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Artificial grammar learning (AGL) provides a useful tool for exploring rule learning strategies linked
to general purpose pattern perception. To be able to directly compare performance of humans with
other species with different memory capacities, we developed an AGL task in the visual domain.
Presenting entire visual patterns simultaneously instead of sequentially minimizes the amount of
required working memory. This approach allowed us to evaluate performance levels of two bird
species, kea (Nestor notabilis) and pigeons (Columba livia), in direct comparison to human partici-
pants. After being trained to discriminate between two types of visual patterns generated by rules
at different levels of computational complexity and presented on a computer screen, birds and
humans received further training with a series of novel stimuli that followed the same rules, but dif-
fered in various visual features from the training stimuli. Most avian and all human subjects
continued to perform well above chance during this initial generalization phase, suggesting that
they were able to generalize learned rules to novel stimuli. However, detailed testing with stimuli
that violated the intended rules regarding the exact number of stimulus elements indicates that
neither bird species was able to successfully acquire the intended pattern rule. Our data suggest
that, in contrast to humans, these birds were unable to master a simple rule above the finite-state
level, even with simultaneous item presentation and despite intensive training.

Keywords: artificial grammar learning; formal language theory; pattern learning; visual stimuli;
simultaneous presentation; comparative research
1. INTRODUCTION
The capacity to learn and recognize complex regularities
and generalize over stimuli that follow abstract rules
is thought to be a prerequisite for the ability to acquire
language in humans [1–3]. One position concerning
language evolution is that language acquisition mechan-
isms are part of a cognitive specialization for language
acquisition and unique to humans [4,5]. An alternative
perspective suggests that more general pattern-learning
mechanisms are involved in language acquisition and
use [6–8]. By this perspective, the general cognitive
ability to extract regularities from patterns may consti-
tute a domain-general learning mechanism shared
with non-human animals (‘animals’, hereafter) [9].
Adjudicating among these possibilities (both of which
may be partially correct) obviously requires direct
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experimental comparison of the general pattern-
processing abilities of humans and multiple non-
human animal species. In this paper, we investigate
the ability of humans and two bird species to recognize
abstract, higher-order visual patterns, constructed using
rules at two levels of computational complexity.

The artificial grammar learning (AGL) paradigm has
been used widely since its first introduction in the 1960s
[10,11] to explore the processes underlying rule acqui-
sition processes. It typically involves the creation of an
‘artificial grammar’ involving one or more abstract
rules. Subjects are exposed to stimuli conforming to
these rules and subsequently tested for rejection of
stimuli violating the rules. Additionally, researchers
can test if subjects are able to generalize to novel stimuli,
thus showing that they acquired a more abstract rule
that is not bound to the original training stimuli. Despite
the potentially misleading use of terms like ‘grammar’
and ‘language’ in this research area, the stimuli investi-
gated have no meaning and this field has no direct
connection to human language. These terms, which
are borrowed from formal language theory, are used in
a technical sense in which the term ‘grammar’ refers
to some finite set of rules, and ‘language’ refers to
This journal is q 2012 The Royal Society
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string sets generated by such a grammar that include
certain regularities [12].

Extensive AGL experiments with humans demon-
strate that even infants and children are able to
rapidly learn abstract rules underlying presented
patterns without explicit instructions or feedback
[13–16]. Based on the assumption that some of the
learning mechanisms involved in AGL tasks might be
shared with other animal species, AGL studies have
also recently been carried out with different animal
species [17–22], indicating that various animals are
also able to recognize regularities in stimulus sets,
and at least partly generalize over relatively simple
sets of rules. However, the degree to which animals
can process more computationally challenging rules,
particularly those above the finite-state level, remains
debated [11], and relatively few species have been
tested so far.

Existing animal AGL findings thus suggest that
comparative studies on a variety of species can yield
further insight into the basic cognitive and neural
mechanisms underlying rule learning and abstraction,
and allow us to evaluate which such mechanisms are
widely shared and which (if any) are unique to
humans and/or language. So far, however, studies on
animals have focused on one species each, and do
not allow direct comparison of performance between
different animal species. Comparative studies on
different species that differ in biologically relevant
traits (e.g. relative brain size or social complexity)
may constitute a promising approach to investigate
the evolution of rule learning abilities.

Because initial language learning in human infants
is based on acoustic input, it is understandable that a
variety of AGL studies in humans and nearly all
AGL studies in animals have been carried out using
acoustically presented stimuli. Single elements of
acoustic stimuli (e.g. single syllables) are presented
sequentially, thus requiring the mental storage of
elements to obtain a complete acoustic representation
of an entire pattern. Frank & Gibson [23] suggested
that this memory demand can constitute a consider-
able constraint in rule learning tasks. When working
memory load was reduced by presenting stimuli simul-
taneously, human participants were able to succeed in
tasks in which they otherwise would have failed. This
finding might be particularly relevant to comparative
AGL experiments with humans and animals since
the short-term memory capacity of different species
may differ significantly.

