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Abstract

Choices can be controlled by a spatial pattern among goal |ocations that does not correspond to any perceptual cues. The relationship between this form
of spatial learning and other, more well understood, forms of spatia learning is described. The evidence for spatial pattern learning is reviewed and some
possi ble mechanisms are discussed.
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|. Introduction

Learning can be defined and understood as the processes that allow animals to detect systematic relations among eventsin their world. For example, events are often
correlated because of the causal relations among them. Thunder consistently follows lightning and the expectation of hearing thunder that occurs when one sees a flash of
lightning is an example of classical conditioning - the well-studied and ubiquitous learning process that allows animals to detect systematic relations among the occurrence of
two (or more) kinds of events. Another very well-studied kind of systematic relation among eventsis the fact that particular behaviors are reliably followed by particular events,
usually because the behavior is the cause of the event. For example, arat for whom food is programmed to reliably follow the pressing of alever in a Skinner Box soon learns to
pressthelever. Thislearning about the systematic relation between one's own behavior and its outcomes, of course, isinstrumenta conditioning. These forms of associative
learning have been described as the means by which the nervous system detects systematic patterns in the relations among event occurrences (e.g., Dickinson, 1980).

But relations among the occurrence of events is not the only sort of relations among events that exist. At least three other kinds of relations among events have been shown to
support learning (Table 1). If thereisasequential relationship among events presented in a series, animals come to be controlled by that relationship. For example, if arat is
presented with a series of trialsin which the number of pellets provided as reinforcement systematically increases (or decreases) over thetrial series, running speed
systematically increases (or decreases) over the trial series (e.g., Capaldi, Blitzer, & Molina, 1979; Hulse & Dorsky, 1980). It has been argued that this control is produced by a
learning process that represents the sequential relationship among the events, in this case by representing the systematic increase (or decrease) in reward magnitude (Hulse, 1978).

Learning processes that are sensitive to temporal relations among events have received a great deal of experimental and theoretical attention. The study of animals exposed to
events that are systematically separated in time by intervals on the order of seconds to minutes has led to well developed theories of learning systems specialized for learning
about the temporal relations among events (see Church, 2002 for areview).
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Table 1: Proposed Relational L earning Processes

Learning Process Type of Relation Example
One event (e.g., bell) consistently followed by a
Classical Conditioning Correlation Among Event Occurrences second event (e.g., food)
Instrumental Conditioning Correlation Between Behavior and Event Behavior (e, lever press) consistently followed by
event (e.g., food pellet)
Serial Learning Ordered Change in Event Property Increase in Reinforcement Magnitude Over Trials
Interval Timing Systematic Temporal Interval Between Events S}gc:;zanmt Avallable on aFixed Interval
Spatial Pattern Learning Systematic Spatial Relations Among Events g:nn;?]roemmt Arranged in a Consistent Spatial

This cyber-chapter is about the means and mechanisms by which spatial relations are learned. The focusis on a series of experiments that attempt to isolate learning about
the spatial relations among locations and the control of behavior by those relations.

Two illustrations of the Pole Box apparatus used in our spatial pattern learning experiments are shown below (Figure 1A, 1B). Poles are equally spaced, with separationsin
different versions of the apparatus ranging from 12 cm to 21 cm. The poles are arranged in a matrix - we have used apparatus with 4 X 4,5 X 5, and 4 X 5 matrixes of poles.
Thereisawell on top of each pole, in which a pellet (or other small food item) can be hidden. In the critical conditions of our experiments, the location of the baited poles varies
unpredictably from trial to trial. Nevertheless, the baited poles form a consistent spatial pattern over trials. Figure 1C shows one exemplar of each of three spatial patterns for
which we have evidence of behaviora control and, by inference, of spatial pattern learning. Spatial pattern learning can be contrasted with other forms of spatial learning that
have been described, as outlined in Part |1: Varieties of Spatial Learning of this cyberchapter. The evidence for control by the square (top panel), line (middle panel), and
checkerboard (bottom panel) patternsis reviewed in Part |11: Spatial Pattern Learning in the Pole Box.
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Figure 1C. Exemplars of three spatial patterns
used in experiments with the poles box (Left:
one of 16 possible exemplars of the square
pattern; Right: one of eight possible exemplars
of the line patterns; Bottom: one of two
possible exemplars of the checkerboard pattern)

Figure 1A. Drawing of 5 X 5 Pole Box apparatus (front wall
cutaway for illustration purposes). (Drawing by Morgan Figure 1B. Photograph of 5 X 5 Pole Box apparatus
Terrinoni)

Il. Varieties of Spatial Learning

" Of all the constraints on nature, the most far reaching areimposed by space. For spaceitself hasa structure that influences the shape of every
existing thing."
(Stevens, 1974)

Tolman's (1948) original construct of a cognitive map regained influence with the publication of O'keefe and Nadel's (1978) The Hippocampus as a Cognitive Map. O'keefe
and Nadel argued that the hippocampusiis the site of spatial representations and that information stored by the hippocampus includes the spatial relations among locationsin
familiar environments. Publication of this work marked the beginning of awave of experimental and theoretical work aimed at understanding the physiological and cognitive
mechanisms of spatial learning and memory.

