardo et al, 2005).

So far we have seen that AFP can modulate the song locally and that recraoftdifatent
neuronal assemblies in LMAN could assign exploration to particular song segiBent

whatever the mechanism of recruitment in LMAN is, for AFP to be able to adpughin of its
output locally during singing, it needs to “know” the exact song time. This timfogmation

could be provided to AFP via the HV& ea X-projecting neurons. Area X is the first nucleus in
the AFP onto which HVC projects (see Figure 1.2 in Chapter 1). As mentioned in Chalpeer 1, t
HVC produces a very sparse neuronal activity, which is extremely tiockedqHahnloser et al,
2002). Although it has been shown that lesions to Area X, which should block this time
information, have no obvious overall effect on song structure or on the magnitude of
noise(Goldberg and Fee, 2011), it is possible nevertheless that short time-scaletimodula
vocal exploration might be gated by Area X (Kojima and Doupe, 2009), or that AFP has other

means of generating a song-time dependent signal.

6.2 Can differential sensitivity of RA neurons to AFP input regulate
variability at short time scales?

Local regulation of exploratory variability could also be explained by diffedesgnsitivity of

RA pre-motor neurons to AFP input, across song elements. Each pre-motor RA neuves rece
inputs from several HVC and AFP neurons. As mentioned above, different assemblies of RA
neurons are activated at a particular time by HVC, which results in productiomead¢ipendent

song elements. As a particular song element approaches the target the wel\gGtRA
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synapses could increase, making the synapse less sensitive to the constavageihilitly
coming from AFP. The AFP-RA connections are mediated by NMDA receptors, sngdghat
the AFPs activity could modulate the HVC-RA synaptic weights (whiehreediated by the

mixture of AMPA and NMDA receptors).

Disambiguating between the two hypotheses (AFP or differential s&ysii RA neurons)
could be attempted by training birds with our AAAA->ABAB paradigm (Chapter 2)estohg
the effect of micro-stimulation from AFP during singing of either sydiablor B, once the
highly variable B syllable appears. Such a stimulation should cause brief voogésiilaat are
song-time specific as in the experiments by Kao et al. (Kao et al., 2005). Thaipredithat if
the sensitivity of RA neurons to AFP input is higher for the new syllable (B),dtraulation
would have a stronger effect if delivered during performance of B. Alternagtreslording from
LMAN should show increased activity or less inter-hemispheric synchroangWwt al., 2008)

when singing B.

6.3 Reinforcement learning of continuous action without segmentation can
be effective when the gain of exploratory variability is low

In Chapter 4 we discussed the age dependent reduction of plasticity and the ripgaaasof
exploratory variability. As we saw a minimal amount of residual exploratmgbility can be
used in order to modify the song even at the old age, when song seems “crgis{@llineer and
Brainard, 2007). This has been shown experimentally in the procedure where a negative
reinforcement was used to induce a change the fundamental frequency of shokrsengsan

older birds. We have noted in Chapter 4 that no evidence was found for the ability of birds to
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increase their exploratory variability when exposed to negative reinferdcemthose

experiments. Thus with the ageing the gain of variability seems to only slecrea

Minimal variability in older birds does not cause significant deterioratioheo§ong.
Consequently the local regulation of variability many no longer be negessar when they

need to modify very short time-scale song elements in the negative remearcexperiments.

This finding is further supported by the study by Charlesworth et al in whictineg
reinforcement is used to effectively induce changes in particular semgeds of older birds,
without specifying their time-position, thereby providing only the global error (Charlesworth et
al, 2011). Consider, for example, a song bout with five song elements (A, B, C, D and E). A
negative reinforcer (punishment) may be introduced at the end of the song bout if the
fundamental frequency of element B is too low. The subject bird will increase¢nage
fundamental frequency (across many renditions) in element B duringitiiagraeriod. In this
setting birds can learn to change even multiple song elements (in anyodisgacified by the
experimentalists) with a single negative reinforcer (single glabait estimate). Importantly,
Charlesworth et al did not observe any increments of variability during heattmat could
otherwise be expected when a bird is trying to escape the negative reir@rceurse, with

only global reinforcement provided the variability would have to increase dlergntire
trajectory of the continuous action. Therefore, one reason for why incnessaiility was not
observed in those experiments could be that such global increment of exploration waoelld caus
more deterioration of song structure than in the case when error can bedstiaigted. In any

case, the result shows that segmentation of continuous action may not be néceksamrying.
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Taken together the role of AFP is to provide exploratory variability signal tmtiter pathway
(Olveczky et al, 2005) and can maintain residual variability necessargki® short time-scale
changes in older birds (Tumer and Brainard, 2007) even when the bird has no acceks to loca
error estimation (Charlesworth et al, 2011). Exploratory variability msyla¢ used in a more
“guided” way (Andalman and Fee, 2009) such that noise injected by AFP will bias the
exploration in the direction of the target and there is strong evidence that AlRex short
segments of the song (Kao et al, 2005). What our work adds to this body of knowledge is that in
younger birds the exploratory variability can also be locally regukitbdr directly by AFP or

the changes in sensitivity in RA to the AFP input. We have suggested experimergsttioe el
physiologists could perform in the future to further study the mechanisms bfdgoéation of
vocal exploration. In Chapter 4 we also suggested that experiments witiveeg@forcement

be performed on younger birds where one could predict more exploration in the partedhat ne

change.

