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Abstract
The strategic allocation of attention is necessary for everyday survival. In order to study
attentional processes in a controlled environment, pigeons and humans were given
simultaneously available discrimination “tasks” involving two concurrently available orthogonal
dimensions in a 32-item visual search display. An equal number of stimuli in the twodimensional tasks had reinforced and non-reinforced values so participants were either
reinforced for selecting the eight brightest (or darkest) stimuli and the eight most vertical (or
horizontal) stimuli. Humans preferentially stayed with one dimension before switching to the
other, suggesting they used a sequential dimensional strategy. The pigeons did not preferentially
stay or switch between the two dimensions on consecutive choices, ignoring the dimensionality
of the stimuli and switching between dimensions depending on which item was most
discriminable and likely to yield reward. Computational modeling was conducted to analyze the
differences in human and pigeon response behaviors.
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Introduction
Attention
Attention allows for the processing of specific information related to the object of focus.
Decades of research have shown that humans have a limited attentional capacity. As a result, we
must selectively allocate attention to some stimuli or features over others at any given moment.
This need to selectively attend can have consequences. When driving down the road, for
example, one must attend to many different stimuli, such as the other cars and the traffic signals,
and unexpected events, such as pedestrians. If an additional task is added to that maelstrom, such
as talking on the phone or reading an email, a person must choose how best to allocate attention
and possibly switch between the two or more tasks which can have life or death consequences.
There are many different strategies for allocating attention, and the optimal strategy may
vary based on the problem and the attentional resources at one’s disposal (Fischer & Plessow,
2015). When trying to complete two tasks simultaneously, it might be most efficient to attend to
one task until its completion before switching attention to the other. For example, when taking a
test, it might be best to attend to the multiple-choice questions before tackling the essay
questions. On the other hand, it might be more strategic to answer the easiest questions before
attempting the more challenging problems. In this study, we seek insight into how pigeons and
humans allocate attention when presented with two concurrently available dimensional tasks in a
visual search paradigm.
Similar to humans, pigeons live in a complex world with many tasks striving to claim
their attention. Pigeons forage for food, often on the ground or in places where they are exposed
to predation. So, while involved with the task of foraging for seed among the small pebbles, they
must always be on the lookout for predators. Allocating too much attention to one task, and they
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will not have enough to eat. Allocating too much attention to another, and they will wind up
someone else’s breakfast.
Attention in Visual Search
Visual search tasks have been used as a method to examine the allocation of attention in
humans and non-human animals (Blough, 1979; Bond and Kamil, 2002; Bond, 1983; Palmer and
Lindsey, 1993; Riley and Leith, 1976; Teichner and Krebs, 1974; Teng and Wasserman, 2015).
In such tasks, the goal is to find the positive stimulus (or stimuli) among an array of distractors—
irrelevant stimuli that compete for selection with the relevant positive stimuli. To complete a
visual search task, participants must be able to perceive and discriminate the stimuli and
remember the positive stimuli or the relevant features of the positive stimuli. Attention is
examined by how accurately positive stimuli are selected over negative stimuli and reaction
times—how long it takes to select the positive stimuli from the start of the trial. This shows
participants’ ability to selectively attend to features or dimensions of stimuli that are relevant for
discrimination.
Visual search tasks happen in real-life visual search when going grocery shopping. There
are many items that you need to find but many distractor items that you don’t need. You might
want to pick up some cereal, and there are many types that have boxes that can be distinguished
by color, size, and shape. If you wanted to find the Cheerios, you would need to be able to
distinguish the cereals from each other. You would also need to be able to remember the relevant
features of Cheerios—that they are round, and the box is yellow. The strategies you use to
search for the cereal will depend on what other cereals are in the same aisle, how many aisles
there are, as well as many other factors.
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Attentional Strategies
There are several different methods for solving visual search tasks. A serial process for
searching an array for a target would involve looking at each stimulus one by one to decide if it
is the correct target. For example, you could look at the entire grocery store for your Cheerios, or
you could look at each individual item to see if it was Cheerios. In this way, the time taken to
select the target would rise linearly along with the number of stimuli presented in the array. A
parallel process, however, involves looking at the all the stimuli in the array simultaneously, in
which case the search time would not be affected by the number of stimuli in the display.
Attentional capacity may influence the method of search used: If the array is small, for example,
parallel search may be possible, but as the array becomes larger, the attentional capacity for this
type of search may be too much (Blough, 1979). In addition to array size, attentional capacity is
also influenced by the discriminability of the stimuli, which will be discussed below.
When task difficulty is varied, search strategies can vary as well. If positive stimuli fall
along a dimension rather than a single item or category, it might be efficient to use a
discriminability strategy where consecutive choices are chosen in order by how discriminable an
item is as positive. Also, if positive stimuli are present in more than a single type it might be
optimal to use a strategy for allocating attention to stay with one type until all positive items
have been selected before switching to search for the positive items in the other type. This is a
description of using the strategy of dimensional staying. However, in some cases it might be
more optimal to be dimensionally agnostic, that is to ignore dimensions on consecutive choices,
such as when an array is excessively large such that it would be inefficient to search for a single
dimension across the entire array before moving on.
In pigeons, who must forage for a variety of food, choice selection may be based on the
relative frequency of items (Krebs, 1973) or changes in the spatial layout of items or density of
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similar items (Murdoch & Oaten, 1974). These biases may lead the birds to stay with previous
foraging strategies or switch between foraging strategies depending on the discriminability of the
stimuli and the experience of the animal (Bond, 1983). This is true for natural stimuli (Bond,
1983) as well as artificial stimuli (Bond and Kamil, 2002; Sutherland and Mackintosh, 1971).
Factors Affecting Search Strategies
There are many factors that may aid or impede search, such as the size of the array, the
number of distractors, and the discriminability of the items. Blough (1979) has shown that the
number of distractors in an array affects performance, with more distractors causing both an
increase in the time required to find the positive target and also additional errors—pecking at
distractor stimuli. However, adding additional visually distinct distractors did not affect
performance, independent of the variability of the distractors in the array. Related to the number
of distractors is the number of positive stimuli. Blough (1979) found that pigeons’ reaction times
and accuracy was unaffected when the memory set for positive targets was one or two. However,
Blough (1979) did not present arrays in which there was more than one target in any display, so
it is possible that the proportion of positive to distractor items within an array may be even more
relevant. For example, when there is more than one positive stimulus in the array and multiple
choices are allowed, this proportion for positive stimulus to distractor stimuli will change with
each selection, making the task more or less difficult as selections are made. Schneider and
Shiffrin (1977) found that unlike pigeons, memory set size for both positive and negative items
does affect performance for humans, who have shown increased reaction times as a logarithmic
function of memory set size. Schneider and Shiffrin (1977) suggest that with sufficient practice
this memory set size effect may eventually disappear; however, Blough (1979) disagrees,
arguing that a slight increase in reaction time always exists when the set size is increased from
one.
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Blough (1979) and Bond (1983) found that the degree to which the target stimuli are
discriminable from each other and from distractor stimuli affects performance. Pigeons were
faster and more accurate in finding items that were more discriminable from distractors. Using a
visual search task comprised of simple geometric shapes varying in color and dimension, Cook
(1992) as well as Teichner and Krebs (1974) with humans similarly found that the more
dimensions (ex. color, shape) in which the positive stimulus varied from the distractor stimuli
aids search. Varying these factors can increase or decrease the difficulty of the task and allows us
to examine the factors that aid and impede visual search.
It is generally assumed that attention will not be selective among the stimuli unless the
participant’s capacity to process information is exceeded (Riley and Leith, 1976; Mackintosh,
1965). If we go back to our grocery store example, but now we are trying to pick both apples and
bananas, we could either pick all the apples and then all the bananas that you want or pick both
types simultaneously as they are available. The first strategy would be attending selectively. If
the two types of fruit are right next to each other and no other fruit, then there is no need to
attend selectively; the task is simple enough. If there are many different types of fruit, however,
then the task is much more difficult, and it may be beneficial to first pick all the apples that you
need and then pick all the bananas.
Teng, Vyazovska, and Wasserman (2015) provided pigeons with compound stimuli
varying on four dimensions. Pigeons were able to learn the discrimination, which suggests they
were able to attend to all four dimensions of the stimuli, and pigeons learned the dimensions at a
similar rate. Supporting arguments above, Teng, Vyazovska, and Wasserman (2015) found that
the more dimensions in which the positive stimulus varied from the distractor stimuli the better
the pigeons performed. Finally, they found evidence of attentional tradeoffs among the four
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dimensions, especially in the go/no version of the task where memory is more important to the
success of the task.
Pietrewcz and Kamil (1979) presented blue jays with slides series of two species of moth
types and were trained to detect the moths. The birds’ ability to detect the species of moth was
increased when presented in a run versus when they were presented in non-runs. The authors
suggest that the ability to detect cryptic stimuli is influenced by what the bird has most recently
seen or experienced.
Study Rationale
There are conflicting results within the literature in the case of pigeon performance in
dimensional staying. In the case of Teng, Vyazovska, and Wasserman (2015), when pigeons are
given a discrimination with four dimensions, the authors found evidence of preferential attention
to any given dimension at a time. However, Pietrewcz and Kamil (1979) reported that jays
performed better when presented with runs of moth stimuli from the same type. This brings up
the question of whether or not birds would create self-generated runs of stimuli when given a
more open-ended, complex selection task where multiple attentional strategies exist.
Bond (1982) offered some possibilities on this front. He designed an experiment with
humans in which colored beads were arrayed and the task was to sort them as quickly as
possible. The strategy human participants used to sort the colors of beads was examined. For
example, the participants could choose to sort the beads by their location, picking up the bead
that was closest to the last bead that was sorted. Alternatively, participants could use a strategy in
which that stay with one color of bead until all of the beads of that color have been sorted. This
is a novel search paradigm as it allows multiple selections within a trial and it explores the
dimensionality of a stimulus. We wished to explore a similar paradigm with pigeons.
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Current Study
In our set of experiments, we aimed to examine the allocation of attention in humans and
pigeons when there were two simultaneously available tasks displayed in a visual search array.
In the first experiment, we presented pigeons with an array of up to 32 items. The array
simultaneously displayed two orthogonal dimensions, varying along brightness (light to dark)
and orientation (vertical to horizontal). An equal number of items in each dimensional task were
displayed and had an equal number of reinforced and non-reinforced items. Pigeons were able to
choose any item at any time; after an item had been chosen it would disappear from the display.
The trial ended after a brief period of inactivity; all items did not have to be selected for the trial
to end. In the second experiment, everything remained the same except that the arrays were
reduced to 16 items made up of either the 8 easiest to discriminate items from each dimension or
the 8 hardest items from each dimension. In experiment 3 contingencies remained the same, but
the array was now made up of 16 items, where items were made up from the Baseline values of 6
to 11 where 6 was now 1 and 11 was now 16 and the middle values linearly varied between these
endpoints. Experiment 4 texted human participants in as close of a paradigm as possible to the
original experiment done with pigeons as a text to see if pigeons were not staying with one
dimension due to a species difference or an experimental reason. Finally, we modeled both
pigeon and human response behaviors which capture the qualitative patterns of their responses
by starting out with certain assumptions of the strategies the different species were using.
We hypothesized that pigeons and humans would stay with one dimension until all
positive items were selected before switching to the other dimension rather than switching
between dimensions on consecutive choices as an optimal search strategy. This hypothesis was
based on the findings that show that attentional capacities are limited and therefore in this task in
order to decrease working memory load, the optimal strategy may be to stay with one dimension.
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Methods
Participants
Three male pigeons (Columbia livia) and 20 Tufts University undergraduates (Homo sapiens)
were tested. The pigeons were maintained at 80 to 85% of their free-feeding weights during
testing, and had access to water and grit ad lib. in their home cages. The humans participated for
partial course credit and provided signed consent prior to the experimental session.
Apparatus
Pigeons: Testing was held in a flat-black, Plexiglas chamber with stimuli presented on an LCD
color monitor (model: NEC Accusync LCD51VM, screen resolution:1024x768 pixels) visible
through a viewing window in the front panel (33x20cm). Pecks to the monitor screen were
detected by an infrared LED touchscreen (EZscreen EZ-150-Wave-USB) in the front panel of
the chamber. A 28V houselight was located in the ceiling and illuminated the chamber at all
times. Grain was delivered via a centrally placed hopper located in the middle of the front panel,
its access hole flush to the floor. All experimental events were controlled by Microsoft Visual
Basic.
Humans: Procedures were determined after pilot testing. Testing was held using a computer and
LCD monitor (Dell 1906 FPt; screen resolution 1280x1024pixels). Participants were seated in
front of the monitor and choice responses were recorded using a USB mouse recording at 500
Hz. All experimental events were controlled by Microsoft Visual Basic.
Stimuli
The trials were displayed on a gray (RGB 128, 128,128) background with 32 or 16 items
placed as an array that either covered the entire display (32 items) or the lower half of the display
(16 items). Item placement was counterbalanced so that items appeared in any given location an
equal number of times across sessions. Items were created using ImageMagick where each item
was15.9mm. Participants were presented with two black and white, orthogonal dimensions,
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varying along brightness (light to dark) and orientation (vertical to horizontal) with values
ranging from 1 to 16 for both dimensions (see Figure 1).