Aiming to expand the current knowledge on
comparative rule learning abilities in humans and ani-
mals, we designed a novel visual AGL task. Former
studies on AGL by infants in different modalities indi-
cate comparable learning mechanisms for auditory and
visual stimuli that follow a predictable pattern [7].
However, while sequential learning performance is
better in the auditory domain than in the visual
domain, simultaneous presentation of visual stimuli
leads to learning performance equal to sequential pres-
entation of auditory stimuli [8,24–26]. Thus, to
partially overcome possible memory constraints, we
presented complex visual patterns in a simultaneous
instead of a sequential manner. Additionally, we
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aimed to avoid any learning bias due to potential rel-
evance of stimuli such as human speech syllables or
bird vocalizations. The visual stimuli were thus created
from subunits that were non-representational tile
images differing in many potential perceptual dimen-
sions (including colour and shape), to rule out any
influence of biological relevance of the stimuli to any
species. These meaningless, abstract patterns were
presented to humans as well as to two bird species,
pigeons (Columba livia) and kea (Nestor notabilis).

Pigeons (C. livia) are birds with a relatively small
brain size [27]. Their impressive performance on
visual categorization tasks has been studied extensively,
and they are readily able to learn arbitrary categories
over images like the tiles making up our stimuli
[28–31]. Kea (N. notabilis) are large brained parrots
[27] and, as eith most parrot species, lifelong vocal lear-
ners [32]. They are known for their playfulness and
neophilia as well as for a variety of advanced cognitive
abilities [33]. Neither the kea visual system nor kea’s
performance in visual tasks has been studied in detail.
In our laboratories, both bird species readily work
on touch-screen computers and are thus excellent
subjects to compare a visual pattern learning task.

The first and central aim of this study was to find
out whether all three species are able to discriminate
between stimuli following two different pattern ‘artifi-
cial grammars’, with different levels of computational
complexity in terms of formal language theory (a
finite-state (AB)n grammar and a supra-regular AnBn

grammar). Second, we performed a crucial test for
abstraction over the intended grammar, in which
‘foil’ stimuli were used that violated the grammar by
including either one additional element or one element
less than in the ‘grammatical’ stimuli. Correct rejection
of these foil stimuli would require understanding of the
underlying rule. Secondly, as a subsidiary goal, we
explored our participants’ generalization abilities by
testing them with novel stimuli that differed from the
original stimuli in various visual features. If subjects
did not simply memorize specific training stimuli,
they were expected to correctly choose ‘grammatical’
novel stimuli over ‘non-grammatical’ ones, despite
superficial visual differences from the original stimuli.
For these tests, we assessed whether subjects can gen-
eralize the learned rule to patterns of larger size than
the training set, where the number of constituting
elements is increased while the underlying rule stays
the same. Humans’ and birds’ performance in this
task can yield new insights into what types of regu-
larities subjects are able to master in a learning task
without explicit instructions.
2. METHODS
(a) Stimuli

Stimuli were abstract patterns made up of square tile-
like elements (‘tiles’ hereafter) that belonged to two
different and easily distinguishable categories. The
single elements comprised 1 pixel black frames and
internal complex geometrical patterns thereby consti-
tuting a visual analogue to the complex acoustic
stimuli used in acoustic AGL studies. The tiles
and the patterns were created algorithmically, using
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Figure 1. Stimuli used in initial training, generalization training and testing. Left column shows (AB)n stimuli, right column
shows AnBn stimuli. (a) Training stimuli, (b) novel stimuli, (c) stimuli with novel colours, (d) rotated stimuli, (e) scrambled
stimuli, ( f ) greyscale stimuli, (g) extensions and ( f ) foil stimuli.
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PYTHON (www.python.org) code implemented in NODE-

BOX (www.nodebox.net). One category of elements (A)
included rounded, continuous shapes generated as
Bezier curves and initial colours from the blue/grey
spectrum. The other category (B) contained small
angular polygons in initial colours from the red/green
spectrum bordered by straight lines and were clearly
distinguishable from the A-elements. We created 12
elements of each category that were then assembled
according to two different rules (figure 1). Stimuli of
the first grammar (hereafter referred to as (AB)n) were
made up of a string of AB units, i.e. A-elements and
B-elements alternated, beginning with an A. Such pat-
terns can easily be recognized by mechanisms at the
lowest subregular level of computational complexity,
the strictly local subset of the finite-state or regular
grammars [12]. In the stimuli of the second grammar
(AnBn), a group of A-elements was followed by a
group of B-elements, where the number of A-elements
matched the number of B-elements exactly in gramma-
tical stimuli. The AnBn language cannot be captured by
a finite-state grammar and requires a context-free or
stronger grammar [11]. One particular tile never
appeared more than once in a stimulus. During initial
Phil. Trans. R. Soc. B (2012)
training, each specific A-element was arbitrarily paired
with a specific B-element, forming constant A/B
bigrams that were conserved but could fill any slot
in the generated stimuli (e.g. for grammar 1: A1B1
A2B2 or A2B2 A1B1; for grammar 2: A1A2 B1B2 or
A2A1 B2B1).

For the training phase, we created 240 patterned
stimuli for each grammar ensuring that each stimulus
of one grammar had a corresponding stimulus in the
other grammar, containing the exact same elements.
To expose subjects to a variety of grammatical pat-
terns, half of the stimuli consisted of four elements
(two As and two Bs) and half of them consisted of
six elements (three As and three Bs; figure 1a).