6.4 Hierarchical learning: increasing granularity of segmentation

As noted in the beginning of this dissertation (Chapter 1) there are two probleraming of
continuous action. The first problem arises from the conflict between exploration and
consolidation. This problem can be solved by partitioning the action into segmentsittiedrca
be learned independently from each other. But this leads us to the second problem,hwwmely
to determine the sizes of segments. As noted earlier, if the granulaatyhgh, the burden on

the memory becomes too great and the local error assessment too demagdingldrity is
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too low, then within the segments we run into the first problem again (conflict between

exploration and consolidation).

The solution to this problem of granularity would be to gradually decrease the sigenehte
over the course of learning. This way high exploratory variability could be asessdroad
segments, early in the learning process, when consolidation has lower phamigxploration
(because there is not much structure in place yet). Later in development ggsastsof the
action are already close to the target (low error), consolidation of theéséopaomes the greater
priority and exploration becomes confined to only those parts of the action lthegedi to
improve. We refer to this gradual decrement of the segment size (or incadrgeantularity) as

hierarchical learning.

While we found some evidence for hierarchical learning in syllabic acotrstotise where
syllables appear before the intra-syllabic events (see Chaptestéonger support comes from

the analysis of the respiratory pressure patterns (see Chapter 5).

We showed in Chapter 5 that during development of respiratory pressure puksesiteP
temporal structure (high granularity) is added to the pre-existing cesng®ral structure (low
granularity). Interestingly, this indication of hierarchical learnirags only observed in tutored
birds, while in birds that were never exposed to the normal song there was naonditany
increment of granularity. It is questionable if segmentation of the somgades place in
untutored birds, even though, as discussed in Chapter 5, over several generations of cultural

learning the number of song elements increases as they become shorter.
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6.5 Does the partition of song on the level of articulation precede the
partition on the acoustic level?

We have seen so far that there are neural substrates that could be involvedanipgrtit the
continuous action of singing. At what point of song development does the partitioning occur?
There is some evidence that the first segmentation of the song into syllaylescuar at the
level of articulation before it happens in the acoustics (Veit et al., 2011). Thisssioyg that
the establishment of precisely timed gaps between expiratory pulsgsnEissub-song may
precede the creation of equally well timed gaps between the syllablesevetpw is important
to remember that syllables are already somewhat discrete unitsatewséudying the
segmentation of truly continuous actions, then sub-syllabic structure would beetevemnt.
Sub-song itself is also not a good representative of continuous action in need of aegment
because the gaps must be created anyways for respiratory demanderé leesi if the timing
in respiratory pressure becomes more precise before the timing of asbustiure, this does
not necessarily mean that the segmentation happens first on the level oftemticlighis
respect we should look into segmentation within individual EPs (uninterrupted continuous
action) and compare it to the acoustic structure. However, as discussed i Ghtq@eacoustic
output is the final product of integration of respiratory, syrengeal and beaiyadthe
imprecision of this integration may result in apparently delayed measuseaigafinement on
the acoustic level. This was the main motivation to compare activity in the ggeti(EMG)
with the respiratory pressure. But as we saw in Chapter 5, there is no app&reft lac

synchronicity between developmental changes in the pressure pattern and changegaéals
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EMG activity. Nor has a delay in development of fine acoustic structure behimdadion ever

been observed.

In summary, it seems that the partitioning of continuous actions into segmeitsutlldabe
independently evaluated and explored has to happen on multiple levels of the song production.
Partitioning of continuous action can improve learning as it resolves the tbefiiceen
exploration and consolidation. We have shown that exploratory variability can beedgula
locally (Chapters 2 and 4). With learning other problems, such as co-artigidatmtraints and
“collateral damage” of vocal changes (suggested in Chapter 6) may apessifile solution to
those problems can be hierarchical learning (presented in Chapter 5) whezats¢éigm of
continuous action becomes progressively finer over the course of development.

We hope that our findings will contribute to generating new hypotheses about heurona
mechanisms of learning of continuous actions that could be tested by elecimegsts in

birdsong as well as in other fields.
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