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ABSTRACT 

Discrimination learning, ttie ability to better discriminate fine perceptual changes, 

is an important skill humans possess. In the present set of studies, some of the 

parameters that govern line orientation discrimination learning are examined along with 

theories of the mechanisms underlying such learning. Specifically, three questions are 

addressed. 

First, how does training on one part of the orientation dimension affect the rest of 

that dimension? When subjects were trained with one pair of orientations at one retinal 

location, learning that was a true change in perception did occur. When subjects were 

tested with a novel orientation, rotated 90 degrees at the same retinal location, significant 

interference was found. 

Next, how training at one part of the orientation dimension affects the retinal 

location dimension was examined. Retinal location is coded in the same part of the brain 

as orientation and therefore may also be affected by training. Training with one pair of 

orientations at one retinal location did have an effect on at least one neighboring retinal 

location such that performance dropped below baseline, indicating interference. 

Finally, how training on the entire dimension of orientation affects the process of 

discrimination learning was examined. Training subjects with four pairs of orientations 

that span the entire orientation dimension did allow learning to occur. This learning may 

not have been a true change in perception. When tested with a novel, intermediate pair of 

orientations, previous learning may have positively transferred, but did not appear to 
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interfere. Testing with a neighboring retinal location showed no sign of interference as 

did training with one pair of orientations. 

Based on the neurophysiological studies on monkeys by Recanzone et al. (1992; 

1993), it was suggested that increased discrimination ability occurs through the 

reorganization of cortical sensory maps such that there is more cortical area devoted to 

the practiced stimuli. The results of the present set of studies suggest that discrimination 

learning does occur by recruiting neighboring cells to respond to the practiced stimuli 

when learning is occurring for one part of a dimension. When learning occurs for an 

entire dimension, a different mechanism appears to be at work. 
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GENERAL INTRODUCTION 

Learning to differentiate among similar stimuli is an important skill. An example 

of "differentiation" or discrimination learning is the detection of tumors on x-rays by 

highly trained radiologists. To novices, all x-rays look alike, but with extensive practice, 

an observer can distinguish subtleties and see the relevant shadows. Similarly, the 

automobile mechanic leams to differentiate the sound of a smoothly running engine from 

a poorly tuned engine. The quality control worker leams to feel the difference between 

good fabric and fabric with defects. Perceptual improvement was systematically studied 

by Eleanor Gibson in 1969. She distinguished differentiation learning from other types 

of learning, such as explicit memory or conditioning. The mechanisms underlying this 

ability to leam to discriminate remain largely unknown. The present set of experiments 

sets out to understand the mechanisms underlying discrimination learning by examining 

how this type of learning generalizes. These experiments will result in a better 

understanding of the psychological and neurophysiological mechanisms that underlie 

differentiation learning. 

Differentiation or discrimination learning is a process in which two stimuli are 

initially perceived as indistinguishable. For example, two lines of similar orientation are 

perceived as having the same orientation. After practice with such stimuli, learning 

occurs such that the two stimuli can be perceived as differing. Learning has occurred 

such that the orientation difference between the two lines can be perceived, or the 

orientations themselves can be discriminated. 
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Early Studies of Discrimination Learning 

Differentiation, or discrimination learning has been studied extensively since 

Eleanor Gibson (1969) revived this area of research. Gibson's and much of the other 

research have used stimuli that varied on multiple dimensions. For example, Gibson and 

Gibson (1955) trained subjects to visually discriminate "scribbles" (See Figure I). The 

scribbles varied on several dimensions; number of coils, horizontal compression or 

stretching, and orientation. With practice, subjects became better at discriminating the 

scribbles. She termed this discrimination learning "perceptual learning." 

Gibson's theory of perceptual learning included the idea of "abstraction" in which 

the learner determines which dimensions are relevant for discrimination. This abstraction 

can actually be a more "cognitive" than perceptual task. Subjects are able to perceive a 

difference between and within the dimensions of orientation and number of coils, but 

they have to infer that these dimensions are relevant in order to discriminate the 

scribbles. Abstraction can be a more "cognitive" task that uses reasoning to determine 

that it is these dimensions that are relevant, rather than other dimensions, such as 

thickness of the lines and color. 