After subjects reached criterion in this initial train-
ing, we embarked on a generalization training phase,
designed to broaden their acceptance of patterns
beyond the initial training stimuli, and incidentally to
investigate which perceptual aspects of the initial
stimuli were most salient. For this ‘generalization’
phase, we first ran five different test types, and contin-
ued to give feedback so that the participants continued
to learn. Novel stimuli were all created according to
the same rules as the training stimuli, and the simplest
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set simply used novel arrangements of the identical
tiles (generalization test; figure 1b). We also generated
further stimuli using tiles that differed in the included
colours. Colour ranges were shifted from blue/grey
to green/gray in A-elements and from red/green to
brown/blue for B-elements (colour test; figure 1c). To
test whether orientation of the stimuli influences the abil-
ity of generalization, we also created stimuli that were
rotated by 908 clockwise (rotation test; figure 1d). Since
training stimuli comprised fixed bigrams of A- and
B-elements, we scrambled all elements so that there was
no longer a specific relationship between the elements
(e.g. for grammar 1: A3B6 A5B1; scrambled test; figure
1e) in order to test generalization beyond the previously
correlated bigrams. Finally, to further investigate the
salience of colour cues, stimuli were additionally pre-
sented in greyscale, a transformation that removed all
colour information for human subjects (greyscale test;
figure 1f ). Owing to differences in human and avian
visual systems, birds most probably still perceived some
colours in such stimuli [34], but the available colour
information was also considerably reduced for the birds.

After completing this generalization training, we
reached the crucial tests of the experiment: using un-
rewarded probe trials to determine if the intended
‘grammar’ had been mastered. To test for generalization
beyond the n observed in training, stimuli with eight
elements (four As and four Bs) and 10 elements (five
As and five Bs) were created (extensions; figure 1g).
Finally, unmatched foil stimuli were generated by either
adding one element to a grammatical stimulus or remov-
ing one element, which resulted in unequal numbers of
A- and B-elements (AnBm where n = m). This was
done for stimuli previously consisting of two, three and
four elements of each element type. Elements were
removed or added either at the beginning of the stimulus
or at the end leading to four different foil types per gram-
mar type: B(AB)2, (AB)2A, B(AB)3, (AB)3A and A2B3,
A3B2, A3B4, A4B3, respectively (figure 1h).
(b) General procedure

For all species, subjects were divided into two groups for
which either the (AB)n or the AnBn stimuli were the
positive (rewarded) stimuli. To increase similarity to
auditory AGL experiments, all subjects were initially
presented with a short ‘familiarization sequence’ on
the computer screen preceding each training session to
prime the animals to the positive stimuli and facilitate
learning. Familiarization sequences consisted of 30
stimuli (for kea) or 60 stimuli (for pigeons) of the posi-
tive grammar only (video sequence created with
ALTERNATE PIC VIEW EXESLIDE). Each stimulus
was presented for 900 ms, followed by a dark phase of
100 ms. Subjects were then trained and tested in a two
alternative forced choice (2-AFC) procedure, and
required to discriminate between stimuli from the two
grammars. Each trial involved the simultaneous presen-
tation of two stimuli in fixed positions on a black
background on the computer screen. The left/right
positions of the stimuli were randomized across trials.
During training and generalization training (the first
five experiments), subjects’ choices were reinforced in
all trials (see below for details) allowing learning.
Phil. Trans. R. Soc. B (2012)
During the crucial testing for generalization to
extensions and foil stimuli, responses to probe trials
were not reinforced. With one exception, positive
stimuli were always presented simultaneously with the
corresponding stimulus of the other grammar, i.e. a
(AB)n stimulus was presented together with the corre-
sponding AnBn stimulus made of the same tiles (thus
preventing the use of any particular tile to discriminate
between the patterns). However, in the foil test, to pre-
vent the subjects from basing their decision purely on
rejecting the obviously ‘non-grammatical’ stimuli, foil
stimuli were presented together with the corresponding
positive stimulus (with matched n). For an overview of
methods for all three species, see the electronic
supplementary material, table S1.
(c) Humans