Figure 1. The two dimensions used in this experiment: brightness ranging from light to dark and
orientation ranging from horizontal to vertical. Both dimensions varied on a scale from 1 to 16.
Experiment 1
Introduction
In this first experiment, we presented pigeons with an array of 32 items that
simultaneously displayed two orthogonal dimensions, varying along brightness (light to dark)
and orientation (vertical to horizontal). An equal number of items in each dimensional task were
displayed and had an equal number of reinforced and non-reinforced items. Participants were
able to choose any item at any time. After an item had been chosen it would disappear from the
display. The trial ended after a brief period of inactivity; all items did not have to be selected for
the trial to end. We aimed to examine pigeons attentional strategies, specifically if they would
stay with one dimension before switching to the other.
Procedure
Initial training: Pigeons were first trained to peck at multiple items on the screen for nondifferential reinforcement. An orange (RGB 255,128,0) circle would appear on the gray
background. The pigeons started a trial by pecking this start signal. All 32 items (all 16 from
each dimension) were then presented in an array simultaneously. A single peck to any of the
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items would result in food reinforcement and the removal of the pecked item. Pigeons were
reinforced with mixed grain from the hopper being available for 4 seconds. The trial ended after
4 seconds of inactivity, even if all items had been selected. The inter-trial interval was 5 seconds.
Baseline: Once the pigeons were pecking at all items reliably, they then needed to
discriminate items 1-8 from 9-16 in both dimensions (see Figure 1) for differential
reinforcement. The same procedure was used as above, except that two birds were reinforced for
pecking items 1-8 (positive items) while nothing happened if they pecked items 9-16 (negative
items). The opposite was true for one bird, but in the analysis, dimensional value was
standardized so that 1 was most discriminably positive. Sessions were comprised of 20 trials
each. The first 8 sessions were analyzed in the Acquisition phase and the following 10 sessions
were analyzed in the Baseline phase. Only sessions in which pigeons completed 80% of trials
were included.
Results
Due to the novel choice selection paradigm in this experiment, there are many interesting
effects to be examined. Specifically, accuracy across sessions, accuracy across choices, response
times, percentage visited across stimulus discriminability, runs of choices by dimension, and
likelihood of staying with a dimension will be examined. Within subject effects were found to
be similar and therefore are depicted as averaged together. We found that pigeons were able to
acquire the necessary discrimination visiting positive items more often than negative items and
that they visit the most discriminably positive items most often. The pigeons were equally likely
to select the brightness and the orientation dimension at any given choice and we did not find
that pigeons attend to one dimension before switching to the other.
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Accuracy Across Sessions
The pigeons easily learned to perform the basic discrimination. Within three or four
sessions the pigeons were selecting more positive stimuli then negative ones, rising to a total of
60% of the total possible positive sites being selected and only 20% of negative sites selected
(see Figure 2). On average, during the acquisition period, the pigeons selected about 20 of the 32
available items. Of the selected items, 14 were positive (about 7 from each dimension), and the
other 6 were negative selections (about 3 from each dimension). The birds acquired the
necessary discrimination choosing positive items more often than negative items (repeated
measures [RM] analysis of variance [ANOVA] with Stimulus Assignment and Session as
factors; main effect of Stimulus Assignment, F(1,2) = 36.02, p = .027), and they learned this
discrimination across sessions (Stimulus Assignment x Session F(6,12) = 6.71, p = .003).