In addition to abstraction, these subjects learned to make discriminations within 

the dimension of horizontal compression or stretching. Horizontal compression or 

stretching is a fine discrimination that even once the dimension is identified, takes 

practice to differentiate. This can cause changes in perception and this effect is what is of 

interest in the present research. Since abstraction can be a more cognitive task, and 

learning can occur when abstraction is not needed, it is more useful to study 
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discrimination learning using a single dimension. In other words, by using a single 

dimension, one can study discrimination learning without bringing confounding factors 

such as abstraction into it. This will identify the changes in perception without the 

confounds of a cognitive task potentially effecting results. Therefore, only studies using 

a single identified dimension for discrimination will be examined and discussed in the 

rest of the paper. 

Categorizing Discrimination Learning 

How does discrimination learning involving only one dimension fit in relation to 

the schema of learning? It's important to think about perceptual improvements in a 

broader theoretical context. Eleanor Gibson (1969) believed that discrimination learning 

belongs in a separate category of learning, while others believe it belongs in the 

associative learning category (Hall, 1991; Sagi and Tanne, 1994). It is also possible that 

discrimination learning fits into the category Bedford calls Perceptual Learning (1993, 

1995). 

Some consider discrimination learning an example of associative learning, 

because "learning was suggested to be limited to connections that already exist in the 

system (cardinal direction) and to follow associative (Hebb-like) rules. According to this 

theory, activation of two neighboring units within a short time interval (of a few minutes) 

increases the efficacy of their connections (if they exist), whereas repetitive activation of 

one of them reduces connection efficacy." (Sagi and Tanne, 1994). Under this definition, 

many things would be considered associative learning. This would result in a loss of 
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important distinctions of types of learning if one were to lump together everything that is 

"associative" at the neural level. Does this leave any other type of learning? Just because 

many types of learning occur through associations between neurons, does not mean that 

the distinctions between these types of learning should be ignored. 

In Bedford's (1995) theory of perceptual learning, it is perceptual dimensions that 

are important. Note that her theory only specifically addresses learning between 

perceptual dimensions. It leaves open the question of whether learning within a single 

dimension, such as discrimination learning, fits into her category of perceptual learning. 

By knowing the psychological and neural mechanisms that govern discrimination 

learning, a better understanding of how discrimination learning occurs will be gained. 

Some of the previous research is relevant to this question. 

Psychological Studies 

Evidence for Occurrence of Discrimination Learning 

There have been many studies of adults showing that discrimination learning 

within a single dimension can occur. This learning can occur in various sensory 

modalities. In the auditory modality, nonnative English speakers were able to improve 

their perception of the distinction between the "th" and "d" sounds with practice 

(Jamieson and Morosan, 1989). Animals have been taught to discriminate similar 

fi'equencies of tones (Recanzone, et al., 1993). In the somatasensory domain, it is 

believed that discrimination learning is involved in learning to read Braille (Pascual-

Leone and Torres, 1993) and play a string instrument such as the violin (Elbert et al.. 
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1995). Animals have been taught discrimination learning by using stimuli such as similar 

tactile frequencies (Recanzone et al., 1992). There is also some evidence that expert 

wine tasters have become better at discriminating certain taste and smell dimensions than 

novices (Soloman, 1990). 

The majority of evidence for discrimination learning is in the visual domain. 

Vernier acuity, detecting a line with segments that are slightly offset, and resolution 

acuity, the detection of small breaks in a line, increased with practice (Beard et al., 

1994). Improvements in visual hyperacuity, a spatial threshold smaller than the "grain of 

the sensory mosaic" also accompany practice (Poggio et al., 1992). Line orientation 

discrimination ability improves with practice (Shiu and Pashler, 1992; Vogels and Orban, 

1986). Stereoacuity, the ability to discriminate distances of objects in depth, can improve 

with practice (Gilbert, 1994). Ball and Sekuler (1987) showed improved learning in 

discriminating the direction of motion. Monkeys also learned to better discriminate 

direction of motion visually using random dot stimuli (Zohary et al., 1994). The wide 

range of items that do show effects of learning have lead some to believe that learning 

can occur for any visual attribute (Gilbert, 1994). 

This evidence shows that discrimination learning can occur, but does not explain 

how it occurs. A few studies have examined some parameters governing discrimination 

learning. This previous research has had contradictory findings and left many questions 

unanswered. 
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Contradictory Findings in Discrimination Learning 

Several contradictions and issues have emerged from the previous research. 