Twenty human participants (14 females and six males)
between 18 and 51 years old who had normal colour
vision were tested in this study. Participants were not
given any detailed information about the aim of the
study before testing and instructions were reduced to
the bare minimum needed, i.e. that they would see
two images on the screen and would have to press
either of two buttons to indicate their choice. All
participants gave their written consent prior to partici-
pating and were paid E5 for their participation. To
avoid distraction, participants were tested alone in a
small room equipped with a computer and an IoLabs
button box (www.iolab.co.uk). The experiment was
run using custom code written in PYTHON. After
watching the short familiarization sequence, people
were instructed to wear headphones for acoustic feed-
back and start the training phase. During training, 30
trials were run in which subjects were asked to indicate
their choice of one of the presented stimuli via a button
press. Correct choices elicited a positive acoustic feed-
back tone (600 Hz, 0.5 s) and continuation to the next
trial, incorrect choices led to a negative acoustic feed-
back sound (200 Hz, 0.5 s) and a red penalty screen for
3 s. Participants had to press a button within 5 s during
training or 3 s during test, otherwise the image disap-
peared. These time limits were chosen in order to
correspond to mean reaction times in birds. Participants
were required to make at least 70 per cent first correct
choices during training to proceed to the test phase;
otherwise, they did not proceed to the test phase. In
the generalization training block, 40 trials per test type
(generalization test, colour test, rotation test, scrambled test
and greyscale test) were presented in random order inter-
mixed with 40 of the initial training stimuli, resulting in
a test block of 240 trials. Acoustic and visual feedback
was given after each trial. In the second test phase, 40
extensions and 80 foils were shown with no feedback
given. After completion of the experiment, subjects
were asked to describe their strategies in a short ques-
tionnaire. Only after providing their own opinion
regarding what the task was about, were participants
asked in more detail if they understood the rules
involved, and if they had been counting elements and/
or paying attention to symmetry. After concluding the
experiments and debriefing, each participant was
given detailed information about the study aims.

http://www.iolab.co.uk
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(d) Birds

Twelve kea (N. notabilis) and 10 pigeons (C. livia) par-
ticipated in the study. Owing to the death of some
subject birds during the experiments, sample sizes
vary between tests. Kea were housed in a group of 21
individuals in a large outdoor aviary (about 520 m2) at
the Haidlhof Research Station, Bad Vöslau, and were
fed three times a day. Pigeons were housed in outdoor
aviaries at the University of Vienna in groups of about
eight individuals and were maintained at slightly below
(about 90% of ) their free-feeding weight. All birds
were familiar with a touch screen and the general pro-
cedure of a two-choice task but naı̈ve to this specific
task before beginning training. Kea were trained indivi-
dually in an experimental chamber which was open at
one side, allowing the birds to enter voluntarily. Pigeons
were individually placed in separate, closed indoor
Skinner boxes by the experimenter. Birds indicated
their choice by pecking on a 15 inch TFT computer
screen mounted behind an infrared touch frame
(Carroll Touch, 1500). Food reward was dispensed by
means of a special feeder that released a portion of
peanut (1/8) for kea, or a small amount of grain for
pigeons, to a small food repository directly below the
touch screen. Data acquisition and device control were
handled with hardware and software especially developed
for the requirements of various cognitive experiments
(COGNITIONLABLIGHT, v. 1.9, q M. Steurer).

During presentation of the familiarization sequen-
ces, birds were prevented from interacting with the
screen. For pigeons a Plexiglas barrier was placed
between the bird and the screen; images were enlarged
to equalize for greater viewing distance. For kea, the
touch function of the screen was disabled during
the presentation. Before starting the training ses-
sion, the Plexiglas barrier was removed and touch
function was enabled, respectively, so birds could indi-
cate their choice by pecking on one of the presented
stimuli. Correct choices led to disappearance of the
images and were reinforced by a positive acoustic feed-
back tone (600 Hz, 0.5 s) and food reward. A peck on
an incorrect stimulus caused a correction trial with a
negative feedback sound (200 Hz, 0.5 s). The screen
turned red for 3 s, after which the same pair of stimuli
was presented again. This continued until the bird
pecked the correct stimulus. Each trial was followed
by a 4 s intertrial interval during which the screen
was black. Birds normally completed a session includ-
ing 40 trials per day, aborted sessions were continued
at the point of stopping, the following day.

Training was terminated when birds had completed
a certain minimum number of sessions (18 sessions for
kea, 24 sessions for pigeons) and performance had ful-
filled a pre-specified learning criterion. This was set to
at least 70 per cent first correct choices per session in
six consecutive sessions (corresponding to p , 0.008
in a one-sided binomial test). Pigeons were allowed
to repeat one session if five out of six sessions were sig-
nificant. If the repeated session was significant, the
criterion was considered to be satisfied.

Subsequent generalization training (generalization
test, colour test, rotation test, scrambled test and greyscale
test) included 20 test trials per session, randomly inter-
mixed with 20 of the original training trials. For each
Phil. Trans. R. Soc. B (2012)
of these tests, birds had to complete 12 sessions in
which test trials were reinforced like training trials.
Reinforcement was maintained to avoid a failure in
transfer performance owing to neophobia, a well-
known influencing variable in transfer tests with
pigeons [35,36]. This procedure allows further learn-
ing after initial training and at the same time
enlarges the variety of stimulus types the subjects
were confronted with before proceeding to the crucial
non-reinforced ‘probe’ testing. The general operant
contingencies were in accordance with other studies
testing pattern learning in birds [20,22]. As most
birds had severe difficulties with the greyscale stimuli,
all birds received additional training that was identical
to the initial training except that the stimuli were
replaced with their greyscale versions and preceded
by greyscale familiarization sequences. Greyscale
training was ended when either the same criterion
was reached as in the initial training or when a bird
had completed as many sessions as the slowest bird
in the initial training. After completing the greyscale
training, birds were subjected to another greyscale
test with greyscale versions of novel stimuli.

