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Chapter 4

Artificial grammar learningin zebra
finches and human adults: XY X vs
XXY

“This chapter is based on: Jiani Chen, DanielleR@ssum & Carel ten Cate (in press).
Artificial grammar learning in zebra finches andran adults: XYX vs XXY Animal Cognition
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Chapter 4

Abstract

Abstracting syntactic rules is critical to humamdaage learning. It is debated whether this
ability, already present in young infants, is humamd language-specific or can also be found in
non-human animals, indicating it may arise from engeneral cognitive mechanisms. Current
studies are often ambiguous and few have directigpared rule learning by humans and non-
human animals. In a series of discrimination experits, we presented zebra finches and
human adults with comparable training and testé wie same artificial stimuli consisting of
XYX and XXY structures, in which X and Y were zelfiraches song elements. Zebra finches
readily discriminated the training stimuli. Somedsi also discriminated novel stimuli when
these were composed of familiar element types, tate of the birds generalized the
discrimination to novel element types. We concltite zebra finches show evidence of simple
rule abstraction related to positional learningggasting stimulus bound generalization, but
found no evidence for a more abstract rule gersatidin. This differed from the human adults,
who categorized novel stimuli consisting of novielneent types into different groups according
to their structure. The limited abilities for ruddstraction in zebra finches, may indicate what
the precursors of more complex abstraction as faumdimans may have been like.
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Introduction

Humans exposed to a string of meaningless speents ife.g. CV-syllables) arranged
according to a specific algorithm, are generallylable to detect the underlying rule (Reber,
1967, 1990). Such syntactic rule abstracting isswred a hallmark of human linguistic
abilities (Hauser, Chomsky et al., 2002; Marcugayén et al., 1999; Pinker, 1991). However,
the ability for rule abstraction is also shown wiiea items are non-speech stimuli, like musical
tones and other non-linguistic sounds (Endressp2GEbhart, Newport et al., 2009; Saffran,
Johnson et al., 1999, but see Creel, Newport e2@D4) or pictures (Saffran, Pollak et al.,
2007). Findings like this raise the question whetiie abstraction mechanisms are specific to
language or more domain general (Folia, Udden.e2@10; Gomez & Gerken, 2000). They also
raise the question whether the ability for rule tedagion from structured acoustic input is
specific to humans or shared with other speciesyiging a general cognitive basis for the
evolution of human syntactical abilities. Variousraal species have demonstrated an ability for
abstraction in different contexts, such as for ¢bhacept of same vs different, which has been
demonstrated in species ranging from bees (Gidffimng et al., 2001) to pigeons (Katz &
Wright, 2006) and monkeys (Wright, Rivera et al002). Against this background several
studies have addressed the abilities of varioushuwnan animals to detect and generalize
regularities in acoustic string structures. Suctask requires the animals to first detect the
structure of individual strings and next to notibe abstract similarity between different strings.
In this respect it is similar to discrimination taag based on second order relationships, a task
that chimpanzees, but not monkeys, can do usingh&imuli (Thompson & Oden, 2000).

Like humans, animals can be exposed to strings edningless sound and next be
tested with strings consisting of novel items andiovel arrangements of items. The responses
to such novel stimuli allow conclusions about wieetthe subjects have been able to detect the
underlying algorithm. Various experiments have ubésl paradigm to examine rule detection in
primates (Endress, Carden et al., 2010; Fitch &9dgu2004; Hauser & Glynn, 2009; Hauser,
Newport et al., 2001; Newport, Hauser et al., 200d)s (de la Mora & Toro, 2013; Murphy,
Mondragon et al., 2008; Toro & Trobalon, 2005); anmdds (Gentner, Fenn et al., 2006;
Herbranson & Shimp, 2003, 2008; Stobbe, WestphahFét al., 2012; Seki, Suzuki et al., 2013;
van Heijningen, Chen et al., 2013; van Heijningde,Visser et al., 2009; Comins & Gentner,
2014; Comins & Gentner, 2013; Yamazaki, Suzukilet2®12). However, the degree to which
animals can detect and generalize rules to noeelst— the hallmark of rule abstraction — is by
no means clear, as the results of several studiede explained by simpler mechanisms such
as, e.g., phonetic generalization to novel striogsitems (Beckers, Bolhuis et al., 2012;
Corballis, 2007, 2009; Fitch & Friederici, 2012;k§eSuzuki et al., 2013; ten Cate & Okanoya,
2012; van Heijningen, de Visser et al., 2009). Herbere is a need for comparative studies,
addressing similarities and differences in how hasnand animals cope with extracting,
processing and generalizing specific types of input