Several mechanisms have since been identified that allow animals to navigate accurately in
two-dimensional and three-dimensional space. A relatively simple mechanism is often referred
to as beacon homing (Gallistel, 1990). A beacon is a perceived landmark (visual, auditory, or
chemical cue). Beacon homing is simply moving toward a beacon (Figure 2A). Of course,
moving toward a beacon is not atrivial problem - there must be some means of determining
when oneis moving toward the beacon. An increase in the apparent size of the perceived
beacon, for example, has been identified as a mechanism by which some animals used visual
stimuli as beacons. Detecting an increase in the concentration of a chemical is a cue that can
be used to detect the source of a chemical through beacon homing; it is used by many animals
to find food.

Figure 2A. Beacon homing. Animal moves toward (or away from) a perceived, localized cue.

Beacon homing allows animals to locate a place, aslong as there is a perceivable cue
coincident with the goal location. When cues are present, but not coincident with the goal
location, many animals are able to pilot to a goal location using landmarks that have a
consistent spatial relation to the goal location and to each other (Gallistel, 1990). In order to do
so, the animal must have learned the spatial relations among the landmarks and goal 1ocation(s)
(Figure 2B). Such learned spatial relations correspond closely to the cognitive mapping process
that Tolman described.

Figure 2B. Piloting. Animal moves toward (or away from) alocation defined by its spatial

Cheng (1986) first proposed that a global spatial frame, within which the goal location(s) is & 4o 0 Perceived, localized cue(s).

consistently located, can serve as learned spatial cues. The evidence for thisview is described
by Cheng and Newcombe elsewhere in this book. The evidence indicates that animals acquire
arepresentation of the spatial properties of the global space in which they search for food (e.g.,
arectangular arena). The representation includes the location of the goal (s) within that spatial
framework. Thelocation of afood site or other important place is coded in terms of its spatial
relation position within the represented spatial frame. Cheng argued that this process constitutes
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ageometric module which functions somewhat independently of other forms of spatial

control. In Figure 2C, an animal is navigating with arectangular area (represented by the
orange rectangle surrounding the shark). A cognitive representation of the geometric properties
of the areaiis represented by the orange rectangle inside the animal.

Beacon homing, landmark use, and control by geometry all rely on the presence of perceived
visual (or auditory or chemical) cues. In contrast, the spatial pattern learning that is the subject
of the present chapter occursin the absence of perceivable cues. Rather, the context of the
spatial pattern learning that we have studied is the configuration of hidden food locations. No
beacons or landmarks correspond to the correct food locations. In our experiments, rats are
foraging in arectangular arena, similar to the ones used by Cheng (1986). However, the food
locations on any particular tria are not predictable in terms of location within the arena. Thus,
beacons, landmarks and geometric cues can not be involved in the ability of ratsto find the

Figure 2C. Control by geometry. Animal moves with reference to the perceived shape of a

baited polesin the pole box task. space (or a perceived cue that is determined by the shape of the space (see Cheng, this
volume).

Another mechanism known to be involved in animal navigation is dead reckoning (also
known as path integration). Internal movement cues (provided primarily by the vestibular
system) allow the animal to integrate its position in space relative to a starting point (Biegler,
2000; Collett, Collett, Bisch, & Wehner, 1998; Etienne, Berlie, Georgakopoulos, & Maurer,
1998; Mittelstaedt & Mittelstaedt, 1980; Wehner & Srinivasan, 1981). Thus, when an animal

moves a given distance and direction (indicated by the arrow behind the animal, Figure 2D), the
vestibular system provides information about the distance and direction moved (relative to a
starting location). There is abundant evidence that thisinformation allows the animal to find its
way back to the starting location. 1t has been argued (e.g., Gallistel, 1991) that this ability is
mediated by a representation that has the form of avector coding the distance and directionto ~ Figure 2D. Dead Reckoning. Animal moves according to internal cues that are determined by
the starting location (indicated by the arrow in the animal's head below). Thisvector is the direction and distance of its recent movement (€.g. vestibulay cues).

continuously updated as the animal moves. In the pole box task, the baited locations have

consistent spatial relations with each other. Thus, it is possible that dead reckoning could be involved in the mechanism by which those relations are learned.