Probing for generalization to extensions and foils was
non-reinforced, i.e. the first peck on either of the two
presented stimuli terminated the trial without food
reward, acoustic feedback or correction trial. To avoid
frustration in the birds, we reduced the number of
probe trials per session to eight trials out of 40. Probing
for generalization to extensions comprised 80 probe trials
shown across 10 sessions. For the foils, probe trials in
each session were embedded in a set of
16 training trials and eight trials presenting two cor-
rect stimuli simultaneously (‘double Sþ’). Since foil
stimuli were not presented with a ‘non-grammatical’
stimulus as in all tests before but with a ‘grammati-
cal’ stimulus, ‘double Sþ’ trials were included, to
prevent birds from recognizing non-reinforced trials
that simply lack a stimulus of the other grammar.
Eighty stimulus pairs were presented per foil type (see
above) leading to a total of 40 test sessions.

(e) Statistical analysis

Statistical significance in training and test phase per-
formance was analysed with a one-sided binomial
test including number of correct first choices, total
number of trials and a confidence level of 0.95.
For each species, a generalized estimating equations
model for repeated measures was fitted to the data,
taking account of grammar type and test type as
factors. Further comparisons between grammar types
and test types were carried out with post hoc compari-
sons including Bonferroni corrections. Statistical
analysis was performed with R v. 2.12.0 and PASW
Statistics v. 18.0.
3. RESULTS
(a) Humans

All 20 participants reached the training criterion of at
least 70 per cent first correct choices within a set of
30 training trials. In the following test trials, perform-
ance did not differ between the two groups trained on
either (AB)n or AnBn (factor group: Wald x2 ¼ 3.43,
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p ¼ 0.06). Performance in the generalization tasks
(generalization test, colour test, rotation test, scrambled
test and greyscale test) was at a very high level: subjects
of both groups chose the correct stimulus in more than
90 per cent of the 240 trials (figures 2 and 3). In the
crucial unrewarded test trials, humans generalized
the pattern rule to stimuli with extended numbers of
tiles (n ¼ 4 and 5; figure 4) without difficulty. Perform-
ance with unmatched foil stimuli, with either an
element added or taken away, varied between the
two grammars. Although performance significantly
dropped for both (factor test: Wald x2 ¼ 43.27,
p . 0.001; figure 4), only six out of 10 participants
trained on (AB)n performed significantly above
chance, while eight out of 10 participants in the
AnBn group passed the test, scoring more than 70
per cent correct first choices (see the electronic sup-
plementary material, table S2). These results indicate
that, while most human participants correctly grasped
the regularity underlying the supra-regular AnBn gram-
mar, nearly half of the participants did not acquire the
intended rule with the (AB)n grammar.

In the (AB)n group, successful participants reported
that they based their decision only on the first and
last elements of the stimuli that had to be different
(A-element at the start, B-element at the end) to
match the learned pattern rule. Only one participant
reported counting the number of elements and choos-
ing the stimuli with equal numbers of A- and
B-elements. In the AnBn group, the eight successful
participants stated that they made their choice based
on the visual perception of symmetry arising from
equal numbers of A-elements on the left and
Phil. Trans. R. Soc. B (2012)
B-elements on the right side of the stimulus (n ¼ 2),
by counting the elements (n ¼ 2), or by some
combination of the two strategies (n ¼ 4).
(b) Birds

Both bird species successfully learned to discriminate
between (AB)n and AnBn stimuli. While kea in both
groups passed the training phase on average in 15+1
sessions (mean+ s.e.; corresponding to 600+40
trials), most pigeons took much longer to reach the
learning criterion ((AB)n group: 85+20 sessions, cor-
responding to 3400+800 trials; AnBn group: 53+24
sessions, corresponding to 2120+960 trials). In sub-
sequent phases, pigeons did not show differences
between the two grammars (Wald x2 ¼ 0.87, p ¼
0.35). In kea, however, birds trained to peck on AnBn

stimuli performed better overall than birds in the
(AB)n group (Wald x2 ¼ 6.65, p ¼ 0.01).

During generalization training, the type of test had a
significant influence on performance in both species
(Wald x2 ¼ 10253.66 and 2514.86, both p , 0.001).
When confronted with the first four generalization
tasks, the level of performance was generally higher for
kea than for pigeons (figure 2). All kea successfully gen-
eralized the pattern rule to novel stimuli, novel colours,
rotated and scrambled stimuli. Pigeons readily general-
ized to novel stimuli using the same tiles as the training
stimuli, but many of the pigeons did not pass the signifi-
cance level with the other three types of stimuli (see
electronic supplementary material, table S2).