In the current study we compare the abilities dfraefinches and human adults to
detect the difference between an XYX and a XXY atite, where X and Y denote arbitrary
items. In a classic study, Marcus, Vijayan et 81999) showed that 7-month old infants
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habituated to XYX or XYY speech stimuli (such aatiga’ or ‘gatiti’, X and Y being different
syllables) could extract the underlying regulagtyd apply it to novel stimuli composed of new
syllables. The infants could also distinguish XX¥rh XYY strings. A subsequent study
showed even 5-month old infants to have such gppitovided that they are trained and tested
with congruent combinations of vocal and visualmsti (Frank, Slemmer et al., 2009).
Although the mechanisms that underlie the infatsility for generalization evoked much
discussion (e.g. Altmann & Dienes, 1999; Eimas,9t3@arcus, Vijayan et al., 1999; Negishi,
1999; Seidenberg, 1999), the observation that ifienis are able to discriminate between
stimuli with different structures and generalizitigs to novel items without basing on the
physical sameness of items is broadly acceptededards the abilities of non-human animals to
detect and generalize such structures, the restdtambiguous. The first study to address this
(Hauser, Weiss et al., 2002) suggested that tamannld resolve the task, but this study has
been retracted. Later on, Hauser and Glynn (200@pested that rhesus monkeys could
discriminate XYY from XXY when X and Y were rhesusonkey calls. However, the strings
used to test for rule learning were composed oftrae call types as the ones used for training,
i.e. they concerned within-category generalizatishich, as demonstrated in other studies (e.qg.
Gentner et al. 2006; van Heijningen et al. 2009e&sd species are able to do. However, such
findings leave the question for between-categomegaization of the rule to truly novel items
unanswered. Other studies have examined whether c@ild extract and distinguish the
grammar rules. Toro and Trobalon (2005) failedinol fevidence for discriminating XXY from
XYY, with X and Y being human speech stimuli, altigh recently de la Mora and Toro (2013)
showed rats to be able to distinguish XXY from X¥&guences. Using a different experimental
design Murphy, Mondragon et al. (2008) claimed ttas$ could distinguish XYX from XYY
and XXY. However, since the stimuli of this expeeimh were composed by using pure tones, it
has been questioned whether this transfer is réalbed on extracting the underlying abstract
rule by the rats or whether they generalized basethe tonal contour (Corballis, 2009; but see
Mondragon, Murphy et al., 2009). So, the studiestammals do not yet provide a conclusive
answer to whether animals can abstract the ruldsriying similarly structured auditory strings.

In our study we use a songbird, the zebra fincladress this question. Songbirds are
phylogenetically very distant from humans. Yet,ithmatural songs show many similarities to
speech and language, making them of special intesegxamining rule learning abilities. In
contrast to many other species, including primatesngbirds have complex, learned,
vocalizations consisting of strings of phoneticallifferent elements (‘notes’). While the
acoustic features of these elements may vary betwedividuals of a species, different
individuals structure their element strings accogdto species specific sequencing rules. In
addition, birdsong researchers have discoveredrkainie neural and genetic parallels between
the processes involved in the production, percaptnd development of language and birdsong
(e.g. Berwick, Okanoya et al., 2011; Bolhuis, Okgmet al., 2010; Doupe & Kuhl, 1999; Ohmes,
Escudero et al., 2012). These similarities raigeghestion whether songbirds also share more
advanced cognitive abilities involved in languagecgessing, in particular in the area of rule
abstraction. Establishing to what extent the ridstraction capabilities in songbirds match (or
differ from) those of humans will help to understahe relation between these capabilities and
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the presence and evolution of vocal complexity netfough the similarities might be based on
parallel evolution rather than reflecting a shaaadestral state.

Some studies have addressed rule abstraction eraesongbird species, but, as in
mammals, have so far not provided clear answerthéoquestion of their ability for such
abstraction (reviewed by ten Cate & Okanoya, 200#)h respect to the ability of songbirds to
distinguish XYX from XXY and XYY strings, a firsttsdy was done by van Heijningen, Chen
et al. (2013). In that study we examined the abdit zebra finches to discriminate such strings,
using a ‘Go-NoGo’ design. We showed that zebrahi@sccould discriminate two ‘Go’ stimuli
with an XYX structure (ABA and BAB, with A and B diicating two different song elements)
from four ‘NoGo’ stimuli (AAB, BBA, ABB and BAA). sing non-reinforced probe sounds
having different structures, we demonstrated that distinction was most likely based on
detecting whether or not the stimulus strings doeth AA or BB repetitions, rather than using a
more complex abstract rule such as comparing teednd last items of strings, as suggested by
Marcus, Vijayan et al. (1999). Even though the gelimation to novel items was very limited
(present in one bird out of eight), this findinglicates a sensitivity to repetition that is also
present in humans (Endress, Dehaene-Lambertz,e208)7; Gervain, Macagno et al., 2008;
Kovacs & Mehler, 2009) and may hint at a primitivde-like regularity that may constitute a
basis for the evolution of a higher level of abstien (Endress, Nespor et al., 2009). However,
the limited evidence for abstraction in our expenimight be due to the training in which only
A and B elements were used to create XYX, XXY aridyXstrings, precluding the birds from
forming a more abstract representation of the gtsimucture. Hence the results leave open the
question whether any non-human animals can deteabstract rule from training with a more
extensive set of examples. In the current studytrai@ed zebra finches to discriminate larger
sets of XYX from XXY strings and examined whethieey generalized the distinction to strings
consisting of novel items (Experiments 1a and 1b).

As the operant paradigm differs from the habituafiaradigm as used in the studies in
human infants and monkeys, which has advantagesdisadvantages (ten Cate & Okanoya,
2012), we also tested human adults with the sammellsin a comparable operant design as used
for the zebra finches (Experiments 2a and 2b) lowabh more direct comparison of zebra
finches and humans.

Rulelearning in zebrafinches - Experiment la
Material and M ethod
Subjects and apparatus

Six zebra finches (3 males and 3 females), whichevedl naive to any experimental
setup, were individually trained and tested in apeconditioning cages [70 (I) x 30 (d) x 45 (h)
cm] in sound attenuated chambers using a Go/Noagadmm. Each cage was made of wire
mesh with a plywood back wall. The back wall coméa a food hatch and two red pecking
keys, each containing a red LED. A fluorescent tohethe top of the cage emitted daylight
spectrum light on a 13.5 L: 10.5 D schedule (exdepta penalty during which the light was
switched off temporarily). In the training and testriods, the first pecking key was illuminated
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with a red LED. A peck on the first key resultedansound stimulus and also activated the
second key, indicated by switching on the LED & #tey. Depending on the sound stimulus, a
peck on the second key resulted in a food reward onild punishment of darkness (see

procedure below; for more detailed description alblo& apparatus, see van Heijningen, Chen et
al., 2013).