There is some debate about whether learning is specific to the trained eye, or if it 

transfers to the other eye. Beard et al. (1995) found transfer of vernier and resolution 

acuity to the untrained eye. On the other hand, Kami and Sagi (1991) did not find 

interocular transfer with an orientation-based texture segmentation task. In the 

stereoacuity experiment (Gilbert, 1994), this question of whether learning transfers to the 

other eye is irrelevant since both eyes are necessary to perform the task. These findings 

clearly show that the evidence of transfer is unclear and inconsistent. 

The time course of learning has been examined and shown to be variable across 

studies. Some found that learning can occur in one session (Beard et al., 1995), while 

others claim discrimination learning needs days to develop (Stickgold, 1998). The time 

course for learning has been examined for a texture segmentation task (Sagj and Tanne, 

1994; Kami and Sagi, 1993). These investigators discovered that there seem to be two 

separate phases of learning; a slow and a fast phase that are somewhat independent. It 

was suggested that these two phases can account for all of the contradictory findings 

about discrimination learning. There are different parameters governing the fast phase of 

learning and the slow phase of learning (Kami and Sagi, 1993). If the slow phase is not 

allowed time to develop, then only the fast phase's parameters are discovered. For 

instance, it was found that the fast phase shows interocular transfer whereas the slow 

phase does not (Kami and Sagi, 1993). The slow phase may also require sleep, or at least 

a break for leaming to occur (Kami and Sagi, 1993; Stickgold, 1998). The fast phase 
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may also be a more cognitive aspect of the learning rather than a change in perception 

(Beard et al.. 1995). 

It is unclear if the slow and fast phase theory of learning can account for all of the 

contradictory evidence. The length of retention of learning was also examined in various 

studies. It is possible that slow phase learning is retained longer than fast phase learning. 

Retention of learning seems to vary, but in the case of texture learning, has been reported 

to last up to two to three years (Kami and Sagi, 1993). In the present set of experiments, 

it will be shown that learning can be short lived, even when slow phase learning is given 

time to develop, suggesting that the "slow" and "fast" phases theory of learning cannot 

account for all of the contradictory findings. Both the present set of experiments and 

Kami and Sagi (1993) trained subjects for several days, allowing for slow learning to 

occur, yet still have different retention intervals. 

Although these contradictory findings may initially appear to be a problem for 

understanding discrimination learning, they are not. With a different frame of reference, 

all of these findings come together to form a coherent whole. From the perspective of the 

underlying neural mechanisms theory, these contradictory findings are not as problematic 

as they first appear. The theory and how the theory and data integrate will be discussed 

later. First, more of the psychological findings will be reviewed. 

Other Findings in Discrimination Learning 

There is at least one parameter that has been discovered that does not yet have 

contradictory findings. This may reflect a fundamental principle of discrimination 
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learning. Attention seems to be universally necessary for discrimination learning to 

occur (Ahissar and Hochstein, 1993). In one study (Recanzone et al., 1992; 1993), an 

irrelevant stimulus from a different modality was presented simultaneously with a 

relevant stimuli. While a monkey was rewarded for performing a tactile discrimination, 

auditory stimuli were also presented. Only the tactile stimuli were relevant while the 

auditory stimuli were irrelevant. This would force them to attend to the tactile stimuli 

and either attend less, or not at all to the auditory stimuli. The animals showed learning 

for the tactile stimuli and not for the irrelevant, auditory stimuli, suggesting that attention 

is necessary for discrimination learning to occur. In another study (Shiu and Pashler, 

1992), an irrelevant dimension was presented at the same time attention was being paid to 

a relevant dimension. In this case, only the attended dimension was learned. Subjects 

performed a brightness discrimination task using lines which also varied in orientation. 

The subjects improved at discriminating brightness, but did not learn to better 

discriminate orientation. Since they were discriminating brightness, they were focussing 

their attention on the brightness dimension, and most likely little or no attention on the 

orientation dimension. The same stimuli varied on both brightness and orientation, yet 

only brightness was learned about. Attention not only to the discrimination stimuli 

appears to be important, but also to the dimension that one is discriminating in order for 

learning to occur. 