The considerable reduction of colour information
by presenting stimuli in greyscale led to severe
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decrement of performance in both bird species com-
pared with their performance in the first
generalization task (both p , 0.001). While kea still
Phil. Trans. R. Soc. B (2012)
chose the correct stimulus more often than predicted
by chance, pigeons of both groups were no longer
able to differentiate between (AB)n and AnBn stimuli
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(figure 3). Subsequent training of all birds with grey-
scale stimuli led to successful learning only in kea
((AB)n group: 14+5 sessions to achieve six consecu-
tive significant sessions, AnBn group: 10+2 sessions);
pigeons remained at chance level even after receiving
159 rewarded training sessions (corresponding to the
number of sessions needed by the slowest bird in initial
training). Retesting the birds with novel greyscale
stimuli after the additional training revealed signifi-
cantly improved performance in kea (both grammars,
p , 0.001), but no improvement in pigeons (p ¼
0.99). In short, pigeons failed completely to discrimi-
nate among stimuli when colour cues were reduced. In
summary, in the generalization training phase, kea suc-
cessfully generalized to new shapes, colours, orders
and orientations, and with training, to stimuli mostly
lacking colour. In contrast, pigeons had difficulty
with all generalizations, and even with prolonged
intensive training were unable to cope with the grey-
scale stimuli.

In the final crucial unrewarded probe tests, we
investigated what, precisely, the birds had learned.
Extension probes with either four or five elements per
tile type did not impair performance compared with
the first generalization task in either bird species
(both p . 0.45). However, both species failed entirely
on the mismatched foil probes: when birds had to
choose between a correct, matched stimulus and a
foil stimulus that deviated from the intended grammar
either owing to an additional element or owing to one
element less, members of both species chose rando-
mly without any preference for either stimulus type
(figure 4). We conclude from this that, despite their
various successful generalizations, neither bird species
acquired the intended grammar. In particular, we
found no evidence that either kea or pigeons correctly
induced the supra-regular AnBn grammar.

For the majority of participants in all three species,
error rates did not differ depending on where in the
foil stimulus an element was added or removed (one-
sided binomial tests, all p . 0.05). However, one kea
and one human subject of the (AB)n group showed a
certain pattern in their discrimination errors. The kea
made significantly more errors when the foil stimuli
started with a B-element than when the stimuli ended
with an A-element (p ¼ 0.01). The human subject, on
the other hand, showed the reversed pattern, making
significantly more errors with stimuli ending with an
A-element (p ¼ 0.01).
4. DISCUSSION
Our results clearly show that all participants were able
to discriminate between two high-level patterns: train-
ing of both humans and two bird species in a 2-AFC
resulted in successful discrimination of two types of
visual patterns, each structured according to different
rules. This result is consistent with many previous
studies showing that humans share basic visual pattern
recognition abilities with other animals, even with
insect species [37,38]. Human subjects rapidly
acquired the task within the first 30 trials of reinforced
learning. Both bird species required a much larger
number of training sessions to reliably choose the
Phil. Trans. R. Soc. B (2012)
correct stimulus; while the slowest kea reached the
learning criterion after 1000 trials, the slowest pigeon
took over 6000 trials to perform above chance level.
Pigeons’ learning performance in this task, however,
was still faster than learning performance in a previous
AGL task involving coloured letters [39] or acquisition
time for starlings learning to discriminate between audi-
tory stimuli following the same patterns [20]. General
levels of performance were considerably lower for
pigeons than for the other two species, but comparable
to previous AGL studies in this species [39,40].

Both humans and kea were able to generalize
beyond the training stimuli: subsequent transfer to
novel stimuli was successful when the stimuli consisted
of the same tiles arranged in different orders, new tiles
with novel colours, when the whole pattern was
rotated around 908 counterclockwise or consisted
of scrambled A- and B-elements (eliminating A/B-
correspondences present in the training stimuli). The
ability to transfer pattern discrimination to novel
instances suggests that with training both species can
generalize beyond specific features of the training
stimuli such as single elements, A/B bigrams or colour
configuration, to acquire a more general pattern rule.

In contrast, pigeons only performed highly above
chance level in the first generalization task, using iden-
tical tile elements in new orders, and many pigeons
showed difficulties in applying the pattern rule to
novel stimuli with changed visual features, suggesting
that pigeons tend to rely on more stimulus-specific
features in the initial discrimination acquisition. This
assumption is consistent with former studies on
pigeons’ visual discrimination learning indicating that
pigeons tend to focus on the most salient visual cue.
If available they mostly respond consistently to the
colour dimension in visual discrimination tasks
[41–43], and often fail when presented with com-
plex problems that require the application of a more
abstract rule [44]. Surprisingly, some pigeons trained
on (AB)n stimuli also showed near chance-level per-
formance when stimuli were rotated. This outcome
stands in contrast to the earlier findings suggesting
that pigeons show rotational invariance [45].

Both bird species exhibited a significant drop of
performance when available colour information was
drastically reduced (greyscale test). This phenomenon
is consistent with previous studies on visual discrimi-
nation [42,46,47]. Pigeons’ inability to discriminate
between the two types of visual patterns in grey-
scale even after extensive training further supports
the assumption that they based their prior decisions
primarily on available colour cues. Human subjects,
on the other hand, continued to perform at high
levels even when colour cues were removed, suggesting
that they inferred a pattern rule that was independent
of colour configurations. Some kea also seemed to base
their decisions strongly on colour cues, but were
able, after additional training, to correctly respond to
greyscale stimuli. Test trials during the above general-
ization training phase were reinforced, rewarding
correct choices and triggering correction trials in
the case of incorrect choices, so subjects still had the
opportunity to learn from their errors (see electronic
supplementary material, figure S1).
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The overall better performance of the AnBn group
compared with the (AB)n group in kea is somewhat sur-
prising, given that a grammar with alternating ‘A’s and
‘B’s is classified as a finite-state grammar and thought
to be easier to learn than a supra-regular grammar [see
11,12]. This counterintuitive result might be explained
by the specific setup of our experiments. Clusters of
‘A’s and ‘B’s might have been easier and faster to recog-
nize from a perceptual point of view than stimuli with
alternating elements that are perceptually more complex.
This hypothesis, however, remains speculative at present,
because we do not know whether subjects actively chose
the ‘grammatical’ stimulus or actively rejected the ‘non-
grammatical’ one. Future studies in which stimulus
elements are presented sequentially rather than simul-
taneously might provide deeper insight into perceptual
strategies that underlie complex pattern learning.