Figure 2. Average of three pigeons, shows the percentage of items visited across session. Birds
learned to visit positive items more than negative items in both dimensions over time.
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Accuracy Across Choices
While the pigeons were excellent at discriminating between positive and negative stimuli
in both dimensions, one way that accuracy can be examine by looking at performance on each
choice in a sequence, as this is an open-ended, free-choice experiment. Since the pigeons could
stop making choices at any point in a trial, there are a variable number of responses over the
course of the trial. In this data set there are approximately 290 first choices made in each
dimension with a linear decrease to approximately 180 16th choices made. When examining the
birds’ accuracy across these choices, we found that the birds’ accuracy peaks around choice 4
(see Figure 3). Birds become less accurate over consecutive choices within a trial. A RM
ANOVA (Stimulus Dimension x Choice Order grouped by 4) shows no main effect of stimulus
dimension F(1,2) = 0.575, p = 0.527, a main effect of choice order F(3,6) = 28.43, p = .001, and
a significant interaction F(3,6) = 7.49, p = .019. The main effect of choice order captures the
clearly visible variation over the course of the trial. While the interaction is statistically
significant, it only suggests that for choices 13-16, brightness has a slightly higher accuracy as
compared to orientation. Birds’ accuracy across choice order per dimension was compared to a
quadratic line: f=a*(x-x0)²+y0 where a is the estimate for slope, x0 is the estimated choice
number of the Max Peak (the x-value of the maximum), and y0 is the estimate for how high the
accuracy gets. This quadratic line was found to be a good fit (min R2 = .76 avg R2 = .87). Birds’
accuracy across choice order per dimension was compared to a linear fit: f = y0+a*x and was
found to be a poorer fit (min R2 = .48, avg. R2 = .66). Additionally, a one-sample t-test across
the birds’ estimates for the Max Peak confirmed that the peak was significantly different from 1
for brightness t(2) = 7.31, p = .018 and orientation t(2) = 7.15, p = .019. We found that the mean
peak of the accuracy for brightness was at choice 5.12 (SD = 1.02) and for orientation at 4.18
(SD = 0.77). This means that birds were most accurate, on average, around their 4-5th choice.
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Figure 3. Average of the three birds’ accuracy across choice order. Pigeons have a warm up
effect where they are most accurate in their 4-5th choice rather than their 1st and then accuracy is
reduced over consecutive choices.
Response Times
In Figure 4, we look at response times (in milliseconds) across choices. Response time is
based on how long it took the bird to select an item. There are 32 items on the display, (16
positives, 8 positives in each dimension) and birds are reinforced after selecting each positive
item. On their first choice, pigeons took an average of about 2 seconds to make a selection. For
subsequent choices, pigeons had either just received reinforcement or not on the previous choice.
For choices in which they were not previously reinforced for, they took about 3 seconds to select
an item. For choices that they did receive reinforcement, pigeons took about 7 seconds (but we
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must account for the 4 second hopper duration). So, for at least the first 8 choices, pigeons wait
about 2 to 3 seconds before making a choice, regardless of whether the previous choice was
positive or negative. Birds also took significantly longer to make selections of positive items
than negative items
A linear mixed model with a random effect of bird and fixed effects of Stimulus
Assignment, Previous Reinforcement, and Choice Order, and their interactions showed an effect
of Stimulus Assignment, F(1,36.63) = 77.99 p < .001. Birds also took longer to make selections
when they had been reinforced on the previous choice than when they had previously selected a
non-reinforced item (Previous Reinforcement F(1,36.63 = 201.34 p < .001). Additionally,
pigeons took longer to choose positive items than negative items, and that difference is greater
when pigeons had been previous selected a positive versus a negative item (Stimulus Assignment
x Previous Reinforcement, F(1,36.63) =28.71, p < .001).
The estimated difference between when birds were previously reinforced and not was
4336.45 milliseconds (95% CI [5277.18, 3395.71]). This shows that 4 second hopper duration is
the only substantial difference between previously reinforced selections and not. The estimated
difference between consecutive choices was 204.6 milliseconds. This means that on average each
item selection takes 204.6 longer than the last. After 16 choices, response times increase
dramatically, most likely for one of two reasons: there are 16 positive sites in the array, and
because the pigeons are extremely accurate, after 16 choices almost all of the positive sites
would have been chosen, so the increased response time could be due to an increased search time
for remaining positive sites, or it could be response inhibition waiting for the trail to end and
move on.
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Additionally, birds’ response times increased over consecutive choices (Choice Order
F(1,22.196) = 34.81, p = .001). This is true for currently positive and negative items (Choice
Order X Stimulus Assignment, F(1, 22.183) =10.66, p=.004) and previously reinforced and nonreinforced items (Choice Order X Previous Reinforcement, F(1, 22.183) =11.29, p=.003).
However, there is no three-way interaction (Stimulus Assignment x Previous Reinforcement x
Choice Order, F(1, 22.183) =4.11, p=.055).

Figure 4. Average response time of all three birds across choice order. The gray square
represents the first choice with no previous reinforcement, the black squares are following
choices that were negative and not previously reinforced, and the white squares are positive
choices that were previously reinforced. Hopper duration is 4 seconds. Pigeons took about 2
seconds to make a selection, whether previously reinforced or not, and response times increased
over consecutive choices.
Percentage Visited Across Stimulus Discriminability
Since there are 16 items in both dimensions, valued from 1 to 16, there is a spectrum of
discriminability. The items closest to 1 are the easiest to discriminate as positive and the items
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closest to 16 are easiest to discriminate as negative, and the items in the middle are the hardest to
discriminate as positive or negative. Looking at Figure 5, we see a pattern where birds likelihood
of visiting items varied by stimulus discriminability. An RM ANOVA (Stimulus Dimension x
Stimulus Discriminability Value grouped by 4) shows no main effect of stimulus dimension
F(1,2) = 0.778, p = 0.471, a main effect of stimulus discriminability F(3,6) = 93.02, p < .001,
and no interaction F(3,6) = 0.33, p = .806. The main effect of stimulus discriminability confirms
that pigeons select negative items less than positive items. This forms a psychophysical curve
where they select the most discriminably positive items most frequently. Birds’ selection across
stimulus value per dimension was fit with a sigmoidal line: f=y0+a/(1+e-(x-x0)/b) where a is the
estimate for the range of y-values, x0 is the estimated half way x location, y0 is the estimate for
the minimum y-value, and b the estimate for the rate of change from the maximum to minimum.
This line was found to be a good fit (min Rsqr = .98).
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Figure 5. Average of the three pigeons’ percentage of items visited across stimulus
discriminability value showing that birds visit the most discriminably positive item most
frequently and follow a psychophysical curve for their responding.
Runs of Choices by Dimension
To evaluate the question of whether the pigeons were selecting the positive items from
one dimension before switching to attending to the other dimension, we can use the birds’ order
of choice selection, seen previously above in Figure 3. Since the two lines are nearly on top of
each other at all points, the figure suggests the birds were equally likely to select the brightness
and the orientation dimension at any given choice. If the pigeons were selectively attending to
one dimension before switching to the other, we might expect that there would be early
responses to one dimension only and late responses to the other only. They would likely cross
around the 8th choice, the number of correct items in each dimension. However, it is also possible
that the birds are selectively attending to one dimension at a time, but that they alternate which
dimension they start with across trials or sessions, resulting in an equal number of early and late
choices for both dimensions when aggregated.
To check for this possibility, we examined the frequency in which birds selected runs of
the same dimension against a model that selected items at random (see Figure 6). Only the first
16 choices were examined since after that point, selections became unstable. If the birds
preferred a dimension, we would see an increase in their selection toward one end of the
distribution whereas the random model is equally distributed. For example, if pigeons were
preferentially selecting eight brightness items before any orientation items, that would show as a
high frequency of “0” selections, whereas if pigeons were preferentially selecting eight
orientation items before any brightness items, that would show as a high frequency of “8”
selections. A high selection of “4” selection means that pigeons are selecting 4 brightness and 4
orientation items. While the birds’ selections were statistically different from the model (Chi-
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Square Goodness of Fit, χ²(4)= 15.8, p = 0.0033; bins 0, 1, 7, and 8 were excluded from analysis
due to insufficient data,) we do not see the expected pattern as if they had selective dimensional
attention.
Additionally, we checked for the possibility that within runs of four items from each
dimension those choices were not organized in a meaningful or strategic way. We found that the
pigeons were not making selections of four items from one dimension before making selections
of four items from the other dimension. Instead the order of item that was selected appears
random, despite being four from each dimension.