Stimuli

Stimuli were constructed from zebra finch song eets originating from our zebra
finch song database, consisting of undirected sNiagural zebra finch song consists of a series
of 4-12 elements, which are sung in a relativekedi sequence. These elements can be
considered the natural units of production and ggtion in zebra finch songs (ten Cate, Lachlan
et al., 2013) At the species level, song elemeatshe categorized into around eight different
types and there are no strong constraints to thetipo of each element within the song
(Lachlan, Verhagen et al., 2010). There is no @ibn that single elements or element
combination carry any meaning and hence these elsnsmem suited to construct artificial
meaningless strings. Based on optimal discrimiitgbisix element types were selected (‘flat,’
‘trill,” ‘downslide,” ‘high,’ ‘curve,” and ‘noisy’, see Fig. 1). They were ramped and the RMS
values of different song elements were equalized@RAAT (version 5.1.15, www.praat.org).

10t Tnll Downslide High Curve Noisy
( ‘
|\
n
- )
:: \
9
T
2
=
‘“q
0
0 0.6631

Fig. 1 Spectrograms of the six element types.

Stimuli were constructed following XYX and XXY paths. The XYX corpus
contained triplets such as ABA, BCB, CDC, DAD, EEt. (A, B, C, D, E, F representing
specific different song elements), and the XXY emrgontained triplets such as AAB, BBC,
CCD, DDA, EEF etc (Table 1) Elements A, B, C andvBre used to compose training stimuli.
Another two elements E and F served as test elasnard were not presented in the training
phases. XYX stimuli were always presented as Goutiand XXY as Nogo stimuli during
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training (in an earlier experiment, using a somdvdifferent grammar we obtained no evidence
that it mattered which stimulus was the Go and whi@ Nogo, van Heijningen, de Visser et al.,
2009). Forty ms of silence was inserted betweersetutive elements of the various element
sequences, which is comparable to the pausesdpatate song elements in natural songs. To
eliminate pseudo effect of an arbitrary paramefethe sounds, the element assignment was
shuffled for the subjects, for instance, an ABAlit could be ‘flat-downslide-flat’ for one bird
and ‘high-trill-high’ for another bird.

Table 1 Training and test stimuli of Experiment 1a

Phase Training stimuli Test stimuli (non-reinforced)
Go (XYX) NoGo (XXY) control XYX XXY XYY
ABA AAB ABA BAB BBA
1 ACA AAC AAB BCB BBC
ADA AAD BDB BBD
BAB BBA BAB CAC CCA
2 BCB BBC BBA CBC CCB
BDB BBD CDC CCD
CAC CCA CAC DAD DDA
3 CBC CCB CCA DBD DDB
CDC CCD DCD DDC
ABA AAB
DAD DDA DAD ADA AAD
4 DBD DDB DDA BCB BBC
DCD DDC CAC CCA
CDC CCD
ABA AAB
ADA AAD
5 BCB BBC ABA EFE EEF FEE
CAC CCA AAB FEF FFE EFF
CDC CCD
DAD DDA

Phases 1-4 consist of 6 training stimuli and plasensists of 12 training stimuli, selected frora thpreceding training
phases. Each letter indicates a different songesieénControl test stimuli were identical to thertiag stimuli but not
reinforced. The other test stimuli were differematnfi training stimuli and not reinforced either.

Procedure

The zebra finches were first trained to discrimgnat natural zebra finch song (Go
stimulus) from a pure tone (Nogo stimulus). Peckimgthe first key initiated a playback of
either a song or a tone. The birds gained accefemtbfor 10s as reward when they pecked the
second key after hearing a Go stimulus. Inversefyen they pecked the second key after
hearing a Nogo stimulus, they received a mild gumisnt with the light extinguishing for 15s.

After the responses of the birds to the song and teached training criterion (>75%
response to Go stimuli and <25% response to Noguuk} for at least two full consecutive
days, the training began, using the XYX stimuli@s and the XXY stimuli as NoGo stimuli.
This experiment contained 5 successive phases, afashich used a different set of training
and test stimuli (Table 1).
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When the birds reached training criterion for astkethree full consecutive days, they
entered a test phase. In test phases, test stvatdi not reinforced to avoid additional learning.
They were presented in only 20% of all stimulussprgations to prevent extinction of the
pecking behavior. The other 80% of stimulus prest@ms consisted of the reinforced stimuli
used during the training phases. Every test comthi40 presentations of each test stimulus.
Control test stimuli identical to the training stitn(but not reinforced) were added to control for
the effect of non-reinforcement. After finishingetkest of phase 1, the test stimuli became the
training stimuli for the next training phase. Tegtifor this phase started when the learning
criterion had been reached again. When the birdshied the 4th training, they were tested with
6 pairs of stimuli (including control stimuli) seked from the 4 preceding training phases (see
Table 1) to address whether they combined the nmdgion of the preceding phases We next
trained the birds with these 6 pairs of stimulietthance the learning of XYX and XXY rules.
After this, a final test consisted of stimuli conspd of new element types (E and F, Table 1).
This test included an additional XYY structures FEé&nd FEE) to examine whether this was
discriminated from the XYX and XXY structures.

Some birds had a persistent lower response propsrto one or more stimuli during
the final training phase. However, if the overals®imination Ratio (DR, calculated as the
percentage response to Go stimuli divided by time sfithe percentage response to Go stimuli
and the percentage response to Nogo stimuli) wa§% for at least three consecutive days, the
bird entered the test phase.

Performance evaluation

To examine whether the birds transferred the digsoation learned during the training
to the test stimuli, we calculated the DR for theXXand XXY test stimuli. A DR higher than
0.50 indicated positive discrimination. We used a&fon signed ranks test to examine the
differences in responses to XYX and XXY stringsm8itaneous Testing Procedures (STP)
based on G-tests were applied to detect how tlus lmiategorized different test stimuli and to
examine the performances of individual birds (Galbi966; Sokal & Rohlf, 1995; A Williams
correction was calculated when numbers were loten 6;G value >X?critical value mean®
< 0.05 and vice versa).