We now turn to the crucial last two experiments
which used unrewarded probe trials. Success on the
Extension test clearly demonstrates the application of
some type of pattern rule, independent of feedback,
in all three species. All three species correctly classified
stimuli with two or four (n ¼ 4 and 5, respectively)
additional elements as belonging to the learned class
of correct stimuli, successfully generalizing over stimu-
lus length. Subjects could have passed all of the tests so
far by perceptually discriminating between stimuli
consisting of alternating ‘A’s and ‘B’s versus clusters
of ‘A’s followed by clusters of ‘B’s without matching
the numbers of elements. In the final foil test, we pre-
sented the subjects with a choice between a correct
stimulus and a stimulus in which one element was
added or removed. Neither kea nor pigeons rejected
such unmatched foil stimuli, choosing between correct
and foil stimuli in a random manner. We conclude
therefore that the birds did not successfully acquire
the intended grammars. This is particularly relevant
for the supra-regular grammar AnBn, because it is
precisely the match between the two components of
the pattern which requires a context-free grammar or
higher. In contrast, eight of 10 human participants
spontaneously rejected such mismatched foils in this
grammar (in contrast to [48]).

We found that birds were able to achieve a high level
of success on various types of generalization, but none-
theless did not reject key violations of the intended
grammar. This failure clearly illustrates the need for a
thorough, by-category analysis of AGL results and a
careful assessment of their implications (cf. [22,49–
51]). Many of our generalization tests can be solved
based on alternative strategies (e.g. clusters versus alter-
nations of elements) that do not correspond to the
intended ‘grammar’. The use of alternative strategies
is to be expected when multiple generalizations are
possible based on the initial stimuli [52,53]. Alternative
strategies can lead to above chance performance in
a variety of generalization tasks, potentially leading to a
false conclusion that subjects have acquired the precise
grammar intended by the experimenter [54]. Based
on this finding, it is also important to analyse
individual performance instead of grouping subjects to
be able to pinpoint individual learning strategies [22,54].

In our study, subjects that failed to reject foil stimuli
must have acquired alternative strategies allowing
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them to choose the correct stimulus well above
chance level in the generalization tasks that required
transfer to novel stimuli. Given that the stimuli pre-
sented during training and first generalization tests
did not force the subjects to pay attention to the
matching numbers of ‘A’s and ‘B’s, this feature was
not always included in the acquired rule even in
humans, and was never included by either bird species
[52,53,55]. Moreover, simultaneous presentation of
‘grammatical’ and ‘non-grammatical’ stimuli through-
out the main parts of our study might have led subjects
to base their decisions, and thus their acquired rule,
mainly on the differences between the two stimulus
classes. Detailed analysis of individual performance
revealed that for the vast majority of subjects, the
position of the incorrect element did not influence
performance. However, one kea of the (AB)n group
was significantly better in performance in trials where
foil stimuli illegitimately ended with an A-element,
suggesting that this bird applied a recency rule
[22,49], focused on the last elements of the stimulus,
and one human participant of the (AB)n group
showed the opposite pattern, significantly more often
rejecting the foil stimuli that started with a B-element
(i.e. applying a primacy rule). Further ongoing exper-
iments including ‘non-grammatical’ stimuli that vary
in the level of similarity to the ‘grammatical’ stimuli
and a more detailed analysis of individual performance
will allow a better understanding of what exact strategies
were applied by the subjects.

Surprisingly, although performance in all previous
tasks was near the ceiling level, even some of our
human participants failed to reject mismatched foils.
On the one hand, in the AnBn group, eight of 10
human participants successfully chose correct ‘matched’
stimuli over the foil stimuli. These participants explicitly
reported that they primarily used symmetry features
and/or counting [22,54]. In contrast, in the (AB)n

group four of 10 happily accepted mis-matched strings,
indicating that they did not acquire the intended strictly
local grammar. The six of 10 rejecting mismatched foils
reported comparing the first and last elements, which
had to be different. Interestingly, this depends on a
long-distance relationship in the pattern.