Figure 6. Average response of three pigeons, examining the frequency of selections to a pattern
of dimensional runs in which 0 corresponds to 8 brightness selections, 8 corresponds to 8
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orientation selections and 4 corresponds to 4 brightness and 4 orientation selections in any order.
Pigeons' responses (black) are compared to a random choice model (white).
Likelihood of Staying
We further computed the likelihood that the pigeons would stay with a dimension. For
every choice after the first one, the probability of selecting an item from the same dimension
changes based on the proportion of items from each dimension left on the display. Additionally,
each bird might have a slight individual perceptual bias for selecting one dimension over the
other, or specific items over the others. Therefore, using each pigeon’s overall selection
behavior, the likelihood that he would make a “stay” response was calculated for each choice.
Figure 7 shows the averaged likelihood that the birds would have to stay. If the birds’ responses
fall significantly above this line, they are staying with one dimension more often than chance
would predict. If their responses fall below this line, they are switching more often than chance
would predict. Responses falling along the likelihood line indicate no preference to staying with
a dimension or switching between dimensions; their choices are based on other factors. We ran
three paired t-test pairing each Bird and his Likelihood across session which showed that two
birds preferentially switch between dimensions t(9) = 3.61, p= .002 and t(16) = 3.41, p= .004,
while one bird (Rasputin) neither preferentially stayed nor switched dimensions t(16) = .40, p=
.694
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Figure 7. Average of the three pigeons’ responses across session, compared to a computed
likelihood of staying with one dimension before switching to another. Computed likelihood is
based on probability of selecting an item from the same dimension changes based on the
proportion of items from each dimension left on the display and the pigeons’ overall selection
behavior. Because the pigeons’ responses fall below the likelihood line they are more likely to
switch between dimensions.
Discussion
We found that pigeons were able to acquire the necessary discrimination visiting positive
items significantly more often than negative items and that they learned this discrimination
across sessions. Birds were most accurate in their 4th-5th choices in both dimensions, which may
have to do with an inability to inhibit pecking to stimuli at the start of a trial. We found that birds
visit the most discriminably positive items most often. In addition, the pigeons wait about 2 to 3
seconds before making a choice their first 8 choices and take longer to make choices as the trial
progresses. The birds were equally likely to select the brightness and the orientation stimuli
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across all choices within a trial rather than having a dimensional bias, for example selecting
brightness items early in the trial and orientation items later in the trial.
Contrary to our hypothesis, pigeons did not stay with a dimension; they in fact switched
between the dimensions on consecutive choices. One possibility for these surprising results is
that pigeons are not attending to the dimensions of the items but are instead attending to the
relative discriminability of the items. If this is the case, then once they select the most
discriminable item in one dimension (brightness-1, for example), the next most discriminable
item will be in the other dimension (orientation-1) rather than the next item in the same
dimension (brightness-2). This may cause a dimensional switching effect.
Experiment 2
Introduction
Due to the lack of selective attention in pigeons' selection strategies as reflected in the
absence of any bias to stay within a recent dimensional choice, we decided to vary the difficulty
of the task by using a subset of the items to make the array easier or harder to search through.
This was done as there is evidence that selective attention is only used when task difficulty
exceeds the attention capacity of the participant (Riley and Leith, 1976) and that task difficulty
can be increased by reducing the discriminability between positive and negative items (Bond and
Kamil, 2002). Such results suggest that with increased difficulty the pigeons might show greater
attention to the dimensional nature of the arrays.
Procedure
In order to examine the effects of item discriminability on search strategies, two new
types of subsets of the stimuli were introduced to form arrays. In both of these arrays, only 16
items were presented simultaneously, and were shown on the lower half of the display. In the
Easy array, items 1-4 and 13-16 in both dimensions were presented (see Figure 8). This meant
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that the items that were easiest to discriminate as positive and as negative were presented
together. For the Hard array, items 5-12 in both dimensions were presented, i.e. the items that
were hardest to discriminate as positive and negative (see Figure 9). These trials were intermixed
with Baseline trials so that in a session of 24 trials, there were 8 of each type of array.
Reinforcement was reduced over time from 100% to 65% so that instead of receiving food after
every correct item they pecked, pigeons only received food 65% of the time the pecked a correct
item. This reinforcement probability was changed in order to keep pigeons motivated throughout
the session and to be able to introduce non-reinforced test trials in the future that might go
unnoticed. Sessions were comprised of 20 trials and 40 sessions were included in the analysis.
Non-reinforced trials: Once the pigeons were responding to Easy and Hard arrays, they
were given arrays in which they were not reinforced for any of their choices. The effect of nonreinforcement was erratic so these trials were omitted from analysis.

Figure 8 . Depiction of Easy array items in comparison to Baseline array items. Easy items were
made up from the Baseline values of 1-4 and to 13-16 where values 1-4 remained 1-4 and values
13-16 became 5-8.
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Figure 9 . Depiction of Hard array items in comparison to Baseline array items. Hard items were
made up from the Baseline values of 5-12 where values became1-8.
Results
Pigeons maintained the discrimination for both dimensions in the Easy and Hard arrays.
Additionally, in both array types, pigeons continued to visit the most discriminable items most
frequently, like in Experiment 1. Though accuracy (of both selection and non-selection behavior)
remained high for all array types, a one-way RM ANOVA revealed a significant effect of Array
Type, F(2,4) = 95.63, p < .001. We found that birds were most accurate with the 16-item Easy
(91.6%) array, then 16-item Hard arrays (81.3%), and least accurate with the 32-item Baseline
arrays (73.3%). The pairwise comparison show that there is a 10.4 percentage point difference
between Easy and Hard arrays (p = .031), an 18.3 percentage point difference between Easy and
Baseline arrays (p = .002), and an 8 percentage point difference between Hard and Baseline
arrays (p = .017). Pigeons could be more accurate with the Hard arrays than the Baseline arrays
because there are only 16 items in the Hard arrays whereas there are 32 items in the Baseline
arrays, even though the 16 items in the Hard arrays are the hardest to discriminate. Furthermore,
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the 16 items in both the Easy and Hard arrays are located on the lower half of the screen, closer
to the food hopper, whereas the Baseline arrays take up the whole screen and it is possible that
the pigeons have a preference for pecking the items that are closer to food hopper and thus are
more accurate with the 16 item arrays. Response times also remained consistent with those seen
in Figure 4 in Experiment 1 for both array types.
We examined the frequency in which pigeons selected runs of the same dimension
against a model that selected items at random in the same way as in Experiment 1. Birds’
selections were statistically different from the model (Chi-Square Goodness of Fit, χ²(4)=
129.58, p < 0.001) and showed the same pattern as in Experiment 1 (e.g., Figure 6).
We recomputed the likelihood that the pigeons would stay with a dimension based on the
proportion of items in the new 16-item array and the birds’ individual perceptual biases for each
array. Figure 10 shows the averaged likelihood that the birds would have to stay. For each bird
we performed a RM ANOVA (Array Type x Likelihood) showed that all three birds had a
significant effect of Array Type, F(2,78) = 9.09, p < .001, F(2,78) = 6.09, p = .003, F(2,78) =
3.78, p = .027. This main effect is not meaningful, however, as it only captures the changes in
the selection of items and the differences in likelihoods. The lack of an interaction for all three
birds shows that there is no effect of array type on whether the birds are more likely to stay or
switch, F(2,78) = .97, p = .384, F(2,78) = .28, p = .754, F(2,78) = 2.34, p = .103. There was a
main effect of Likelihood for two of the three birds, however, that showed they preferentially
switched between dimensions, F(2,78) = 10.87, p = .002, F(2,78) = 5.959, p = .019, (the third
bird (Harper) was agnostic to dimensionality, F(2,78) = 3.83, p = .058).
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Figure 10. Average of the three pigeons’ responses across session, compared to a computed
likelihood of staying with one dimension before switching to another. Because the pigeons’
responses fall below the likelihood line they are more likely to switch between dimensions.
Discussion
In Experiment 2, we found that pigeons were able to discriminate between positive and
negative items in both dimensions when presented in the baseline, easy, and hard arrays. As in
Experiment 1, we continued to find that pigeons preferentially switched between dimensions. We
did not find that pigeons were more likely to stay or switch between dimensions based on the
subset of stimuli used in the array. It is possible that they were continuing to use a
discriminability strategy if the Easy and Hard array items remained discriminable enough, which
is possible as these were still the items they were familiar with.
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However, pigeons were most accurate with the Easy array, then Hard arrays, and least
accurate with the Baseline arrays. This shows that we did succeed in varying the array difficulty,
but that we possibly failed to make the task meaningfully more difficult. For this reason, we
decided to create a novel stimulus set using the same dimensions that would be even harder to
discriminate from each other.
Experiment 3
Introduction
As there were minimal effects with the Easy and Hard arrays, we decided to create new
items that were harder to discriminate from each other as a better metric for examining search
strategies when task difficulty was increased. Task difficulty was increased by taking
intermediate values from the baseline array to create new stimuli that would be more similar to
each other, making the discrimination harder. We expect that by succeed in increasing task
difficulty that the pigeons would be more likely to stay with a dimension before switching to the
other.
Procedure
Items were made up from the Baseline values of 6 to 11 where 6 was now 1 and 11 was
now 16 and the middle values linearly varied between these endpoints (see Figure 11). This gave
us a new 16 items and a new scale of discriminability for each dimension for a total of 32 items.
In these Harder arrays, still only 16 items were presented simultaneously on the lower
half of the screen. To pick the 16 items that would be displayed in each trial, two items were
picked from 1-4, two from 5-8, two from 9-12, and two 13-16 in each dimension. Item selection
was counterbalanced across sessions so that every item was selected an equal number of times.
Brightness items were regenerated each session so that the birds could not memorize their dot
patterns. Sessions were initially made up of only Harder arrays, later Easy and Hard arrays were
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reintroduced so that there were 8 trials of each type within a session. Reinforcement was reduced
over time from 100% to 65% so that instead of receiving food after every correct item they
pecked, they only received food 65% of the time they pecked a correct item. The number of
pecks to a single item required to register a choice was gradually increased from 1 to a number
that varied from 5 to 10. Sessions were comprised of 24 trials and 40 sessions were analyzed per
bird.

Figure 11. Depiction of Harder array in comparison to Baseline array. Harder items were made
up from the Baseline values of 6 to 11 where 6 was now 1 and 11 was now 16 and all the
midpoints created the middle values.