Results

All birds reached criterion during training, buettraining trials varied between
different training phases. From training 1 to Sdbitook 3418 + 692.47, 3262 £ 594.77, 4066 *
1071.71, 2345 + 431.88 and 3895 + 359.80 (Mean M SE= 6) trials respectively to reach
training criterion.
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Experiment 1a
Phase 1-3 —

a)
CJXXY
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Fig. 2 Mean (+SEM, n = 6) proportion of Go responseshi training and test stimuli in the a) first b) ed and c)
third phase of Experiment 1a. Y in the trainingmstii refers to the three elements that can occhsy/fosition, e.g.
AYA includes ABA, ACA and ADA (see Table 1). Therban the Test —section refer to the proportiotGafresponses
to the different test stimuli. Lines above the biadicate homogenous responses (no significanemificesX? critical
value of 14.07) to different stimuli sets. Testratli that end with A in test phase 1 (Fig. 2a),nBest phase 2 (Fig.2b)
and C in test phase 3 (Fig. 2c) get more respansgsmparison with the other test stimuli in thengatest phase.
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During all the tests, the responses to the positieetrol stimuli and the positive
training sets showed no significant differences dior the responses to the negative control
stimuli and their negative training sets @I 0.05). This indicates that the non-reinforcement
condition did not have an impact on the performarafethe birds. Therefore, we compared the
responses to the test stimuli with the averageoresgs to the positive and the negative training
stimuli.

The results of test phase 1 showed that proportibmesponses to BAB, BCB, BDB,
BBC and BBD were all between the proportions of @@ and Nogo stimuli (XYX and XXY
stimuli of training). They were all in the same hmganous group (no significant difference
from each otherG = 1.20 <X?critical value 14.07df = 4, Fig 2a). The exception is provided by
test stimulus ending with A (BBA), which is beingated as a Go stimulus (ABA, ACA and
ADA, G = 10.19,df = 1, X?critical value = 14.07, Fig 2a). This pattern ipeated in the test
phases after the second and third training, whgaeaall test stimuli form a homogenous group
(all G < X*critical value 14.07df = 4) while there is one stimulus (ending with BC& and
ending with C: DDC, in test 2 and 3 respectively)hva score close to the Go stimuli (stimuli
BAB, BCB and BDB in training 2 and stimuli CAC, CB&hd CDC in training 3, bot& < X2
critical value 14.07df = 1, Fig 2b,c).

Experiment 1a

[ XYX
phase 4 T XXY
1.0 1
[} J I
0 | I | I | I I 1
5 0.8
(=%
[
o
o 06
]
S
o
504 1
£
[}
= ﬂ m
S
o
0.0
DYD DDY ABA ADA BCB CAC  CDC AAB  AAD BBC CCA  CCD
Training Test

Fig. 3 Mean (+SEM, n = 6) proportion of Go responsestttaining and test stimuli in phase 4 of Experitria. Test
stimuli consisted of familiar elements known frone training. Y in the training stimuli refers tcetkelements A, B and
C, for which the values were averaged. Lines altbeéars indicate homogenous responses (no sigmifdifferences,
X2 critical value of 19.68) to different stimuli sets.

In test 4, the responses to different test stimwdire not based on XYX and XXY
structures (responses to ABA, ADA, BCB, CAC, CDCAB\ BBC and CCA were all in the
same homogeneous group,= 13.56 <X? critical value 19.68df = 7, Fig 3), which indicates
that the birds did not combine what they had ledinehe 4 preceding training phases. Among
the responses to the separate test stimuli, reepdnsAAD and CCD were higher, to which,
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like the positive training set, had a D elementhim final position (no significant difference from
each others = 0.21,X?critical value = 19.68f = 1).

A final test (Test 5), this time with song elemeftsand F (not used in any of the
previous stimuli) was given after a training witlet6 stimulus pairs from the 4th test (Table 1).
Again the responses to the XYX and XXY test stimuére not significantly differentZ(= -
1.214,P = 0.225, n=6). In addition, the responses to d¢isé stimuli of the XYX, XXY and XYY
structures were all in the same homogenous gréup 0.24 <X?critical value 9.49df = 2),
which was significantly different from the resposise the training stimuli (Fig 4).

Experiment 1a

Phase 5
1.0 - I XY X
CXXY

" XYY
0 0.8+
C
@]
Q.
3
—
5 06
) e |
“—
(@
c 044
9 I
S
(o
© 0.24 l
o

0.0

Training Test

Fig. 4 Mean (+SEM, n = 6) proportion of GO responsesramning and test stimuli in phase 5 of Experimeat Test
stimuli consisted of novel elements not presentraming. Lines above the bars indicate homogerresponses (no
significant differencesgcritical value of 9.49) to different stimuli sets.