Either counting or symmetry-based strategies
appear to pose major challenges for our two tested
bird species. Although many bird species have shown
the ability to form a concept of numerosity, it remains
unclear if this ability is primarily based on conceptual
subitizing or actually on counting elements and up to
which numbers this ability can go in birds [27,56].
Furthermore, counting alone is inadequate to solve
the AnBn task: two counts must be made, of ‘A’s and
‘B’s, and then compared. Both pigeons and starlings
show difficulties in learning discriminations based
upon symmetry [57,58]. We suggest that our avian
subjects failed the foil tests because they acquired a
pattern rule based on alternating versus block-consistent
structure of A- and B-elements (i.e. they detected local
dependencies, captuarable by a finite-state grammar),
but ignored the total numbers of ‘A’s and ‘B’s [11,12].
However, the ability of kea to generalize to ‘scrambled’
tiles, in which the specific A/B correspondences were
broken, suggests that they did not simply memorize
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bigrams in order to recognize the patterns, as has been
suggested for humans ([49], but see also [59]).

Our study represents the first attempt to study mech-
anisms of AGL across three different species. The
results show that both bird species failed to learn the
intended grammatical rule, but nonetheless developed
alternative strategies enabling them to solve the general-
ization tasks to a considerable extent. We assume that
‘configural processing’ sensu Maurer et al. [60] was
involved in learning mechanisms of humans and kea,
leading to the extraction of certain relations among
features of the compound stimuli, allowing them to
apply the learned rule to a variety of novel stimuli.
The pigeon data in contrast suggest that these birds
dominantly apply a form of ‘featural processing’ that
takes into account only single features but not general
relationships among them. Since pigeons are the species
with the smallest relative brain size within our three
study species, our data support the hypothesis that
relative brain size may be a factor that considera-
bly influences the ability to detect more complex
relationships between pattern elements [61].

In summary, our human results confirm the ability
of humans to acquire abstract visual patterns gener-
ated by a simple supra-regular grammar AnBn, both
extending to novel n and rejecting mismatched ns.
These findings support the hypothesis that human pat-
tern-processing capabilities are not limited to patterns
made up of linguistic items (auditory syllables or writ-
ten letters) but readily extend to abstract, meaningless
visual images. In contrast, our bird results suggest that
neither kea nor pigeons deduce such a supra-regular
grammar, but instead make use of various lower-level
rules to discriminate among such patterns. These
results contrast with findings using auditory AGL in
starlings ([20], but see also [22]) and Bengalese
finches ([62], but see also [63]), but are consistent
with other animal results [17,22]. Our results provide
no evidence that complex pattern perception abilities,
used across sensory domains by humans, are shared
with these other species. More generally, the new
visual AGL paradigm we introduce here provides a
relatively level playing field for comparative tests
among different animal species, and clearly highlights
cognitive advantages of kea over pigeons [33]. Finally,
our visual paradigm can easily be extended to sequential
visual presentation, to allow precise titration of working
memory demands during processing of otherwise iden-
tically patterned visual and auditory stimuli. We thus
suggest that it will provide a useful addition to the
empirical toolkit used in AGL research to compare
abstract pattern perception across multiple species.

Animal housing and experimental setup followed the Animal
Behavior Society Guidelines for the Use of Animals in
Research, the legal requirements of Austria and all
institutional guidelines.
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REFERENCES
1 Brown, R. 1973 A first language: the early stages.

Cambridge, MA: Harvard University Press.
Phil. Trans. R. Soc. B (2012)
2 Pinker, S. 1994 The language instinct. New York, NY:
Morrow.

3 Cook, R. G. & Brooks, D. I. 2009 Generalised auditory

same–different discrimination by pigeons. J. Exp. Psy-
chol. Anim. Behav. Process. 35, 108–115. (doi:10.1037/
a0012621)

4 Chomsky, N. 1957 Syntactic structures. The Hague, The
Netherlands: Mouton.

5 Jackendoff, R. 2002 Foundations of language: brain, meaning,
grammar, evolution. New York, NY: Oxford University Press.

6 Christiansen, M. H. & Chater, N. 2008 Language as
shaped by the brain. Behav. Brain Sci. 31, 536–537.

(doi:10.1017/S0140525X0800527X)
7 Kirkham, N. Z., Slemmer, J. A. & Johnson, S. P. 2002

Visual statistical learning in infancy: evidence for a
domain general learning mechanism. Cognition 83,
B35–B42. (doi:10.1016/S0010-0277(02)00004-5)

8 Saffran, J. R., Pollak, S. D., Seibel, R. L. & Shkolnik, A.
2007 Dog is a dog is a dog: infant rule learning is not
specific to language. Cognition 105, 669–680. (doi:10.
1016/j.cognition.2006.11.004)

9 Endress, A. D., Cahill, D., Block, S., Watumull, J. &

Hauser, M. D. 2009 Evidence for an evolutionary precur-
sor to human language affixation in a non-human primate.
Biol. Lett. 5, 749–751. (doi:10.1098/rsbl.2009.0445)

10 Reber, A. S. 1967 Implicit learning of artificial gram-
mars. J. Verb. Learn. Verb. Behav. 6, 855–863. (doi:10.

1016/S0022-5371(67)80149-X)
11 Fitch, W. T. & Friederici, A. D. 2012 Artificial grammar

learning meets formal language theory: an overview. Phil.
Trans. R. Soc. B 367, 1933–1955. (doi:10.1098/rstb.

2012.0103)
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