Results
The pigeons continued to be highly accurate in discriminating positive from negative
items, even with these harder to discriminate stimuli. To determine if we had succeeded in
making the discrimination harder, we examined the accuracy differences across the array types.
We found that the birds were about equally accurate with the Easy and Hard arrays, and less
accurate with the Harder arrays. On average, pigeons were 86 percent accurate on Easy arrays,
80 percent accurate on Hard arrays, and 77 percent accurate on Harder arrays. A one-way RM
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ANOVA confirmed a significant effect of Array Type, F(2,4) = 32.91, p = .003. The pairwise
comparisons show a significant difference in accuracy between array types (p = .02, p = .029)
except for Easy and Hard, (p = .05). However, even if not in statistically significant the
difference is in the correct direction.
We again examined the birds’ accuracy by their choice order and found that while birds
continued to be more accurate at about their 3rd choice, this effect was very much reduced, most
likely due to the extensive training they had received with this task by this point. Response time
for choices remained consistent with Experiments 1 and 2. Pigeons continued to select the most
discriminable positive items more often, and in fact the effect was even stronger (min Rsqr = .99
when compared to a sigmoidal curve, see Figure 12).
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Figure 12. Average of the three pigeons’ percentage of items visited across stimulus
discriminability value showing that birds visit the most discriminably positive the most
frequently and follow and psychophysical curve for their responding. Triangles correspond to
orientation stimuli and circles correspond to brightness stimuli.

We examined the frequency in which birds selected runs of the same dimension against a
model that selected items at random. Again, birds’ selections showed the same pattern as in
Experiment 1 (e.g., Figure 6) and were statistically different from the model (Chi-Square
Goodness of Fit, χ²(4)= 949.32, p < 0.001).
Finally, we examined whether pigeons were selectively attending to dimension. Pigeons
continued to select brightness and the orientation dimensions equally across choices.

The

likelihood that the pigeons would stay with a dimension was recomputed for each array in this
phase. Figure 13 shows the averaged likelihood that the birds would have to stay. For each bird
we performed a RM ANOVA (Array Type x Likelihood) showing that two of the three birds had
a significant effect of Array Type, F(2,78) = .33, p = .719, F(2,78) = 6.41, p = .003, F(2,78) =
.05, p = .956. This main effect is not meaningful, however, as it only captures the differences in
the makeup of the array types. The lack of an interaction for two of three birds shows that there
is no effect of array type on whether the birds are more likely to stay or switch (F(2,78) = .23, p
= .799, F(2,78) = 4.53, p = .014, F(2,78) = .06, p = .938). There was a main effect of Likelihood,
however, that showed that one of the three birds (Harper) preferentially stayed with a dimension
before switching while the other two birds were agnostic to dimensionality (F(2,78) = 3.40, p =
.073, F(2,78) = 1.72, p = .197, F(2,78) = 4.66, p = .037).
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Figure 13. Average of the three pigeons’ responses across session, compared to a computed
likelihood of staying with one dimension before switching to another. Because the pigeons’
responses fall along the likelihood line they are no more likely to stay or switch between
dimensions.
Discussion
In Experiment 3 we found that pigeons continued to be able to discriminate between
positive and negative items in both dimensions for the Harder array types. In Harder arrays,
pigeons continued to select the most discriminable positive items more often, and in fact the
effect may have been even stronger as seen when comparing Figure 5 and Figure 12. In
Experiment 3, pigeons are selecting fewer negative items overall, and the sigmoidal function has
grown steeper. Pigeons were less accurate with Harder arrays, suggesting that we did succeed in
increasing the difficulty of the task. Despite this, only one bird showed some effect of staying
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with a dimension while the other two birds neither preferentially stayed nor switched
dimensions.
Unlike in Experiments 1 and 2, we found a change in the pigeons attentional strategy
where pigeons neither stayed nor switched between dimensions. It is likely that by increasing the
difficulty of the discrimination among the items in the array that the discriminability strategy
they had been using was no longer the most effective. Where in the Baseline arrays the stimulus
discriminability between values 1 and 2 had been meaningfully different and therefore it had
made sense to choose dimension brightness-1 and then dimension orientation-1, now in the
Harder arrays the stimulus discriminability between values 1 and 2 are no longer meaningfully
different so that choosing brightness-1 and then orientation-1 or brightness-2 is about equivalent.
Experiment 4
Introduction
In order to reduce working memory load, we would expect animals to stay with one
dimension before switching to the other. Humans have certainly shown a tendency to exhibit
such behavior in search tasks which drove our current study with pigeons (Bond, 1982). Having
not found any effects of dimensional staying in pigeons regardless of experimental
manipulations, we decided to test humans in as similar of an experimental paradigm as similar as
possible to see if humans would indeed exhibit the staying effect that we expected in this task.
We did this in order to see if the reason pigeons were not staying was in fact due to our
experimental paradigm rather than our animal model.
Procedure
Humans were tested with the same array that the pigeons initially received. Each
participant received one session made up of 48 of trials. Before the experiment starting, each
participant received a set of instructions about how the experiment worked that was shown on
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the screen and read aloud to them (see Appendix A). Just as it was for the pigeons, all 32 items
were on the display simultaneously. Humans needed to discriminate items 1-8 from 9-16 in both
dimensions (see Figure 1). For half of participants, items 1-8 were positive and reinforced if
clicked while items 9-16 where negative and nothing happened if they were clicked for the other
half of participants, the opposite was true. When a correct item was selected, a chime would play
and a box outlined at the bottom of the screen (pseudo-hopper) would light up yellow for 1200
milliseconds. This box was to be clicked as many times as possible after each correct choice to
accumulate points. This pseudo-hopper simulated the food hopper for the pigeons wherein the
birds would stop making choices to eat food after each correct choice. Participants were told to
acquire as many points as possible throughout the session by selecting the items that would make
the box light up yellow, and clicking the box when it was lit up, and to ignore items that would
not make the box light up as selecting them would merely extend the duration of each trial.
Results
Accuracy Across Trials
Of the 21 participants, 12 were able to learn the discrimination using the criteria that
participants must have 70% accuracy for both dimensions over the last 12 trials. Participants
acquired the initial discrimination in the first 12 trials, visiting positive items statistically more
often than negative items (see Figure 14). A two-way RM ANOVA (Trial

x Stimulus

Assignment) revealed a significant interaction, F(11,121) = 14.13, p < .001 showing that the.
This also caused an effect of Trial, F(11,121) = 3.35, p < .001. On average, participants selected
about 20 of the 32 available items, 16 of these items selected were positive (about 8 from each
dimension) and the other 4 were negative selections (about 3 from the orientation dimension and
1 from the brightness dimension). In other words, humans were choosing all of the positive sites
and making about 4 errors per trial, most of which were in the orientation dimension.
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Figure 14. Average of 12 participants, shows the percentage of items visited across the first 12
trials. Participants learned to visit positive items more than negative items in both dimensions
over time.
Accuracy Across Choices
For the rest of the metrics, we will examine trials 13-48 as trials 1-12 are taken as the
acquisition phase and trials 13-48 are used to examine the baseline steady-state performance
comparable to the pigeons’ baseline phase.
Humans performed very differently from the pigeons. Looking at Figure 15, we see a
very different pattern from that of the pigeons. Human participants’ accuracy decreased over
consecutive choices within a trial, similar to pigeons. Humans’ accuracy across choice order per
dimension was fit using a straight line: f=y0+a*x and was found to be a good fit for the
brightness dimension (Rsqr= 0.884) but a poor fit for the orientation dimension (Rsqr = 0.04).
For the orientation dimension, humans’ accuracy was not significantly reduced over consecutive
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choices, but it was for the brightness dimension. A repeated measures ANOVA (Stimulus
Dimension x Choice Order grouped by 4) shows no main effect of stimulus dimension F(1,11) =
4.17, p = 0.066, a main effect of choice order F(3,33) = 13.07, p < .001, and a significant
interaction F(3,33) = 9.89, p < .001. The main effect of choice order captures the decrease in
accuracy over consecutive choices. The interaction captures how participants are more accurate
with the brightness dimension for most, but not all of the trial.
Additionally, humans did not show the same effect of being more accurate after their first
choice (as seen in Figure 3). Humans’ accuracy across choice order per dimension was fit using
a quadratic line: f=a*(x-x0)^2+y0 and was found to be an equally good fit for the brightness
dimension (Rsqr= 0.89) and an equally poor fit for the orientation dimension (Rsqr = 0.01). This
means that there is no support for using the quadratic over the linear model to describe the
human data. The Max Peak was estimated at -24.84 with a SD of 53.13 for brightness dimension,
and 6.48 with a SE of 3.80 for orientation dimension. These values suggest that there is no
meaningful quadratic peak in this data.
Given the higher initial accuracy for brightness items, we examined whether participants
had a dimensional bias. A binomial test was conducted on each participants’ first choice
selection (Holmes-Bonferoni method was used to correct for multiple comparisons). This test
showed that 9 out of 12 humans had a significant preference for one dimension over the other. Of
those 9 participants, 7 of them preferred the brightness dimension and 2 preferred the orientation
dimension.