Discussion

The results of the training demonstrate that zdimehes are able to discriminate
strings in which the same elements are arrangelifferent sequences. However, the results of
the first four tests suggest that the birds didus® the underlying XYX and XXY structures of
the strings to guide their discrimination. Nevel#iss, they differentiated among the test strings
in a systematic way. The deviant test stimuli thatre being treated more similar to XYX
training stimuli in tests 1, 2, 3 and 4 were alwé#yes test stimuli that shared their final element
with the XYX training stimuli (test 1: BBA - elemeA; test 2: CCB - element B; test 3: DDC -
element C; test 4: AAD, CCD - element D). The nliksly explanation is that the birds learned
to use the final elements of the XYX strings tocdiminate ‘good’ and ‘bad’ sounds,
demonstrating a stimulus bound generalization.nfiteg to this final element can also explain
the other results of test 4. Although the set daethstimuli that were very well discriminated in
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earlier phases, in each subsequent training pleséitds had to relearn which final element
was associated with obtaining the food reward. Ehg. final A element that indicated a
‘Go’stimulus in phase 1 became a ‘NoGo’ stimulugraining phase 2, which is likely to have
been at the expense of the earlier discriminafi@nprevent the birds from using this regularity,
we gave them the extended training set in phag&wvéry position of the song sequences of the
training stimuli could be occupied by any of therf@lement types (A, B, C and D, see Table 1).
Therefore the birds now had to use another strategiscriminate between the positive and
negative stimuli, such as paying attention to thstract structure of the strings or rote
memorization of individual stimuli. If the birds e abstract rules to make the distinction they
were expected to respond to novel songs with neleshent types according to the overall
structures of the stimuli. In addition, if they dduwletect the XYX and XXY rules they might
also notice that a XYY rule was different. Howewue results of test 5 showed no difference in
responding to the three stimulus structures. Weclode that the birds failed to detect the
underlying structures of the stimuli and most §ketlied on having learned particular elements
in relation to their position (phase 1-4), or meiped the individual training strings (phase 5) to
discriminate the training sets.

Rulelearning in zebrafinches - Experiment 1b

It is possible that the training procedure of Expent 1a biased the birds’ learning
process away from rule learning and towards tragkinal elements. This may also have
hampered rule learning in phase 5. Experiment trediat avoiding such a bias. To this end, a
new group of naive zebra finches was trained byediately starting with the stimuli used in
phase 5 of the previous experiment.

Material and M ethod
Subjects and apparatus

Eight zebra finches (4 males and 4 females) weaiiedd and tested in this experiment.
The experimental conditions were identical to pHasé Experiment 1a.

Stimuli

Stimuli from the fifth training phase of the Expment 1a were used as training stimuli
in this experiment. After training, birds were sthigéd to two successive test phases. Similar to
test phase 5 of Experiment 1a, the first test ¢oathnovel stimuli with novel element types; for
the second test the stimuli were constructed bgrranging familiar element types (Table 2).
This test was added to explore whether the dispation shown in the training was maintained
when familiar elements were combined in novel corabions.

Procedure
The procedure and criteria of performance weretidainto Experiment la.
Performance evaluation

The statistical methods were the same as for Exyeati 1a.
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Table 2 Training and test stimuli of Experiment 1b

Training stimuli Test stimuli (non-reinforced)

Go (XYX) NoGo (XXY) control XYX XXY XYY
s : e Er
ADA AAD
BCB BBC ABA
CAC CCA AAB BAB BBA
CDC CCD
DAD DDA 2 CBC ccB

ACA AAC
DCD DDC

Letters indicate different song elements. See Legéable 1 for further explanation

Results

Seven out of eight birds learned to discriminateveen the two sets of the training
stimuli (10494 + 1289.96 Mean + SEM trials wereuiegd until they reached training criterion,
n = 7). The responses to the control stimuli aradrttraining sets again showed no significant
differences (all p > 0.05), which indicates thatehalso the non-reinforcement condition had no
impact on the responses.

The results of Test 1 of this experiment showed lirals did not discriminate between
the XYX, XXY and XYY test stimuli constructed frorthe novel elements E and F. The
responses to all three test stimuli were in theesAomogeneous group with those to negative
training stimuli G = 0.21,df = 3, X?critical value = 12.59) and significantly differeinom those
to the positive training stimuli@ = 688.35df = 4, Xcritical value = 12.59, Fig 5). However in
the second test, with familiar items in novel posis, the responses to XYX and XXY were
significantly different G = 18.56,df = 1, X?critical value = 12.59). The responses to XYX
stimuli in Test 2 were similar to XYX stimuli inaimingG = 1.23,df = 1, X?critical value =
12.59), whereas the responses to XXY structureest Z were significantly different from those
to other structures (alb > 12.59). When analysed at the individual levet DRs between these
two sets of stimuli were high in two birds (0.881ah70). The responses of these two birds to
the XYX test stimuli were significantly differentdm the responses to the XXY test stimuli (all
G > X?critical value of 7.851, see Fig 6a for an examphejother two birds had lower DRs of
0.58 and 0.54, but the responses to the XY X an¥é test stimuli also differed significantly
(all G > X2 critical value of 7.851). Finally, three birds shemvno clear patterns in
discriminating between the test stimuli (DRs = 0450.01 SEM, n = 3, alG < X?critical value
of 7.851, see Fig 6b for an example).
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Experiment 1b
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Fig. 5 Mean (+SEM, n = 7) proportion of Go responses aining and test stimuli. Stimuli in Test 1 congist# novel
elements not present in training. Stimuli in Testtéhsisted of familiar elements from training buithwnovel
combinations. Lines above the bars indicate hommgenesponses (no significant differencésyritical value of 12.59)
to different stimuli sets.

Discussion

As in Experiment 1a, the zebra finches were abkntmltaneously discriminate a large
set of different stimuli. Nevertheless, here als® lbirds did not generalize the discrimination to
novel element types not covered in the training.detndicates a lack of abstract rule learning,
similar to the results in Experiment 1a. Howevesults of the second test showed that, when
novel stimuli consisted of re-arranging familiaemlents from the training sets, some birds were
able to discriminate between different structuk&ile the equal response to the XXY training
and test stimuli as shown by bird 953 (Fig. 6a)hhige because they share the bigrams present
in the first two elements, this does not explaie thigh response that this and the other
individuals showed towards to the test stimuli witle XYX structure, which do not share
bigrams in identical positions to the XYX trainisgmuli. Note that in fact the XYX test stimuli
in this experiment share the final bigrams with ¥3€Y training stimuli (e.g. AB, BC) and the
other way around. If the birds were classifying test stimuli according to the final bigrams,
they would have classified XYX test stimuli as X>@nd the other way around. However, those
birds that did discriminate in the test classifiadm according to their XYX or XXY structure,
hence opposite to the position of the final bigra&lthough these results may indicate that the
birds detected, and hence abstracted, the XYX tstreiovhen familiar items were used, an
alternative, simpler explanation that can not yeekcluded relates to the initial bigrams of the
test stimuli. The birds may have been using alikée if it starts with AA, BB, CC or DD treat
the stimulus as a NoGo stimulus; if these spedbifjzams are not present, treat stimuli as a Go
stimulus. Attention to repetitions was also demi@ist in an earlier study on zebra finches
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using similar stimuli (van Heijningen, Chen et &013), as well as in a recent study on
Bengalese finches (Seki, Suzuki et al., 2013). Suchle would be an example of a stimulus
bound generalization (see general discussion).