I11. Spatial Pattern Learningin the Pole Box

3.1 Control by a Square Pattern g ¢
Missing Image

Brown and Terrinoni (1996) reported the first evidence for control by a spatia pattern of baited poles. Ina4 X 4 pole Avideo, dynamic illustrati

box, one of nine possible 2 X 2 square arrangements of four baited poles was available on each daily trial. Figure 3A

illustrates the critical fact that, over trials, the identity of the baited poles was unpredictable prior to each trial, but the

baited poles were consistently arranged in the square pattern. [
] chapte

The video to the right (Figure 3B) shows atypical trial in the 4 X 4 pole box apparatus, after some exposure to a i 10 view this element.

square pattern. The baited poles during this sample trial are indicated by the red rings (superimposed on the video for

illustration purposes). Figure 3A. The pattern exemplar changes unpredictably from
tria totrial. (Animation will show a sequence of examples)

As this sample trial suggests, rats come to be controlled to some extent by the consistent spatial arrangement of the
baited poles. Prior to each, the location of the baited polesis unpredictable unless, of course, the rats can perceptually
detect them - using odor cues, for example. We have consistently found in all of our pole box experiment that, in fact, the
rats are no more likely to choose a baited pole than would be expected on the basis of chance. Thus, the rats are not

locating the baited poles using odor or any other perceptual cues. Missing IS

A video, dynamicillus
If arat learned that the baited poles are arranged in a2 X 2 square pattern, then the discovery of one or more baited or other:elemen,
poles might be expected to provide information about the location of the remaining baited poles. In particular, after the g
discovery of one baited pole (indicated by the black circlein Figure 3C, left panel), the square pattern indicates that the
remaining three baited poles must be among the eight nearby poles (indicated by the yellow circles).

online format to view this element.

After the discovery of two adjacent baited poles (Figure 3C, center panel), the square pattern indicates that the
remaining two baited poles must be one of two adjacent pairs of poles (indicated by the yellow circles). And after three
baited poles have been discovered (Figure 3C, right panel), the the location of the one remaining baited pole is completely

: Figure 3B. Video example of pole box trial.
determined.

Figure 3C. Logic of control by asquare pattern. Black circles represent discovered baited poles. Y ellow circles represent poles that may be baited, given location of discovered baited poles. Green circles
represent poles that must be baited, given location of discovered baited poles.
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The clearest evidence for behavioral control by the square pattern comes from an analysis of the
choices that immediately follow the discovery of the second and third baited poles. Following the
second discovery of the baited pole (marked "2" in Figure 4), is the rat relatively more likely to next
choose a pole that conforms to the pattern (i.e., the two poles marked "S")? An accurate assessment of
such control by the pattern requires that two other factors affecting pole choices be considered. First,
there is a strong tendency to choose poles that are spatially proximal to the most recently chosen pole.
Thus, the analysis compares choice of poles that conform to the pattern ("S" polesin the figure) to
choice of polesthat are also adjacent to the most recent choice but do not conform to the pattern (the
"X" polein thefigure). Also, rats may have atendency to avoid revisits to poles chosen earlier in the
tria, just as they avoid revisits to maze armsin aradial-arm maze (Olton & Samuelson, 1976). In fact,
itisclear that rats are able to avoid pole revisitsin the pole box task, abeit to amuch lesser extent than
they avoid revisits of maze armsin the radial-arm maze. To control for any possible confounding of
control by the pattern with control by previous pole visits, only initial visitsto poles are included in the

analysis (i.e., revisits of poles are not included in the analysis). Figure 4. Logic of the Brown and Terrinoni analysis of choice conformity to the
square pattern following discovery of a second baited pole. 1 = first baited pole
. . L . . . chosen during trial; 2 = second baited pole chosen during atrial; S = poles

Figure 5 shows the results of this analysis in the experiment reported by Brown and Terrinoni adjacent to the second baited pole chosen that conform to the square pattern; X =

(1996) in which rats were exposed to a square pattern for 120 daily trials. The empirical results, poles adjacent to the second baited pole that do not conform to the square pattern.

shown in blue, arein terms of the proportion of choices made immediately following the discovery of a ~ Green arrows show conforming moves and red arrows show non-conforming

Secol i i i i i acen i moves. The analysis compares the proportion of moves conforming to the pattern
_“d bai te.d r?orlle andto aprevi 0q5|y uﬂv!Sted andlspanal ly adjed bt p;ﬂ ? g,hl CT W(_ere t_o apole to the proportion expected on the basis of chance, based on these values for each

consistent with the square pattern (i.e., cl o_|cesto poles represented by the polesin Figure 4). _ rat cumulated over trials,

These data can be compared to the proportion that would be expected on the basis of chance, shown in

red. This proportion is given by the proportion of previously unvisited and spatially adjacent poles that

were consistent with the pattern.
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So, in the example trial above, the Proportion Expected is:

2("S" poles) / 3 ("S" poles+ "X" poles, assuming that none of them have been previously visited g 1.0 4 Proportion Obtained
during thetrid) = .67 I
g 0.9 .