ATTENTIONAL STRATEGIES IN PIGEONS AND HUMANS

41

Figure 15. Averaged of the twelve participants’ accuracy across choice order, we see that
participants’ use a different strategy than the pigeons, having no warm-up effect and having a
higher accuracy with the brightness dimension which fades, while accuracy to orientation
dimension starts lower but remains steady.
Response Times
Figure 16 shows that on their first choice, participants took an average of about 1.25
seconds to make a selection. For subsequent choices, participants had either just received
reinforcement or not on the previous choice. For choices in which they were not previously
reinforced for, they took about 1 second to select an item. For choices that they did receive
reinforcement, participants took about 2 seconds (but we must account for the 1200 millisecond
pseudo-hopper duration). So, for at least the first 8 choices, participants wait about 1 second
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before making a choice, regardless of whether the previous choice was positive or negative.
Birds also took significantly longer to make selections of positive items than negative items
A linear mixed model with a random effect of Participant and fixed effects of Stimulus
Assignment, Previous Reinforcement, and Choice Order, and their interactions showed an effect
of Stimulus Assignment (F(1,85.63) = 6.44, p = .013). Participants also took longer to make
selections when they had been reinforced on the previous choice than when they had previously
selected a non-reinforced item (Previous Reinforcement F(1,85.63) = 167.01, p < .001).
Additionally, participants took longer to choose positive items than negative items, and that
difference is greater when participants had been previous selected a positive versus a negative
item (Stimulus Assignment x Previous Reinforcement, F(1,85.63) =9.62, p = .003).
The estimated difference between when participants were Previously Reinforced and not
was 893.21 milliseconds (95% CI [1052.56, 733.86]). This shows that 1200 millisecond pseudohopper duration is the main difference between previously reinforced selections and not. There
is, however, a remaining 300 millisecond difference remaining which may suggest some
differential processing speed for items that were previously reinforced or non-reinforced. The
estimated difference between consecutive choices was 33.25 milliseconds. This means that on
average each item takes 33.3 ms longer than the last.
Additionally, humans’ response times increased over consecutive choices (Choice Order
F(1,157.09) = 28.245, p < .001). This is true for currently positive and negative items (Choice
Order X Stimulus Assignment, F(1,157.09) =13.59, p <.001) and previously reinforced and nonreinforced items (Choice Order X Previous Reinforcement, F(1,157.09) =30.43, p<.001). In
addition early in the trial correct and incorrect item have approximately equal response times and
for previously reinforced items response times are approximately equal, however, over
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subsequent choices for previously non-reinforced items, errors have decreased response times
(there is a three-way interaction Stimulus Assignment x Previous Reinforcement x Choice Order,
F(1,157.09) =12.75, p<.001).

Figure 16. Average response of all 12 participants across choice order. The gray square
represents the first choice with no previous reinforcement, the black squares are following
choices that were negative and not previously reinforced, and the white squares are positive
choices that were previously reinforced. Pseudo-hopper duration is 1200 milliseconds.
Participants take about 1 second to make a selection and it took long to make selections on
consecutive choices.
Percentage Visited Across Stimulus Discriminability
Similar to pigeons, humans selected the most discriminable items more often in both
dimensions (see Figure 17). A repeated measures ANOVA (Stimulus Dimension x Stimulus
Discriminability Value grouped by 4) shows a main effect of stimulus dimension F(1,11) =
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5.493, p = .039, a main effect of stimulus discriminability F(3,33) = 1,031.66, p < .001, and a
significant interaction F(3,33) = 9.01, p < .001. The main effect of stimulus dimension and
interaction reflect the relatively high selection negative orientation items. The main effect of
stimulus discriminability shows that participants select negative items less than positive items
overall. Participants’ selection across stimulus value per dimension was compared to the same
sigmoidal line and was found to be a good fit (min Rsqr = .98).

Figure 17. Average of the twelve participants’ percentage visited across stimulus discriminability
value showing that participants visit the most discriminably positive the most frequently and
follow and psychophysical curve for their responding.
Runs of Choices by Dimension
We examined the frequency in which humans’ selected runs of the same dimension
against a model that selected items at random. As expected from knowing that there are biases
toward the dimensions, there are many trials in which 0 orientation items were selected in the
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first 8 choices, and several trials in which all of the first 8 choices were orientation items. This
selection pattern was clearly and statistically different from the completely random model (ChiSquare Goodness of Fit, χ²(8)= 78.38, p < 0.001) and showed a dimensional bias for brightness
(see Figure 18).

Figure 18. Average response of all twelve participants, examining the frequency of selections to
a pattern of dimensional runs in which 0 corresponds to 8 brightness selections, 8 corresponds to
8 orientation selections and 4 corresponds to 4 brightness and 4 orientation selections in any
order. Participants' responses (black) are compared to a random choice model (white).
Likelihood of Staying
Finally, we examined whether humans were more likely to stay or switch between
dimensions. Most humans, unlike pigeons, select brightness items before the orientation items.
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The likelihood that the humans would stay with a dimension was computed based on the
proportion of items in each dimension after each choice and taking into account participant’s
individual perceptual biases. Figure 19 shows the average likelihood that the participants would
have stayed with one dimension. We ran paired t-tests pairing each Participant and their
Likelihood across session trials which showed participants preferentially stay with a dimension
(all ts(11) ≤ -4.69, ps< .001). This means that the human participants adopted the strategy of
preferentially staying with one dimension while birds showed no preference for staying or
switching between dimensions on consecutive choices on any of the experiments except for one
bird in Experiment 3.

Figure 19. Average of the twelve participants’ responses across blocks of trials, compared to a
computed likelihood of staying with one dimension before switching to another. Computed
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likelihood is based on probability of selecting an item from the same dimension changes based
on the proportion of items from each dimension left on the display and the participants’ overall
selection behavior. Because the participants’ responses fall above the likelihood line they are
more likely to stay with one dimension than switch between dimensions.
Discussion
Humans learned the discrimination between positive and negative items in both
dimensions, but showed several differences in the response patterns from the pigeons.
Participants largely chose positive items from the brightness dimension in their first 8 choices
and then chose positive items from the orientation dimension for their next 8 choices.
Additionally, unlike pigeons, humans did not show the same effect of being more accurate after
their first choice.
However, similar to pigeons, humans selected the most discriminable items more often in
both dimensions and their selection behavior fit well to a sigmoidal function. Response times
also look similar to those of pigeons, though humans respond much faster overall. The most
interesting effect that we found was that unlike pigeons, humans selectively attend to one
dimension, choosing all the positive items from that dimension, before switching to selecting the
positive items from the other dimension.
As we did not find that pigeons were attending to the dimension of the items, we
explored a few models that could explain our pigeon and human responses.
Models
Introduction
In this section, we will compare models against the pigeons’ and humans’ responses.
These models begin with an assumption of the possible strategies that each species is utilizing
and examines the fit to the metrics. Two models are examined. The first is a Stay model which
has parameters set to match the humans’ type of selection behavior based on following
dimensions. Because we found evidence of dimensional staying behavior in only one pigeon
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across three experiments, we explored other strategies the pigeons may have used to solve this
task. We found that the pigeons were selecting items in order of their relative discriminability.
As a result, we designed a Discriminability model to compare to selection behavior based on
overall discriminability. The metrics we will use to examine these models will be accuracy,
accuracy across choices, runs of choices by dimension, likelihood of staying, and choices by
discriminability. By comparing the implications of these different models, it helps to provide
insight into what the birds were doing. Thus their primary goal was to capture the qualitative
patterns in the data rather than offer exacting quantitative fits to the data.
Model Behavior
Both pigeons and humans average 20 choices before they stop selecting items and the
trial ends after a brief period of inactivity. The models incorporated this behavior by setting the
number of choices to make for the trial based on a normal distribution with a mean of 20 and a
standard deviation of 2. While this models the participants’ total number of choices made in a
trial, it does not capture how many positive vs. negative items were selected, nor how many
items within each dimension were selected.
Both models make selections based on a go/no go mechanism. The program selects a
visible item at random and based on the specific criteria of the model, decides whether or not to
mark that selection as a choice or discard it. It then goes on to make a new random selection.
The Discriminability model only attended to how discriminable the stimuli were. If it was
clearly positive, it was very likely to select the stimulus, and if it was clearly negative it was
unlikely to select it. For items in between these extremes, the model’s behavior was controlled
by the same psychophysical curve that the pigeons were seen to use. To start, 20% of the time
the discriminability wasn’t evaluated and the random site that was selected is counted as a
choice. The remaining 80% of the time, the program picks a random value between 0 and 1 and
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evaluates whether this value is less than a sigmoid function where a equals the stimulus
discriminability value of the current item (see Figure 20); if the random value exceeds the
function the selection is made. Otherwise the selection is disregarded. The program then picks
another random item.
1

𝐹 = 1+𝑒 −0.8(𝑎−9.5)

Equation 1.