Using some of the parameters discussed above, other experiments have tried to 

draw conclusions about variables relevant to the locus of learning within the brain. To do 

this, after training with one set of stimuli, subjects were tested to see how learning 
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generalized to new or novel stimuli. Much of the evidence has indicated that learning 

does not generalize and is very specific to the stimuli and experimental conditions being 

used (Gilbert, 1994). This has led many to believe that discrimination learning occurs 

"early" in the visual processing stream. The visual processing stream is shown in figure 

2. At early stages of visual processing, receptive fields of cells are smaller, whereas if 

learning occurred in later stages where receptive fields are larger, some generalization of 

learning would be seen. Note that the type of stimuli being used is very important for the 

decision of "where" in the brain learning occurs. Take for example the case where the 

stimuli are complex, as is the case with random dot motion stimuli mentioned earlier 

(Zohary et al., 1994). The stimuli cover a large visual field and overall motion direction 

is detected through a summation of the field. In this case, one cannot expect learning to 

occur before there is summation of the visual field, and motion is detected, ±us "later" in 

the processing stream. To determine the locus of learning, one must have an 

understanding of how the brain codes the relevant stimuli. 

Although there have been many studies of discrimination learning, there is still 

much to be learned about the general parameters governing this type of learning. A new 

framework for understanding how and when stimuli will generalize is needed, based 

upon relevant neurophysiological findings. 
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Neurophysiological Studies 

A handful of recent studies has examined how discrimination learning occurs 

neurophysiologically. These studies have attempted to examine neuronal response 

changes and the locus of the changes that result from learning. 

Animal Studies 

Recanzone et al. (1992) and Recanzone et al. (1993) performed studies of 

discrimination learning and neurophysiological changes in adult monkeys. They were 

trained on either an auditory frequency discrimination task or a tactile frequency 

discrimination task. After many days of training and collecting behavioral data, the 

primary auditory and somatosensory cortices were mapped. The primary auditory cortex 

has a tonotopic map that codes for frequency. The primary somatosensory cortex has a 

somatotopic map with the locations on the skin coded in an orderly fashion. Therefore, 

these were both likely candidates for the location of learning given the stimuli used in 

these experiments. It was found that there was more cortical area in the corresponding 

primary sensory cortex devoted to the practiced stimuli than there was to non-practiced 

stimuli. In addition, there was a correlation between an animal's performance and the 

amount of cortical area devoted to the stimuli. In the somatosensory experiment, the 

correlation was marginally significant using an inexplicably strict significance criteria. 

The authors were using a cutoff of p = 0.01 and their data yielded a p-value of 0.0126 

which is extremely close to significant. In the auditory study, the correlation was found 

to be significant. This suggests that as the animals practiced these frequency 
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discrimination tasks, changes in the primary sensory area occurred that allowed 

performance to improve. 

If the cortical area for the practiced stimuli is increasing, there must be a 

corresponding decrease in cortical area for some other stimuli. Recanzone et al. (1992, 

1993) found that the cortical area devoted to neighboring stimuli decreased. The 

correlation between performance and cortical area devoted to the stimuli also suggests 

that when there is less cortical area, performance is worse. Recanzone et al. (1993) 

examined this to a certain extent. While training the animals on the auditory task, they 

would occasionally test with a frequency just below the training frequency. They found 

that as performance on the training stimuli increased, the performance on the lower, 

untrained frequency decreased. These results suggest that discrimination learning occurs 

through the "stealing" or recruitment of neighboring cells in the primary sensory cortex to 

respond to the practiced stimuli. 

It is worth noting Recanzone et al. (1992; 1993) only examined the primary 

sensory cortices. It is possible (and probable) that changes in the organization of the 

brain were occurring elsewhere also. The primary sensory cortices are the cortical areas 

best understood in terms of their organization and are also the most convenient areas to 

study. This makes the primary sensory cortices often studied areas. Consequently, there 

may be other cerebral structures contributing to learning that have yet to be studied. 
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Human Studies 

There are related studies in humans although examination procedures cannot be 

as invasive and thorough as they are in animals. One study trained subjects on a motor 

task where they were required to practice a sequence of finger movements (Ungerleider. 

1995). Although learning a motor task is different fi^om learning perceptual 

discriminations, many people believe that similar mechanisms function in the primary 

motor cortex as in the primary sensory cortices for perceptual discrimination learning 

(Ungerleider, 1995). Subjects were scanned with functional MRI before and after 

training on a finger sequence movement motor task. After subjects were trained (and 

improved at the motor skill) there was an expansion of the primary motor cortex activated 

while performing the trained motor task, but not during a control (non-practiced finger 

sequence) motor task. As in the monkey studies, this suggests that there must be a 

recruitment of neighboring cells to respond during the motor task for improvement to 

occur. 