Note that the expected proportion is affected by the number of adjacent poles that have been prd
previously visited during the trial and by the location of the square exemplar on any given trial (i.e., f 0.8 1 T
whether the square isin the center, edge, or corner of the pole box matrix). The proportions obtained E d Proportion Expectad
and expected were calculated for each rat during each trial block. The rats chose poles that were s 07 ® L
consistent with the square pattern more often than expected by chance, and this difference increased w ®
over the threetrial blocks. ; 06 -

Choices following the third discovery of a baited pole were analyzed separately in adirectly E 05 |
analogous manner. Figure 6 shows an example of the possibilities for choices included in the analysis i
following discovery of the third baited pole. In this case, thereis always exactly one pole consistent E
with the pattern (i.e., the remaining baited pole) and up to two choices that would be inconsistent with 0.4 1 2 3

the pattern.
Bilocks of 40 Trials

The obtained and expected proportions
of choices made that were consistent with Figure 5. The proportion of choices following discovery of asecond baited pole
the pattern in Brown and Terrinoni's that conformed to the square pattern was greater than the proportion expected on
experiment are shown in Figure 7. Again, _the basis of chan_ce. The difference between empirical and expected performance
rats chose poles consistent with the square inereased over trial blocks
pattern more often than would be expected
on the basis of chance and the tendency to
do so increased over the course of the experiment.

SYCHCHe
O®0O0
0O00O0

We have replicated Brown and Terrinoni's evidence that choices come to be controlled by a square pattern of
baited poles several times (Brown, Yang, & DiGian, 2002; DiGian, 2002; Lebowitz & Brown, 1999; Wintersteen,
Figure 6. Logic of the Brown and Terrinoni analysis of choice 2003).
conformity to the square pattern following discovery of athird
E;I:;’ ,‘jﬁ:jcﬁo‘;'{i’:ﬁ;ﬁﬁ? ;le; ghﬁ,?rﬂ“,;;‘?egﬁ‘);: C&gﬂiri ng Oneimportant detail in al of these experimentsis that we use several methodological and analytic techniques to
atrials; S= poles adjacent to the third baited pole chosen that be sure that the choice of baited poles can not be explained by any perceivable cue. The most obvious possibility is
conform to the square pattern; X = poles adjacent to the third baited  that the rats can use odor to locate baited poles. In all of our recent experiments, we use poles that include a"sham"

pole that do not conform to the square pattern. Green arrows show bait pellet. The structure of these polesis shown in Figure 8.
conforming moves and red arrows show non-conforming moves.

The analysis compares the proportion of moves conforming to the

pattern to the proportion expected on the basis of chance, based on -‘

these values for each rat cumulated over trials. i
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& Proportion Obtalned Figure 8. Outer sleeve of pole (being held) and

o 07 1 ¢ inner core (to right). Sham pellet (on every pole) is

r // placed in well at top of inner core. Baited poles

g 0.6 o have a second (accessible) pellet in the well at top

= of seeve.

T o5 Proportion Expectsd

,5 ® L L

s 04 Each pole is constructed with an inner core of dowel. A single "sham" pellet is hidden in awell drilled in the top
3 1 2 # of the pole. The coreis covered by asleeve made of PV C (removed from the core for purposes of thisillustration).

Blocks of 40 Trials The top of the sleeve includes awell in which asingle pellet can be hidden when the pole is baited. The floor of the

well is nylon mesh material. Thus, any odor from the 45 mg sucrose pelletsis present in every pole. However, only
E;%léf 7. lTTE;?'OPOf'T'O”gtC’mO%fO"°W£g d'swvefyaf at:]h"dth the baited poles contain a pellet that is accessible to the rat. The second means of determining whether odor or any
pole conformed to the square pattern was greater than the . . . . . ™ . .
proportion expected on the basis of chance. The difference between other qther perceptqal cues pla_ty aroleinlocating th<_a baited polgs isto exami ne rats abll_lty to locate thgflrst k?alted
empirical and expected performance increased over trial blocks. pole discovered during each trial. Because the location of the baited poles varies unpredictably from trial to trial, the
ability to locate the baited poles should be no more accurate than expected on the basis of chance - unless the rats can

detect the pellets perceptually.




We have examined this aspect of performance in each of the experiments we have done using the pole box apparatus. We have not found any evidence that rats locate the
first baited pole any better than would be expected on the basis of chance. (See Lebowitz & Brown (1999) for a discussion of some of the complexitiesinvolved in this
measure.) Thus, the ability of rats to locate additional baited poles after discovering the location of one baited pole must be based on learning the pattern.

3.2 Control by aLinear Pattern

In several experiments, we have shown that choices can also be controlled by alinear pattern of baited poles. In some of
these experiments, the baited poles form either one row or one column of the pole matrix (Brown & Terrinoni, 1996; Brown,
DiGello, Milewski, Wilson, & Kozak, 2000). In others, the baited poles form alinear pattern with the same orientation on Missing Image
every trial, but adifferent row of the matrix (DiGello, Brown, & Affuso, 2002; DiGian, 2002). This latter version of alinear A video, dynamicillu
patternisillustrated in Figure 9. or other element go

The video in Figure 10 shows atrial in the experiment of DiGello, et al. (2002). One of the four rows of polesis baited on
each trial. The baited poles on this sample trial are the four poles in the row adjacent to the wall of the pole box that cuts

! ' PIe ' ! . Please see the vb‘trclia’pter inits
across the lower right corner of video (indicated by the green arrows superimposed on the video). Those four poles are baited ine format 10 view this element.

on 25% of the trials, with each of the three parallel rows of poles also being baited on 25% of the trials.