Experiment 1b

a) Phase 2 - Bird 953 I XYX
1.0 CIXXY

0.84

0.64

0.44

o
o

0.0+
Training Test

) Phase 2 - Bird 950

Proportion of Go reponse
Po

o
@

0.64

0.4

0.24

0.04

Training Test
Fig. 6 Individual differences in Go responses to thentrej and test stimuli in phase 2 of Experiment d)Bird 953
showed clear pattern of discriminating both tragnand test stimuli. b) Bird 950 showed no significeiscrimination
among the test stimuli although it was able torlisinate the training stimuli. Test stimuli werengposed with familiar
elements known from the training stimuli, but invebcombinations.

Rule learning in humans - Experiment 2a

Experiment 1 demonstrated that zebra finches discate the various training sets by
concentrating on the presence and position ofqdati elements, rather than generalizing on the
XYX or XXY patterns. This is unlike the pattern stro by human infants (Marcus, Vijayan et
al.,, 1999). While a limitation on rule learning l@i®#s in birds might be a reason for this
difference, another one might be the methodologyants were tested using a habituation
paradigm, while the current experiment used a G@&ddiscrimination task. To examine this
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issue, Experiment 2 (a and b) subjected adult hupaaticipants to the same training and tests
as used for the zebra finch Experiments 1a andedpectively, except that a categorizing setup
was used instead of the Go/No-go.

Experiment 2a was a shortened version of Experirhantt started off with a training
and test using the same stimuli as in phase loéfient 1a, but as a pilot experiment showed
that humans already discriminated the stimulusisstd in test phase 1 we decided to present all
test stimuli immediately after an individual fineth training phase 1, without any further
training.

Material and M ethod
Subjects and apparatus

Twenty six native speakers of Dutch (15 males ahéefnales) with mean age of 22.12
+ 0.51 SEM (range 19 to 30) were asked to partieipdone of them had experience with this
kind of experiment. The experiment took place iu#t area, where participants sat in front of
a laptop with a headphone playing sounds at a atdimbd volume of 40 dB. A custom-
designed program (in Processing 1.5.1) controllaitiing and testing of the participants. At the
start of the experiment, the computer screen shaaveihstruction asking the participants to
click on the mouse to trigger a sound playbacke”fhe sound playback a red and a green box
were shown. The participants were instructed tegmaize the sounds that they heard by
clicking one of the boxes, but received no furtimstructions. They had to discover that a click
on the green box after hearing a XYX stimulus ortloa red box after hearing a XXY stimulus
resulted in being ‘rewarded’ with a picture of ailimg face. If they clicked on the green box
after hearing an XXY stimulus or on the red boxeaftiearing an XYX stimulus, they were
‘punished’ with a picture of a sad face. Particigamad to respond within 5s, otherwise a neutral
face was presented and the answer was conside@ueot.

Table 3 Training and test stimuli of Experiment 2a

Training stimuli Test stimuli (non-reinforced)

Go (XYX) NoGo (XXY) control XYX XXY XYY

1 BAB BBA

BCB BBC

ABA AAB BDB BBD

ACA AAC Ve

ADA AAD ; EFE EEF FEE
FEF FFE EFF

Letters indicate different song elements. See legéable 1 for further explanation.

Stimuli

The human participants were tested with the sanmeazénch song elements and
element sequences as used for the zebra finchegeudo, we increased the interval between the
elements to 100 instead of 40 ms, as birds arebtamd more precise temporal resolution for
complex sounds than human (Dooling, Leek et aD22@nd our pilot experiment indicated that
with the 40 ms interval humans had problems wittecteng that the stimuli consisted of three
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elements. Table 3 shows the stimulus compositicgesl un this experiment. As in the zebra
finch experiment, we shuffled the element assignnemthe participants to avoid coincidental
effects caused by particular elements or elemembagations.

Procedure

Participants were first trained to categorize thentng stimuli. In a first training
session they would hear 24 sound sequences (3 X3 a&XXY stimuli each played 4 times). If
their responses to the stimuli reached criterianrért categorization of the two structures each
higher than 75%), they would go over to the tesageh If they did not reach criterion
performance they would hear another series of Zjuesees. After reaching the training
criterion, the participants would see an instrutiim Dutch), saying: ‘Het volgende deel van de
test gaat nu beginnen. Je krijgt nu geen feedh@tie next phase of the test will now start. You
will not receive feedback). In the two test phafeisase 2 started right after phase 1), each
stimulus was played two times, including two cohstimuli that were identical to the training
stimuli.

Performance evaluation

In this experiment, participants categorized stimatcording to their structure.
Therefore, in order to compare the results diregily the zebra finch experiments, the correct
responses to XYX stimuli were treated as Go resport® Go stimuli and the incorrect
responses to XXY stimuli were treated as Go resp®is Nogo stimuli. The performance in the
final training sessions was compared with thathef tests. In this experiment, the total number
of test stimuli per individual participant was t@laly low, so we analyzed the data at group
level. STP based on G-tests was applied to detmet the participants categorized different
stimuli.