Another study looked at the difference in cortical area devoted to the finger used 

for reading Braille as compared to an unused finger of blind subjects' and control 

subjects' fingers (Pascual-Leone and Torres, 1993). They found an increase in the 

primary sensory cortical area using somatosensory evoked potentials devoted to the 

Braille-reading finger as compared to the same finger in controls and the unused fingers 

of the Braille-reading subjects. Note that all of these subjects had learned to read Braille 

as children. It has long been known that children have a great deal of neural plasticity. 

What is of interest here is the amount of neural plasticity that adults may have. The 
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Pascual-Leone and Torres (1993) study also did not report whether there are any 

performance differences based on the amount of cortical area devoted to the Braille 

reading finger. It is important to know if these cortical changes are a reflection of 

learning, or a by-product of excessive stimulation that has nothing to do with learning. If 

cortical area increases with stimulation, but is not related to performance, then it tells us 

nothing about learning. 

A similar study looked at the cortical representation of the fingers of the left hand 

in string instrument players (Elbert et al., 1995). The left hand is of interest because this 

is the hand that performs the fingering of the strings and requires the most sensitivity. 

They found increased cortical area devoted to the left hand. It is unclear how much of 

this is due to developmental neural plasticity and how much was due to adult plasticity 

because there were subjects that started playing at a young age. 

Based on the evidence presented, there is support for the hypothesis that 

discrimination learning occurs through the recruitment of neighboring cells. Much of the 

evidence comes from studies on adult monkeys. Note that these lab animals have a 

different neurophysiological structure from humans. Additionally, they lead very 

different lives in a lab than wild monkeys and humans lead. They often have little 

stimulation other than the experiment in which they are participating. These factors 

could cause a different type of learning or mechanism to be implemented in 

discrimination learning in monkeys. Further studies with adult humans need to be 

performed. 



22 

First the issue of location of discrimination learning in the brain deserves some 

attention. Much of the evidence suggests that learning occurs through the recruitment of 

neighboring cells in the primary sensory cortex. The location of the learning may be due 

to the type of stimuli that were chosen in these studies. Whereas learning for auditory 

frequency discrimination seems to occur in the primary sensory cortex where frequency 

is coded, how could motion discrimination learning occur in the primary visual cortex 

where motion is not even coded? If learning does occur (as Recanzone et al. (1992; 

1993) suggest) through the recruitment of neighboring cells to respond to the practiced 

stimuli, then learning must occur in the brain structure that codes the practiced stimuli. 

In support of this, the learning of motion discrimination seems to occur in the middle 

temporal (MT) and the medial superior temporal (MST) visual areas (Zohary et al., 1994) 

where motion is processed. 

Although only one locus in the brain was studied in some of these experiments, 

there probably are multiple areas that are affected by this learning, as was the case in the 

Zohary et al. (1994) experiment. A change in organization of one area of the brain will 

effect the organization of a connected area of brain. In addition, reorganization may be 

occurring independently at several locations to allow learning to occur. 

Another important issue to keep in mind is that the transfer of learning would be 

effected by the type of stimuli used and where in the brain the stimuli are coded. For 

example, to ask the question of whether learning transfers from one eye to the other 

would depend on whether the stimuli are coded in a part of the brain that is monocular or 

binocular. If the theories suggested by the neurophysiological studies of how 
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discrimination learning occurs are correct, then this can explain many of the 

contradictions in the research previously discussed. If discrimination learning does 

involve the recruitment of "neighboring" cells, then the type of stimuli used in an 

experiment and where those stimuli are coded in the brain may well effect the specific 

parameters, such as transfer to the untrained eye, that govern the learning. One must be 

careful when testing generalization of learning. The specific expression of learning may 

vary depending on the type of stimuli used. There are general parameters governing 

discrimination learning, but their specific expression will be dependent upon the 

organization of the brain and the stimuli used. The general parameters may have to be 

talked about in more general terms, such as "neighboring" stimuli and dimensions. This 

brings up the question of what does it mean to be "neighboring"? 