Figure 20. The sigmoidal function used in the Discriminability model. This shows that for a
given stimulus value the frequency in which it was rejected.
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Figure 21. Flow chart depicting the Discriminability model.
In the Stay model, there are three components that are evaluated: accuracy, dimensional
bias, and stay. First, humans were slightly more accurate with items from the brightness
dimension than the orientation dimension, therefore if the item was from the brightness
dimension it was rejected if they were less than 95% accurate whereas if it was from the
orientation dimension it was rejected if they were less than 80% accurate, otherwise the program
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continued (Figure 22). This part of the model meant that it was 95% accurate when a brightness
item was selected and 80% accurate when an orientation item was selected.

Figure 22. Flow chart depicting the first part of the Stay model which accounts for accuracy.
In the next part of the model, the program evaluated the dimensional selection bias. This
part of the model meant that in the first 9 choices, the model was 70% more likely to choose
brightness items and in the last 7 choices it was 70% more likely to choose orientation items. If
the number of choices made was less than or equal to 9, and if it the dimension was brightness,
reject the selection 30% of the time. Otherwise, if the number of choices made was greater than
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9, and the dimension was orientation, reject the selection 30% of the time. If these conditions
were met, then continue on with the model (Figure 23).

Figure 23. Flow chart depicting the second part of the Stay model which accounts for
dimensional bias.

ATTENTIONAL STRATEGIES IN PIGEONS AND HUMANS

53

Finally, the model evaluated the bias to stay with one dimension before switching to the
other. Here, 70% of the time, if the current choice was the same dimension as the previous
choice than it was accepted as a choice, otherwise it was rejected (Figure 24Figure 24).

Figure 24. Flow chart depicting the third part of the Stay model which accounts for staying with
one dimension before switching to the other.
Model Results
Accuracy
The models were compared to participants’ accuracy (see Figure 25). The models’
validity or fit was based on visually matching overall pattern not numerically matching exact
values. Humans selected more positive brightness items and fewer positive orientation items than
the Stay model. Additionally, the Stay model selected fewer negative brightness items, but about
the same negative orientation items. This suggests that while the model accounted for better
accuracy with the brightness dimension, it did not quite capture the overall selection bias.
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Pigeons and the Discriminability model show a similar pattern of selection for both brightness
and orientations for both positive and negative items.

Figure 25. Pigeons’ and humans’ accuracy compared to the two models. Pigeons’ responses are
similar to the Discriminability model and Humans’ responses are similar to the Stay model.
Accuracy Across Choices
When examining the order in which items were selected, pigeons chose both dimensions
equally across choice whereas humans started out by selecting brightness items and then
switching to selecting the orientation items. The Stay model looks similar to the humans, with
high positive responding for the first 9 choices and then high orientation responding for the last 7
choices. Humans’ choices, however, are much more linear in nature than the Stay model which is
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more of a step function in nature. The Discriminability model looks similar to the pigeons’
pattern of responding, in which items are chosen equally between dimensions. The
Discriminability model and the pigeons show a decrease in visiting positive items and increase in
visiting negative items after choice 9, however they differ in speed. Additionally, pigeons show
the peak in accuracy around choice 4 while the Discriminability model shows consistent
accuracy across choices (see Figure 26)

Figure 26. Pigeons’ and humans’ accuracy across choice order compared to the two models.
Pigeons’ responses are similar to the Discriminability model and Humans’ responses are similar
to the Stay model.
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Runs of Choices by Dimension
Figure 27 compares the frequency in which birds and humans selected runs of items in
the same dimension to the two different models. We see that pigeons’ responses more closely
resemble the Discriminability model, including the slight bias toward runs toward orientation
items, though Discriminability model is less peaked than the pigeons’ responses. The humans’
responses, however, more closely resemble the Stay model, including the including the strong
bias toward runs toward brightness items, though humans’ responses are more peaked than the
Stay model.