Results

Twenty four participants finished the training ath@ test; two participants quit after
being unable to reach the training criterion. Thetipipants needed on average 74 + 15.95 SEM
(n = 24) trials to reach criterion.

Fig. 7 shows the results of the test. The partitipaiscriminated the XYX and XXY
structures quite well during the final training ses. Although they showed some decrease in
discrimination with the test stimuli, the respontethe XY X structure and to the XXY structure
were significantly different for both tests usiranfiliar elements (BAB, et = 60.86,df = 1,

X2 critical value = 12.59) and unfamiliar element&EE etc.G = 34.82,df = 1, X? critical value
= 12.59). However, the responses to the XXY and X3twuctures showed no significant
difference G = 0.12,df = 1, X critical value = 12.59).
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Experiment 2a
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Fig 7 Mean (+SEM, n= 24) proportion of Go responseshi training (last section) and tests in ExperingtLines
above the bars indicate homogenous responsesgnificsint differences)®critical value of 12.59) to different stimuli
sets.

Discussion

Unlike the zebra finches, the human participantsegaized the discrimination to the
test stimuli, no matter whether these were compos$éamiliar elements that they heard during
training or of novel elements that they had neustoentered before. So, even with a very
limited training set, humans already generalizesl dhderlying pattern, rather than using the
individual sounds to discriminate the stimuli. hetsecond test, the responses to XXY and XYY
structures were not significantly different, indiog that presence, but not position, of the
repeated elements might have been used for thendisation. Indeed, when the participants
were asked what pattern they had detected in itmell§tmost mentioned that they paid attention
to the presence or absence of repeated elemeditsctominate the stimuli.

Rule learning in humans - Experiment 2b

This experiment used the same training and tesiesegs as used in Experiment 1b.
Material and Method
Subjects and apparatus

Another twenty six native Dutch speakers (15 maled 11 females), with a mean age
of 22.15 + 0.5 SEM (range 19 to 30) and no expedewith this kind of experiment,
participated in this experiment. The training aesting conditions were identical to Experiment
2a.
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Stimuli

The stimuli for this part of experiment were comgasn the same way as those in
Experiment 1b, but, as inExperiment 2a, using arh80nstead of a 40 ms pause in between the
elements. There was one training phase with 6 jpdissimuli and two test phases with 3 and 4
pairs of stimuli respectively, identical to the day of Experiment 1b (Table 2). Element
assignments for the participants were shuffled.

Procedure

The procedure was identical to Experiment 2a extegit different training and test
stimuli were used (see Table 2).

Performance evaluation

The same statistical methods as for Experimenté&a wsed in this experiment.

Experiment 2b T
XXy
Caxyy
1.0q T T |
3
c 0.8+
o
Q.
2
o 0.64
O
—
o
5 0.44
=
S 1
Q
O 0.2 1
a
0.04
Training Test 1 Test 2

Fig. 8 Mean (+SEM, n= 24) proportion of Go responseshimttaining (last section) and tests in ExperingmtLines
above the bars indicate homogenous responsesgnificsint differences)Ccritical value of 12.59) to different stimuli
sets.

Results

Two out of 26 participants did not finish the expent due to the failure during
training. The other 24 participants reached cotenperformance after on average 89 + 11.42
(Mean + SEM) trials. As shown in Fig 8, participarghowed no significant differences in
responding to the XYX stimuli in the last sectioht@ining and XYX stimuli presented in the
both tests@ = 3.10,df = 2, X? critical value = 12.59). Also the responses to X3tWnuli did not
differ between training and test§ (= 2.80,df = 2, X? critical value = 12.59). However, the
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responses to the XYY stimuli belonged to neithds tKYX group G = 154.35,df = 3, X?
critical value = 12.59) nor to the XXY grouf € 18.84 df = 3, X? critical value = 12.59).

Discussion

Again, the human participants discriminated nov&dXXfrom novel XXY strings.
Compared with the performance of Experiment 2atigpants had higher accuracies in
categorizing the stimuli according to their struetuln addition, participants categorized the
XYY stimuli different from the other ones, althougiirey categorized XYY stimuli more like
XXY stimuli than like XYX stimuli. This outcome shs that the participants not only used the
element repetitions as criterion to categorizestirauli, but also attended to the position of the
repeated elements. Again, this was confirmed bycdbmments of the participants after the
experiment.

General discussion

Our results demonstrate that birds and humans shifevent levels of generalization.
The results of Experiment 1 demonstrate that zfihcaes are able to categorize element strings
according to their structure, i.e. they pay attemtio the sequence and position of elements,
confirming results obtained in earlier studieshis tspecies (van Heijningen, Chen et al., 2013;
van Heijningen, de Visser et al., 2009), as weliraBengalese finches (Seki, Suzuki et al.,
2013). This ability to discriminate between XYX amXY strings is not based on rote
memorization of individual strings. If so, they wdureat all test stimuli as equally novel.
Rather, the birds showed a generalization in whiigy used familiar and indicative elements
(the identity -A, B, C or D- of the final elemem the XYX stimuli in the phases 1-4 of
Experiment 1a) or element bigrams (AA, BB, CC, Db Experiment 1b) to classify novel
stimuli. This generalization is stimulus bound lie tsense that the birds can track a regularity in
a surface feature, and only generalize to stringjs tlve indicative elements in the same position
as in the training strings and not to strings cosaplofrom novel elements. These results show a
striking similarity to those obtained in an expegimh by Gerken (2006) on 9-months old human
infants. Infants exposed to a XYX or XXY stringsaafnsonant-vowel (CV) items in which they
could use the presence or absence of a particMate in a specific position (i.e. the Y-item
was the same for all training stimuli, but the Xigd) generalized to novel strings that had the
same Y-item in the same position as in the trairgtiguuli. They did not generalize to novel
items having the same abstract structure, but iiclwhoth X and Y were novel. It was only
when the infants were trained with several différetnings in which both X and Y differed
between the strings (e.g. ABA, CDC, etc.) that theyre able to generalize to novel items. A
later study (Gerken, 2010) showed that even aduingxposure to such strings was sufficient to
induce the generalization. It is here that the Itesof the infants and zebra finches diverge:
zebra finches trained with a set of stimuli tharghtheir abstract structure only (Expriment 1b)
did not generalize to novel stimuli and hence ditl detect the underlying pattern. The birds in
our Experiment 1a and the infants in the experintescribed by Gerken (2006) were exposed
to input that can be described at at least twol¢e@ne is the more abstract level based on the
string structure (XYX or XXY), another is a simplene that is restricted to learning that a
particular element has a particular position in stiings. Given that the zebra finches in our