A neighboring cell is one that is physically in close proximity to another cell. 

These cells are typically interconnected. To define what is a neighboring stimulus clearly 

depends on what type of stimulus is used and the organization of the relevant part of the 

cortex. For example, the primary auditory cortex is organized in a tonotopic map. The 

cells here code for frequency and cells next to each other code for similar frequencies. 

As you move across the primary auditory cortex, there is an orderly change in the 

preferred frequency of the cells. Therefore, neighboring stimuli in the primary auditory 

cortex correspond to similar frequencies. 

For vision, the primary visual cortex consists of a three dimensional map. One 

dimension codes for orientation. The neural structures subserving this dimension are 

typically referred to as the orientation colunms. The neurons in these columns respond 



best to a particular orientation. As one moves along a column, the preferred orientation 

of the neurons progresses in an orderly fashion. As one moves in 0.05 millimeter 

increments, the preferred orientation shifts about ten degrees (either clockwise or 

counterclockwise) (Hubel, 1988). Note that the technology for examining the shift in 

greater detail does not currently exist, so it is not known if this is a continuous 

progression of preferred orientation, or if there are discrete shifts (Hubel, 1988). The 

other two dimensions coded in the primary visual cortex are devoted to retinal location 

(this requires a two dimensional map - one for up/down and another for left/right). As 

one moves across the surface of the cortex, one finds cells that respond to neighboring 

retinal locations. This is usually referred to as the retinotopic map. Therefore, in the 

primary visual cortex, a neighboring stimulus could either be of similar orientation or 

retinal location depending on whether one moves along a column or across the surface. 

For the present set of experiments, line orientation discrimination was chosen 

because the way the brain codes for orientation in the primary visual cortex is reasonably 

well understood. The present set of studies examines some of the parameters governing 

line orientation discrimination learning in adult humans. This work will specifically ask 

three questions. First, how does training on one part of the orientation dimension (i.e. 

one pair of orientations) affect the rest of that dimension? Secondly, how does training at 

one part of the orientation dimension affect the retinal location dimension that is coded in 

the same part of the brain as orientation? Third, how does training on the entire 

dimension of orientation a£fect discrimination learning? By knowing the organization of 

the part of the brain that codes for line orientation, some of the predictions the theory 
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based on Recanzone et al. (1992; 1993) findings can be tested. If there is "stealing of 

cells" in order for learning to occur, the behavioral effects of this should be open to 

psychological study and understanding. Through these experiments, a better 

understanding of the parameters governing discrimination learning will be gained, as well 

as testing some of the implications of the neurophysiological findings. 
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GENERAL METHOD 

Subjects were trained to visually discriminate small differences in the orientations 

of lines. The methodology for these experiments was similar to that used by Shiu and 

Pashler (1992). Both their and the present set of experiments used stimuli that were 

sufficiently difficult to prevent ceiling effects, but did allow for learning to occur. Lines 

were presented in pairs, and the subject's task was to decide if these lines were of the 

same or different orientation. In the present set of experiments, a Zenith Data Systems 

VGA flat screen monitor (Model ZCM-1490) driven by an IBM compatible 486 

computer was used to present the stimuli and collect subjects' responses using software 

developed by James Christopher, MA. The lines were shown successively, with the first 

line appearing for 45 ms, then a blank screen for 300 ms followed by second line 

appearing for 45 ms. The subject would respond "same" or "different" using the shift 

keys. 

The use of shift keys as "same" and "different" was counterbalanced between 

subjects in the first two experiments, with the keys being labeled as to their use. Reaction 

time was not a variable in these experiments, so subjects were told to take their time in 

order to reduce accidental key presses. In the first two experiments, no significant effect 

was found for placement of "same" and "different" buttons. Subsequently, in the third 

experiment, no counter-balancing was used. 

After the subject made a response, there was a 1.5 second delay before the next 

trial began. Throughout a trial, the subject fixated on cross hairs at the center of the 

screen. Each line was 1.5 cm long and the subject sat 60 cm fi-om the computer screen. 
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This made the lines have a visual angle of 1.42 degrees. The midpoints of a pair of lines 

were always presented in the same location on the screen. When the lines were not of the 

same orientation, the difference was always 2.8 degrees. 