Two feqtures of the linear pattern_are parti cularly interesti ng_for our Figure 9. Several exemplars of the row pattern,
understanding of pattern learning. First, an alternative explanation for (Animation will show a sequence of examples)
control by the square pattern involves spatial gradients of generalized
excitation surrounding baited poles that have been discovered. That is,
when arat finds a baited pole, perhaps the area surrounding the pole increases in attractiveness - aform of generalization.

Missing Image
A video, dynamicillust

Figure 11 illustrates how two overlapping gradients of excitation (represented by the green areas) centered on two
previously discovered baited poles can result in more generalized excitation to poles that are consistent with the square
pattern (i.e., the poles above and below the previously discovered baited poles) than to adjacent poles not consistent with the
pattern (i.e., the pole to theright of the 2nd discovered pole). Thus, control by the square pattern could be explained by
Figure 10. Video of trial in experiment using the row generalization. A line pattern, however, requires that rats make choices that are inconsistent with generalization. Thus,
pattern. The poles baited on this exampletrial areindicated  CONtrol by the line pattern rules out ageneral explanation of control by spatial patternsin terms of generalization.
by the green arrows.

The second important feature of the the row pattern is the fact that locating an unbaited pole (as well aslocating a baited
pole) provides potential information - if one polein arow is not baited, then none of the polesin that row are baited. We
have shown that rats' choices are controlled by this contingency (DiGello et al., 2002).

DiGello, et al. tested ratsin a4 X 4 pole box in which one of four columns of poles was baited on each trial, asin the
video in Figure 10. If arat has discovered one or more baited poles (e.g., the pole indicated in black in Figure 12A), then the
remaining baited poles are determined - they are the other poles in the same column (e.g., the polesindicated in yellow).

If arat chooses a pole and that poleis not baited (e.g., the pole indicated in green in Figure 12B), then none of the
remaining three polesin that column are baited, and the baited poles are in one of the three remaining columns. Thus,
although determining that a poleis not baited does not provide as much information as discovering a baited pole, it does
narrow down the possibilities. DiGello, et a. (2002) showed that rats come to be controlled by both sources of information.
They acquire both atendency to choose poles in the same column after choosing a baited pole and a tendency to choose poles

Figure 11. Explanation for control by a square patternin in adifferent column after choosing an unbaited pole.
terms of overlap of spatial generalization gradients around
the previously discovered poles. In the this case the
gradients produced by two baited poles discovered earlier in (B)
thetrial overlap at the location of poles that conform to the (A)

square pattern, but not at the location of poles that do not.
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Figure 12. (A) Positive information provided by choice of a baited pole when a column patternisin force. When abaited pole is chosen (black
circle), the remaining baited poles (yellow) are in the same column. (B) Negative information provided by discovery of an unbaited pole when a
column patternisin force. When an unbaited pole is chosen (green circle), the remaining polesin that column are not baited (unfilled circles) and the
baited poles are in one of the three other columns (yellow, orange, or red).

3.3 Control by a Checkerboard Pattern _ Missing Image
A video, dynamicillu

A third spatial pattern that we have studied is the checkerboard pattern. This pattern has only two exemplars, asillustrated or other element
in Figure 13.

Our analysis of control by the checkerboard pattern involves consideration of the relative probability of three kinds of
"moves’ (transitions from one choice to the next). Thefirst is choice of a pole adjacent to the pole most recently chosen. In
Figure 14, filled circles represent baited poles and the arrows indicate two examples of an adjacent move (left panel). An
"adjacent" move is consistent with the checkerboard pattern following choice of an unbaited pole (i.e., an adjacent move Figure 13. Animation of the two exemplars of a
following choice of an unbaited pole would result in choice of abaited pole). However, an adjacent move following choice  checkerboard pattern.
of abaited pole would result in choice of an unbaited pole.
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Figure 14. Transitions from one choice to the next that are diagnostic of control by the checkerboard pattern. I al I |_|
Black circles represent poles that were baited at the beginning of the trial. Arrows show diagnostic transitions. n.0 T
Arrow with red " X" indicates transition contra-indicated by pattern. Adjacent  Skip  Diagonal
Left Panel: Adjacent moves correspond to choice of abaited pole only if they are made from an unbaited pole. 1.0
Middle Panel: Skip moves correspond to choice of a baited pole only if they are made from a baited pole. c Block 2
Right Panel: Diagonal moves correspond to choice of abaited pole only if they are made from a baited pole. _E 0.8
8_ 0.6
=