Figure 27. Pigeons’ and humans’ frequency of dimensional runs compared to the two models.
Pigeons’ responses are similar to the Discriminability model and Humans’ responses are similar
to the Stay model.
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Likelihood of Staying
Additionally, the likelihood of staying with one dimension before switching to the other
was examined. This metric was examined across trials as each model was run for one session of
1000 trials, each human participant was run for one session of 48 trials, and in baseline, each bird
was run for 10 sessions of 20 trials. Chance was calculated for each participant and each model
in the same way as before: For every choice after the first one, the probability of selecting an
item from the same dimension changes based on the proportion of items from each dimension
left on the display. Additionally, the likelihood that a given item was to be selected was
calculated for each participant or model.
Figure 28 shows the averaged likelihood that the birds would have to stay. We showed
previously that pigeons have no preference for staying or switching between dimensions, as
evidenced by their responses falling along the likelihood line. The Discriminability model shows
the same pattern of responding. Humans, however, respond by staying with one dimension
before switching to another, as evidenced by their response line falling above the likelihood line.
A similar pattern of responding is seen in the Stay model. It is slightly exaggerated, suggesting
that possibly the stay model is staying with one dimension more than the humans are before
switching to the other dimension.
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Figure 28. Pigeons’ and humans’ likelihood of staying with one dimension compared to the two
models. Pigeons’ responses are similar to the Discriminability model and Humans’ responses are
similar to the Stay model.
Choices by Discriminability
As we did not find any dimension staying behavior in the pigeons as hypothesized, we
explored other strategies they may be using and found they were selecting items in order of
discriminability. If we examine the average order in which pigeons and humans selected each
individual item from the most discriminably positive to the most discriminably negative, both
species, on average, choose the most discriminably positive item first, followed by the next most
discriminably positive item, and so on. Here again, however, we can see that pigeons have no
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preference between the two dimensions whereas humans are more likely to choose positive
brightness items before orientation items. The Discriminability model follows a very similar
pattern of responding as the pigeons, following a sigmoidal function where items are chosen in
order of how discriminability positive they are and irrespective of dimension. Humans, however,
show a bias toward choosing brightness items before orientation items, at least for the first 9
most discriminably positive items, after which the dimensional bias disappears. Additionally, the
sigmoidal discriminability function seen in the pigeons’ response pattern is much reduced for the
humans. The Stay model demonstrates a similar bias for selecting brightness items for the first 9
most discriminably positive items, but this continues, though slightly reduced, for the next 7
items as well. In addition, the Stay model does not show any sigmoidal discriminability function
(see Figure 29).
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Figure 29. Pigeons’ and humans’ average of choice order by stimulus discriminability compared
to the two models. Pigeons’ responses are similar to the Discriminability model and Humans’
responses are similar to the Stay model.
Model Discussion
Overall, the Discriminability model and the Stay model appear to be good starts at
modeling pigeons’ and humans’ response patterns, respectively. Specifically, on the metrics
examined, the Stay model was a good fit for accuracy, accuracy across choices, runs of choices
by dimension, and likelihood of staying. The Stay model could use improvement on the fit for
choice order by discriminability, which is to be expected as this parameter was not included in
the model, but it is interesting that like the pigeons, humans are ordering choices by the
discriminability of the items.
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The Discriminability model was an excellent fit for pigeons’ accuracy, likelihood of
staying, and choice order by discriminability. Accuracy across choice order is similar between
the pigeons and the model; however the model does not show the warm-up effect that the
pigeons have. Additionally, in the runs of choices by dimension, the Discriminability model
lacks the pigeons’ sharp peak around four items in each dimension. This is likely do to the fact
that pigeons show a preferential switching effect whereas the Discriminability model is agnostic
to dimensionality.
Optimizing parameters during computational modeling can be an arduous task. As one
parameter is changed, accuracy for example, it can have complex consequences. If we were able
to perfectly balance all parameters in the way that would match the humans’ and pigeons’
response behaviors, then we might be able to get an ideal fit on all behavior metrics; however, by
changing one parameter for a better fit on a target metric, it is difficult to know if you are
improving the fit overall when a different metric consequently drops in fit.
These two models focused on selection behavior based on the data seen from humans and
pigeons. Humans showed a propensity to stay with one dimension before switching to the other
and a brightness bias. Pigeons used a discriminability strategy, choosing items in order of what is
most likely to yield reinforcement. The models fit the species best on these metrics but left some
gaps in other behavioral metrics. For example, this modeling suggests that humans are also using
some discriminability strategy as well that was not captured in the Stay model and the
Discriminability model did not capture the pattern of pigeons’ accuracy across choice order.
Automating this set-up could help in the future so that the effects of changes to the model
could be examined in a more efficient manner. For example, if we could programmatically
guess-and-check parameter values fit against the data, the process would be much faster and
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likely more accurate. As stated above, however, only one parameter can be evaluated at a time
and therefore the program might get a great fit for accuracy, for example, but then when it moves
on to selection bias, the work that was done in accuracy could be undone. This could lead to a
circular, unfinishable process.
Finally, the model evaluates items in a go/no go fashion. This means that it looks at each
item individually and makes a “decision” about whether or not to select that item rather than
evaluating items in a relational or comparative way. Specifically for the Discriminability model,
this is like looking at each item individually and evaluating if it is the right sort of brightness
item rather than picking an item and evaluating if it is brighter than any other item on the screen.
Kacelnik, Vasconcelos, Monteiro, and Aw (2011) compared two models of choice behavior in
which two items are presented simultaneously and when an item is presented alone. They found
that starlings were processing choices independently even when they were simultaneously
available rather than concurrently. We do not know how humans and pigeons are processing this
task, in this absolute way or in a relational way, but if we were to change the program to function
in a relational way, it would be interesting to see if we could get a better fit on the behavior
metrics.
General Discussion
In three experiments with pigeons where we varied the discriminability for two
dimensions we could find no evidence of runs of staying with any dimension in a visual search
setting. In a comparable setup, however, humans do, choosing to stay with one dimension until
all positive choices have been exhausted before switching to the other dimension. These results
suggest that pigeons do not selectively attend to dimension, but that instead, pigeons attend to the
relative discriminability of the items and choose the most discriminable items first.
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There were some distinct differences in the experimental set up between the pigeons and
humans that could have contributed to the differences in strategies. The first, and perhaps most
obvious, is that the pigeons needed to peck at the screen with their beaks while the humans used
a mouse to make selections. This placed the pigeons much closer to the screen and made their
visual angle significantly larger. We calculated the visual angle for both the pigeons and the
humans using the dimensions of the screen, the screen resolution, the distance of the participant
to the screen, and the size of the stimulus (see Figure 30). For pigeons the stimulus average angle
is 20.25° (the distance of the participant to the screen was estimated at 5 cm based on video). For
humans the distance of the participant to the screen was estimated at 63.5 cm based on
observation, and therefore the stimulus average angle is 1.59°. Blough (1979) found similar
results when calculating the visual angle of humans and pigeons in his visual search paradigm.
Therefore, the differences in pigeons’ and humans’ search strategies may be rooted in their
vastly different visual perspectives. With the pigeons so close to the screen, they may have been
more apt to look at one stimulus at a time whereas the humans who were able to see more of the
screen at once may have been more likely to look at the screen holistically.
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Figure 30. Visualization of the visual angle calculator from the Affect and Cognition Laboratory.
Another experimental difference between the pigeons and humans was the task demands
set. The pigeons were working for food reinforcement which is highly motivating and extremely
important to their everyday survival. The human participants, however, were working for
arbitrary points, and even if they failed in the task, they would still receive the class credit they
came for. With these differences in incentive and ecological importance, there may be
differences in the effort and optimization of the species.
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Finally, instructions (e.g. Appendix A) were given to the human participants before they
began the experiment whereas the pigeons needed to figure out how the experiment worked by
trial and error. This was done because each human participant only received one session of 48
trials, and that was likely not enough time to learn the experiment by trial and error. In addition,
pigeons are accustomed to these types of experiments, having already been trained to peck at a
warning signal for reinforcement, whereas human participants are coming in for the first time not
even knowing that. Also, pigeons are motivated by food to keep trying different behaviors, while
humans are more likely to give up. While it is obvious that we cannot communicate with our
pigeons, the act of giving any instructions may change the strategies that the participants use in
the experiment.
This experiment also had several limitations and areas that could be improved upon.
Since reinforcement was delivered after every positive selection rather than after runs of choices,
this may have led pigeons to view choices independently of each other rather than as a cohesive,
trial-wide unit. This in turn may have led pigeons to not stay with a dimension before switching
to the other. Humans were given a similar set up, with points becoming available after every
correct choice, and unlike the pigeons, the humans did stay with one dimension before switching
to the other. Therefore, if inter-choice reinforcement were an important factor, it is unclear why
humans stayed while pigeons did not.
Additionally, to examine switch cost effects, and the effects of arrays with both
dimensions simultaneously available, we could have included arrays comprised completely of
items from a single dimension. This would have allowed for the examination of possible
decrements in accuracy and response time when participants needed to attend to more than one
dimension, which may have been prevalent even if they were not staying with one dimension
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before switching to the other. Similar to this idea, we also could have included arrays which held
all positive items (or all negative items) and compared participants’ accuracy and response times
with these arrays to baseline, mixed arrays. These types of limited composition arrays would
have given another perspective on pigeons’ attentional strategies.
The pigeons did not use a dimensional staying strategy like the humans did, or as we
hypothesized they would, and there may be several reasons for this. First, participants’ ecologies
play a role in the strategies implemented in any given task. For example, pigeons who must
forage for seed among small pebbles on the ground may implement a different search strategy
than a human who walk into a grocery store and search for a specific aisle among a vast, spread
out selection. Second, due to the reinforcement contingencies or the viewing angle needed to
peck at the screen, the pigeons may view each choice as independent of the other. If this was the
case then there would be no need to plan choice behavior across a trial. Third, the pigeons
received a significant amount of training with these stimuli whereas humans each only received
48 trials. Overtraining effects may have made it unnecessary to attend to the dimensionality of
the items. Fourth is that perhaps these are the wrong dimensions to use in this task. Maybe the
pigeons see them as related to each other, or because unlike the humans they do not have a bias
toward one dimension or another which prevented them from staying with the one they were
biased toward. Finally, perhaps these dimensions are not meaningful to the pigeons, and because
there is no dimension there is no dimensional staying.
Unlike dimensional staying, the discriminability strategy that the pigeons are
implementing is less clearly an attentional strategy. There are two possibilities that could explain
the pigeons’ behavior in this task. The first is that they are in fact planning and using an
attentional strategy based on the relative discriminability of the items, but not attending to the
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dimensions of the items. An illustration of this strategy might be a student taking a test and
searching for the easiest questions to answer first, but not caring if they were multiple choice or
essay question. Another possibility is that the pigeons are using stimulus driven effects. This
would imply that they are looking at each item independently and make selections based on the
item’s associations with food. This would lead to the effect of choosing the items that have the
strongest associations with food first (the most discriminably positive) and ending with the items
that have the weakest association with food (the most discriminatively negative).
This task can be used to further examine pigeons’ visual search strategies. We can
address some of the limitations noted above by the addition of single-dimension arrays to
examine decrements in response time and accuracy more fully. We can also change
reinforcement contingencies so that the pigeons are reinforced after several sequential correct
choices rather than each correct choice. There are two ways to do this: first we could reinforce
pigeons after several correct choices regardless of the dimension they are choosing in order to
see if this helps them to see the choices as part of a greater whole and begin staying within a
dimension on their own. Alternatively, we could only reinforce pigeons for runs of positive
choices in a single dimension. This would be effectively trying to train the dimensional staying
behavior in order to see if it is even possible for the pigeons to learn this strategy.
Additionally, we can examine whether pigeons are planning their choices ahead of time
or making every choice independently of each other by scrambling the items in the array after
every choice. It is possible that even though pigeons are not staying with a dimension, they are in
fact planning ahead, for example choosing the brightest stimuli which is on the left of the screen
and planning to choose the most vertical stimuli which is on the right of the screen next after
they eat out of the hopper. By switching around the positions of the items while the pigeons are
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not looking at the screen (while they are eating out of the hopper) we can examine decrements in
accuracy and response times as metrics for sequence planning.
By changing the two dimensions used in the task, we can examine the effects of the
specific dimensions. For example, by using local and global hierarchical stimuli which pigeons
have already shown strong preferences with (Cavoto and Cook, 2001), we can examine whether
bias to one dimension (local) over the other (global) will cause pigeons to stay with one
dimension before switching to the other, as seen in the humans’ response behavior. Additionally,
by switching to dimensions with discrete items rather than continuous items seen in the
brightness and orientation dimensions, the discriminability strategy that the pigeons were
implementing would no longer be available as a response option. Without this strategy available,
pigeons may adopt other strategies, such as dimensional staying.
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Appendix A
In this study, your goal is to earn as many points as possible by selecting certain stimuli.
To start a trial, click the orange circle at the center of the screen. An array of stimuli will then
appear. After you click on certain stimuli, a sound will play, and the score box at the bottom of
the screen will light up yellow. When the score box is yellow, click the score box as many times
as possible to acquire points. Your job is to acquire as many points as possible. Clicking on other
stimuli will not make the score box turn yellow; avoid clicking on these stimuli. They will not
help you acquire points and will only make this take longer. You do not need to click every
stimulus; the program will advance to the next trial after a brief period of inactivity. After a trial
ends, the orange circle will reappear. Click the orange circle to continue. Repeat this process
until the experiment ends. If you have questions at any time during the experiment, please ask
me. You can also review these instructions before a trial by pressing the spacebar on the
keyboard. I will be here for about a minute if you have any questions. After that, please get me
from the waiting room near the entrance door. Do you have any questions? Please ask now.
Please put on the headset and begin by clicking continue.
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