Catch trials as used by Shiu and Pashler (1992) were utilized to ensure that the 

subject was properly fixating on the crosshairs. A catch trial consisted of a condition in 

which the crosshairs disappeared, and immediately an "S" or a "5" would appear in the 

crosshair location. The letter or number would appear for 45 ms. Subjects reported 

which they saw by pressing a key. This discrimination task is easy if the subject is 

fixating on the crosshairs, but difficult when not. The importance of performing well on 

these trials was emphasized, and subjects who missed more than ten percent of the catch 

trials were replaced. Only one subject had to be replaced for missing too many catch 

trials. 

There were ten blocks of trials every day in the first two experiments. Each block 

consisted of 48 orientation discrimination trials and four catch trials. This resulted in a 

total of 480 discrimination trials and 40 catch trials per day. For the third experiment, 

there were still 480 discrimination trails and 40 catch trials per day, but the blocks were 

redistributed (this is fiirther explained under the methods for Experiment 3). Feedback 

was given at the end of each block by way of telling subjects the percent of that block 

they answered correctly. It has been shown that feedback is not necessary for perceptual 

learning to occur, but does facilitate it (Shiu and Pashler, 1992). Subjects were also 

instructed to take a break at the end of each block, but the length of the break was left up 

to them. The experiment lasted approximately half an hour a day, for six consecutive 
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days. Training lasted four days, and on the fifth and sixth days of the experiment, 

subjects were tested. 

Subjects were paid $35 for their participation. This work was funded by grants 

fi'om SBSRI and the Psychology Department at the University of Arizona. 



29 

EXPERIMENT ONE 

Experiment One trains observers to discriminate one pair of orientations at one 

retinal location. Generalization to multiple novel orientations is then tested subsequent to 

the initial training period. This experiment addresses the theory that perceptual learning 

in adult humans occurs through the recruitment of neighboring cells to respond to the 

practiced stimuli (Recanzone et al., 1992; 1993). If cell stealing occurs, performance at 

nearby untrained locations is expected to be worse than it was before any training at all. 

In the Recanzone et al. (1992; 1993) studies on adult monkeys, it was shown that 

there was a correlation between cortical area devoted to a practiced stimulus and the 

animal's performance. As an animal practiced discriminating a particular set of stimuli 

that fell on one small part of the frequency dimension, the cortical area devoted to the 

stimuli increased. As the cortical area in the primary sensory cortex devoted to a set of 

stimuli increases, the animal is better able to perceive and respond to those stimuli. 

However, what happens to stimuli that are not practiced? The cells that were recruited to 

respond to the practiced stimuli previously responded to neighboring stimuli. There is 

now less cortical area available for neighboring stimuli. If there is a correlation between 

cortical area and performance, one would expect decreased performance on neighboring 

stimuli which now have less cortical area devoted to them. 

The idea of interference in performance of neighboring stimuli has found some 

preliminary support as discussed earlier. Recanzone et al. (1993) trained adult monkeys 

on an auditory discrimination task. As performance at the practiced frequency increased. 
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there was a corresponding decrease in performance at neighboring frequencies. This 

supports the idea that the recruitment of neighboring cells is occurring. 

In the Recanzone et al. study (1993), testing only occurred with novel frequencies 

that were immediately below the trained stimuli. What happens to the rest of the 

dimension? Because the researchers only tested limited generalization in audition, it still 

remains to be seen what happens at other parts of the training dimension. The present 

study also tested performance on multiple stimuli from the orientation dimension to more 

thoroughly examine potential generalization. 

Because many people believe that animal studies do not typify processes that 

occur with humans, this experiment will attempt to address human neural issues. 

Although monkeys are very similar to humans, there are still differences in their 

architecture, even at the level of the primary visual cortex. There are also large 

differences in the lives of experimental animals and human subjects. These animals often 

do little else besides the task they are learning. Conversely, humans have a variety of 

sensory experiences throughout the day, and discrimination learning represents only a 

small amount of the daily stimuli barrage. Therefore, humans are used in this experiment 

to see if interference from the "stealing" of neighboring cells is a phenomenon that only 

occurs with the neural architecture and experiences that lab monkeys have. 