A "skip" move is choice of apole separated by one pole (in either arow or column of the pole matrix) from the most o o4
recently chosen pole. As shown in Figure 14 (middle panel), a skip move is consistent with the checkerboard pattern (i.e.,
would result in choice of abaited pole) following choice of abaited pole, but not following choice of an unbaited pole. 02 I I |_|

0.0 =

Finally, a"diagona" move is choice of apole that is adjacent along adiagonal axis to the most recently chosen pole. As Adjacent  Skip  Diagonal
shown in Figure 14 (right panel), a diagonal move (like a skip move) is consistent with the checkerboard pattern following 1.0 Block 3
choice of abaited pole, but not following choice of an unbaited pole. 0.8

Brown, Zeiler, & John (2001) found that rats acquire atendency to make adjacent moves following choice of an unbaited 06
pole and skip and diagonal moves following choice of abaited pole. Figure 15 shows their datain an experiment with 60
daily trials. Over the course of three blocks of 20 trials each, the relative likelihood of adjacent moves increases following 04
choice of an unbaited pole and decreases following choice of abaited pole. The opposite chance occurs for skip moves and 0.z
diagonal moves. Thus, rats acquire tendencies to make choices that conform to the checkerboard pattern in which baited I I 0
poles are arranged. This evidence for control by a checkerboard pattern was replicated by Brown and Wintersteen (2004). 0.0 ) =

Adjacent Skip Diagonal
These results show that rats can learn avariety of spatial patterns. It should again be emphasized that these are not spatial Choice Transition Type

relatior?s amoryg particular place§ defineq by their Iocation‘in allocefmic space. The location of food varies un_predictably‘ Figure 15. Results from Brown, Zeiler, & John (2001).
from trial totrial. Thus, the spatial relations among the baited locations must be abstracted from any alocentric map that is By Trial Block 3, Adjacent moves were more likely
anchored by specific locationsin space. We infer that an abstract representation of the spatial pattern is formed as the rat following choices of an unbaited pole, whereas Skip and
experiences the spatial relations that exist anong places where food has been found within each trial. The next section Diagonal moves were more likely following choice of a

explores some mechanisms that might be involved in this ability. :’}?eﬁﬁ;b;;?;;ﬁ t;a’:g/fe evidence of control by

IV.How isa Spatial Pattern Learned and How isit Used: Motion, Memory, & Mapping

Clearly, spatial choices can be controlled by the spatial relations among goal locations despite
the fact that those goal locations are not designated by any visual or other perceivable beacons,
landmarks, or geometric cues. What is the mechanism of this spatial pattern learning? Missing Image

A video, dynamic
or other.elel/{r goes |

One possibility is that rats acquire response tendencies that result in choice of poles with
particular spatial relations to previously chosen poles, and that such acquired response tendencies
constitute the mechanism of control by spatial patterns (Olthof, Sutton, Slumskie, D'Addetta, &
Roberts, 1999). After being exposed to the square pattern, for example, arat might acquire the
following response tendency: After finding two adjacent baited poles, turn left or right and choose
the next pole (Figure 16A). This rule would result in finding athird baited pole. It requires that
therat discriminate and remember the spatial relation between the first two baited poles and then
respond in amanner that is contingent on that relationship.

It is not a

A similar (although somewhat more complex) rule could be acquired that would increase the Ei_gtlﬁ 16|- *) r']“” 5’? eXP':TT;g’_‘ of correct rzf’ondi?g)fg'mggg dilsc";t‘?y ‘Lfft‘"’o o
. . . . . al poles when pole are bal Inasquare pattern. n explanation or corr
likelihood of choosmg the fourth bgted polein asquare pattern. The response rplethat would responding following discovery of two baited poleswhen poles are bited in alinear
produce control by alinear pattern is the converse of the one that would be acquired for a square pattern.
pattern: After finding two adjacent baited poles, move in the same orientation as those two poles

and choose the next pole (Figure 16B).

In the case of a checkerboard pattern, the description of aresponse tendency explanation of control by the pattern corresponds directly to the measure of control by the
checkerboard pattern described in Part |11: Spatial Pattern Learning in the Pole Box. That is, rats develop a tendency to make adjacent moves following choice of an unbaited
pole and/or a tendency to make skip & diagonal moves following choice of abaited pole.

Brown, Zeiler, and John (2001) showed that the acquisition of such response tendencies cannot explain control by spatial patterns, at least in the case of the checkerboard
pattern. Brown, et al. (Experiment 2) exposed rats to a checkerboard patternin a5 X 5 pole box. Barriers (constructed of plastic mesh material allowing the rats to see through
the barriers) prevented moves to poles in the same row or column (Figure 17). Thus, without walking around a barrier, rats could only choose poles along a diagonal axis.