60



Artificial grammar learning in zebra finches and human adults: XYX vs XXY

experiments failed on learning the more abstracicgire even though the training strings in
Experiment 1b are suitable for learning such aepattsuggests that we have, at least in this
experiment, reached a limit on the abilities fongmlization in zebra finches. Whether this
demonstrates an absolute barrier or whether suchrgkzation might be induced by training
with a larger, more varied training set remaindéoinvestigated. The methodology might also
restrict the learning of a more complex generabzatAs in most comparison studies between
humans and other animals (e.g. Stobbe et al. 2Q&&)human subjects in our experiment
required far fewer trials than zebra finches. Tight have affected what type of regularities
have been learned Pefia, Bonatti et al. (2002)hénGo/Nogo paradigm, the animals require
extensive training, which might focus attention #&wds the familiar elements or bias rote
memorization.

To demonstrate the acquisition of abstract rulascessful categorization should not
depend on the physical similarity of items but ddcalso be present when the exemplars bear
no physical similarity to each other (Lea, 1984afee, 2008). Human adults in our experiment
and infants in the study by Marcus, Vijayan et(299) were successful in categorizing novel
strings into different groups according to theirustures. This kind of task may require
knowledge of a second-order relationship, in whioh subjects need to detect the relationship
between two other relationships (Thompson & Odé&902. Given an exemplar like ABA and a
test stimulus like EFE, learners needed to knowréhationships between individual elements
within each sequence and the relationship betwden tivo sequences to enable correct
generalizing. Earlier studies showed that starlif@smins & Gentner, 2013; Gentner, Fenn et
al., 2006), zebra finches (van Heijningen, de Mfiseal., 2009) and Bengalese finches (Seki,
Suzuki et al., 2013) are all able to generalizeriags structure to a novel string in which the
individual items are replaced by novel ones from shme phonetic category. Of these species,
zebra finches are the only ones that have beeadtegth the novel strings consisting of items
belonging to novel categories and they fail in sadfpeneralization. This failure might indicate
that this ability, which is fundamental to syntadbilities, is lacking or only marginally present,
as is concluded from other studies on various nangn animals (Oden, Thompson et al., 1990;
Thompson & Oden, 2000). However, a few individuatl® in the current study succeeded in
discriminating between stimulus strings that caesisof familiar element types but novel
combinations, similar to what has been found insdsemonkeys (Hauser & Glynn, 2009).
While it cannot be excluded that this generalizatiwwas based on a rule like: ‘if the string
contains AA, BB, CC or DD bigrams treat it as a Me§imulus, if it does not, treat as a Go-
stimulus’, it might also indicate that some abdtrigarning has occurred, but linked to the
presence of familiar items (song elements).

Against the above background, the results of thmdruadults are of particular interest.
In contrast to both birds and infants they readiyeralized to novel strings even after training
with a single set of XYX and XXY stimuli, althoughe stimulus set allowed also for learning
the same regularity as the zebra finches (the Bfeghent of the XYX strings). The difference
between adults and infants might be related to #geriences: human adults have been trained
to master rule abstraction over their life. But mviliough humans thus show a broader
generalization than the birds do, they still baseirtdiscrimination on applying a relatively
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simple rule: presence or absence of repeated etenKX) rather than on learning an XYX
rule. Such a bias for learning about element répes is also shown in human infants (Gervain,
Macagno et al., 2008; Kovacs & Mehler, 2009). Thigyht reflect a bias to use so-called
perceptual or memory primitives (POMPS), as suggeby Endress, Nespor et al. (2009). Only
after the more extensive training with more exemgplas in Experiment 2b, did human adults
also recognize that the structure is XXY and notYXxahd hence applied a more extensive rule.
Interestingly, den Bos and Poletiek (2010) usingaatificial grammar task in which human
adults could use either a grammar cue derived fexample strings or a more local cue (a
particular item in a fixed position in strings)salfound their participants to focus on the local
cue over the grammar one.

In the current study we found that zebra finchesresth the same learning mode with
human infants when they could use a stimulus bagenkralization. However, while human
adults succeeded in abstracting structural rulem fthe stimuli, abstracting in zebra finches
seems constrained to the identity and positiorpetsic diagnostic stimulus items.

To conclude, simple rule abstraction may be shaetdieen humans and birds, but it
remains to be investigated at which level of alo$iva rule learning of non-human animals,
whether mammals or birds, diverges from that of aosn Without implying that the abilities as
observed in zebra finches are phylogenetically spdead or representative of other non-human
species, the results do suggest a scenario in whéichuman ability to derive and apply a more
general or complex underlying rule from experieméth specific exemplars is something that
might have arisen, both in ontogeny and during wiah, in a gradual progression from
identifying individual stimuli, via stimulus boungeneralization and recognizing patterns like
repetitions towards more abstract patterns.
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