Therefore, during this training phase, arat could not have acquired response tendencies that correspond to adjacent or

o o S S o skip moves. Nevertheless, when the barriers were removed, the rats immediately demonstrated a stronger tendency to
O *s 0/ ' O/ make adjacent moves following choice of an unbaited pole and a stronger tendency to make skip moves following choice
S /0 // . //O /. s of abaited pole. Thisresult shows that spatial relations among goal locations control behavior in the absence of specific
4 //’ S s response tendencies.
o 8.0 8,0,/ , , _ _ .
e / /-" e If the mechanism of control by spatial patternsis not the development of response tendencies, then what isit? We
Ve YW Wdls! e ® 7 conclude that an abstract representation of the spatial relations among the goal locationsis acquired. Such arepresentation
: e ] _ // e / // would alow novel paths from one goal location to another to be followed. Thelogic of the Brown, Zeiler, and John's
SO S0 e 0 (2001) experiment and the conclusion that aflexible spatial representation is necessary to explain the results are analogous
7 - ’ to Tolman, Richie, and Kalish's (1946) classic "shortcut" experiment and the resulting argument that a flexible

) ) representation (cognitive map) of familiar locationsis acquired. However, thereisacritical difference between the
Figure 17. Exemplars of the checkerboard pattern, with clear  gnatig) relations involved in the pole box task and the spatial relations among particular locations. In the case of Tolman's
plexiglass walls forming diagonal alleys of poles shown. This . - . . . e
arrangement was used during the tréining phase of Brown, experiment, asin the case of amost all more recent and current work on cognitive mapping, the locations are specific
Zeiler, and John's (2001) experiment. locationsin allocentric space, defined by spatial cues (e.g., beacons, landmarks, geometric cues). In the pole box task,
however, the goal locations vary unpredictably from trial to trial. The goal locations, therefore, must be coded in a

temporary manner. The relationships among the baited locations, on the other hand, are consistent across trials and must




be coded in a permanent manner in order to effectively control choicesin accord with the pattern. Thisisthe sense in which the spatial pattern must be abstract: it must be
abstracted from the relation of the particular locations that are baited on particular trials.

In order to abstract the spatial relations among goal locations, given that the goal locations change unpredictably in allocentric space, rats must somehow be perceiving the
spatial relations among the baited poles found during individual trials. Two possible mechanisms for doing so can be distinguished. First, aworking memory system could be
used to code the alocentric location of poles previously discovered during atrial. The spatial relations among those locations could then be determined on the basis of working
memories for their locations. The abstracted spatia relations among baited locations would then be coded in a more permanent memory system. According to thisview, the
process of spatia pattern learning is analogous to concept learning in that the spatial relations are abstracted from particular exemplars of baited pole |ocations experienced over
trias.

Alternatively, adead reckoning system could be used that integrates the distance and direction from each baited pole
discovered to the next. According to this view, rats need not code the locations of particular baited poles during the trial.
Instead, their spatial relationship is coded directly in terms of the vector provided by dead reckoning as the rat movesin the Missing I
pole box and chooses poles. A new vector isinitiated each time the rat discovers abaited pole. The resulting set of vectors
specifying the relations among each pair of poles forming the pattern constitutes the learned spatial pattern.

Avideo, dynam

We recently completed a series of experiments designed to investigate the possibility that working memory for the
location of previously discovered baited polesisinvolved in pattern learning. To do so, we devel oped pole box apparatus
that allowed us to provide visua cues corresponding to poles visited during each trial.

The video in Figure 18 shows atrial from an experiment using the first of two versions of this apparatus. Astherat
visits poles, a spotlight (produced from above using a data projector) marks the location of visited poles. It was expected
that such cues would allow the rats to make fewer revisits of poles. The question was whether it would also enhance Figure 18. Video of rat in in polebox with feedback
control by the checkerboard pattern of baited poles. If so, that would constitute evidence that working memory isalsoused ~ Stimuli indicating chosen arms. Click image to play video.
to keep track of where the previously discovered baited poles were, and that these temporary memories about the elements
of particular exemplars of the pattern are involved in the ability to learn the abstracted pattern.

Unfortunately, the visual cues had no effect on either pole revisits or control by the
pattern. Itislikely that thisfailure of the cues to affect behavior was due to the
brightness of the light produced by the data projector. We suspect the the rats may not
have been able to discriminate the cues because they were masked by the ambient light
produced by the projector.

A modification of the technique used to provide visual cues resulted in cues that did
affect behavior. The base of the polesin this second version of the apparatus (shown
in Figure 19A) were constructed of translucent material and mounted on top of holes
cut in the floor of the arena. A data projector was used to project light up from
underneath the apparatus, thereby allowing polesto beindividualy illuminated (as

(B) Close-up of polesinthe  shown in Figure 19B).
Brown and Winterseetn

?gf;f;ﬁﬁd T:Li;n Brown and Wintersteen (2004) trained rats with one of the two exemplars of the

illuminated. Two polesin checkerboard pattern defining the location of the baited poles on each trial. During
background are training, the base of the pole was illuminated whenever arat choose the pole (or, for

£ °| illuminated. Pole TMami P :
15t H il Umination was used a8 2 half of therats, al the poles were illuminated at the beginning of the trial and the

Figure 19. (A) Apparatus used by Brown and Wintersteen. Transiucent cueindicating whether pole illumination was turned off when the rat visited apole). During atest phase, half of
base of each pole can beilluminated from below had been visited earlier the trials did not involve use of the visual cues (the illumination of the poles did not
during thetrial. change). This allowed comparisons of performance with and without the visual cues

corresponding to visited locations. The visual cues did enhance the ability of the rats

to avoid revisits to poles visited earlier during the trial. However, there was no
evidence that the cues had an effect on control by checkerboard spatial pattern. Because visual cues corresponding to visited poles facilitated the ability of rats to avoid revisits
of those poles but had no effect on control by the checkerboard pattern, Brown and Wintersteen argued, the working memories for pole locations used to avoid revisits must not
be involved in the acquisition of pattern learning or in the use of learned patterns to locate baited poles. They suggested that two separate working memory systems may be used
in the pole box task: one set of working memories reduce visits to those (previously visited) locations and a second set of working memories code the location of previously
discovered baited poles.

Although the existence of two separate working memory systems can explain the dissociation of memory for previous
pole visits from control by spatial patterns, another possibility is that working memory for the location of previously visited
polesisnot involved in the learning or use of spatial patternsat all. Instead, rats could acquire the spatial pattern of baited

poles using dead reckoning. Dead reckoning could be used to detect and code the spatial relations among the poles baited in O 00O
apattern if discovery of abaited pole defines the end of integration of one dead reckoned vector and the beginning of e 00O
another. Furthermore, the product (vectors) of the dead reckoning process would have to be stored acrosstrias. Biegler O O 0\ O
(2000) has proposed an anal ogous function of dead reckoning in the development of allocentric cognitive maps (see Biegler 1

in this cyberbook). 00 ®O0

Figure 20 shows a hypothetical path of arat as it moves from one baited pole to another. Note that the route of the rat
might be quite indirect and might include visits to other (non-baited) poles. The suggestion is, however, that the discovery of  Figure 20. llustration of path integrated spatial relation
abaited pole defines the end of an instance of path integration (and the beginning of a new one). Thus, each transition from between two poles. Rat follows path indicated in red
one baited pole to another produces a vector (the arrow in Figure 20) that defines the spatial relationship between thosetwo ~ from on poleto the other, but codes the spatial relation

. - . between them asindicated by the arrow, based on
baited poles. Each transition from one baited pole to the next would produce one such vector. information provided by path integration.


http://www.pigeon.psy.tufts.edu/asc/Biegler/Default.htm
http://www.pigeon.psy.tufts.edu/asc/Biegler/Default.htm

The resulting vectors would be cumulated over discoveries of baited poles both within atrial and over trials. Over the course of trials,
the square, line, and checkerboard patterns would result in a set of vectors that code the spatial relationships among the baited polesin the
three patterns. In Figure 21, the vectors produced by dead reckoning are represented by the lines connecting the (green) goal locations.
The goal locations are defined exclusively in terms of the vectors. That is, there is no coding of the location of the goal locationsin
alocentric space. Their position islearned only in relation to each other. Dead reckoning provides a mechanism for this relational spatial
coding.

A weakness of this account of spatial pattern learning is that it does not explain the ability of ratsto
choose in accordance with the pattern after choosing an unbaited pole. This ability was clearly shown in the
case of aline (row) pattern by DiGello, et a. (2002). Furthermore, the tendency to choose adjacent poles
following choice of an unbaited pole in the checkerboard pattern also indicates that rats not only learn the
spatial relationships among baited poles, but also learn the spatial relationships between baited poles and
unbaited poles.

Itis, of course, possible to extrapolate the dead reckoning view of pattern learning by proposing that the
spatial relationship between all pairs of consecutively chosen polesis discriminated using dead reckoning

Figure 21. Hypothetical vectors
representing abstracted spatial relations

among locations (green dots). These and that the bait status of the poles is also coded along with the resulting set of vectors. Anillustration of

could be formed as aresilt of moving one version of thisideais shown below for the checkerboard pattern (Figure 22). The green nodes represent  Figure 22. Hypothetical
among the locations via dead reckoned baited poles and the red nodes represent the unbaited poles that separate the baited poles in the rows and vectors representing
spatial relations. columns of the matrix. Learned vectors define the relations among the baited locations and between the abstracted spatial relations

among two kinds of locations
- baited (green dots) and
unbaited (red dots)

adjacent baited and unbaited locations.

Thus, dead reckoning provides a potential mechanism for abstracting the spatial relations that control choices in the pole box. We do not yet
have any direct evidence for or against the possibility that dead reckoning is providing thisinformation. Abstraction of the spatial relations among
baited poles may be mediated either by working memories for the particular locations baited on individual trials or by dead reckoning.
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