Shiu and Pashler (1992) found some evidence of interference in humans while 

studying the specificity of learning. Subjects were trained on a line orientation task with 

a pair of lines held at a consistent orientation and retinal location. Subjects were then 

tested for their performance on a pair of lines at the same retinal location, now rotated 
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90.7 degrees. A decrease in performance was found for the rotated pair that appeared to 

go below the baseline (Day 1) performance. One would expect the initial day of training 

to represent the least accurate performance, unless there is interference occurring. On the 

first day of training, the environment and task are new, and the subject has not yet had 

time to leam. After training, when the testing occurs, the subject has been performing the 

task for several days and has become practiced at it. For the performance to drop below 

the first day performance on testing a new stimulus would indicate that there must be 

some kind of interference occurring that can only be attributed to the training of the 

neighboring stimuli. It is unlikely that fatigue is the cause since subjects had a day 

between sessions and were therefore rested for each session. To counter the argument 

that fatigue can build up over days by the somewhat monotonous repetition of the task, 

Shiu and Pashler did not find performance that dropped below baseline performance 

when testing other novel non-neighboring stimuli. 

It is still not clear if this interference is a real effect, as Shiu and Pashler (1992) 

themselves acknowledge. The measure of performance in Shiu and Pashler's study was 

"Percent Correct". This makes it unclear if subjects used one criterion to judge the 

training stimuli and another to judge the new orientation. This could account for a 

difference in performance when using a measure such as "Percent Correct". 

Additionally, it was not reported whether the new orientation's performance was 

significantly lower than baseline. The only statistic presented was that showing the 

performance at the new orientation to be not as good as the performance on the old 

orientation. Furthermore, this study did not test the entire dimension but only a small 
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part of it. In Shiu and Pashler's (1992) experiment, only two subjects were tested for 

transfer of learning to a new orientation. 

The only other study in humans to look at transfer of learning from one 

orientation to a novel orientation was by Schoups et al. (1995). They did find a 

significant decrease in performance of the novel orientation below that of baseline 

performance. Note that they used "just noticeable differences" (j n.d.) as the unit of 

measure, which is not always considered an accurate statement of how stimulus intensity 

and sensation are related (Geischieder, 1997). In addition, the stimuli they used were 

very different from what is typically used in line orientation discrimination studies. They 

used a circular unidimensional noise field that contained a set of spatial frequencies 

rather than a line. It is not clear if their results generalize to more ordinary orientation 

discrimination. 

To address these concerns, the present study made several changes from the 

previous experiments. A sensitivity measure, d' was used to analyze the results to ensure 

that this is a true change in perceptual abilities. The present experiment used ordinary 

orientation stimuli for training and testing to examine orientation discrimination learning. 

Much of the orientation dimension was examined to test the effects of generalization over 

the entire dimension. 

In the present study, generalization to novel orientations after training with one 

pair of orientations at one retinal location was tested. In this way, the theory that 

discrimination learning is obtained through the "stealing" of neighboring cells can be 
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examined. This theory predicts interference at some point along the orientation 

dimension. 

It is unclear what should occur at the rest of the dimension. Even if learning does 

occur through the "stealing" of neighboring cells, this is still not clearly defined 

behaviorally. How far away, cortically, can cells be stolen from? Is there some positive 

transfer of learning to some of the other orientations in the dimension at the same retinal 

location? In order to answer these questions, multiple pairs of lines along the orientation 

dimension were tested after training. 

Since training and testing both involve the same procedure, it is difficult to 

extensively test the orientation dimension without potentially disrupting what was 

previously learned. Consequently, two test days were used. On one test day, four new 

orientations were examined, whereas on the other test day, only one new orientation was 

examined. Test day order was counterbalanced. If testing does interfere with what was 

previously learned, it should be apparent with this design. If interference from training 

does occur, by increasing the number of subjects, it should be more apparent. 

Methods 

Subjects 

Eight subjects participated. The subjects were graduate students. They were 

selected as subjects because of their willingness to attend six consecutive days of 

sessions. Graduate students also tend to be reliable and motivated to perform well. Two 

subjects had to be replaced, one due to missing too many catch trials, and the other due to 
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experimenter error. Subject 8 is missing one block of data due to computer trouble from 

the Multiple Orientation Test Day. 

Procedure 

For the first four days of the experiment, subjects were trained with one pair of 

lines. Half of the subjects were trained with a pair 7 and 9.8 degrees counterclockwise 

from horizontal and the others with 97 and 99.8 degrees counterclockwise from 

horizontal (See Figure 3). There were an equal number of "same" trials, where the 

subject saw the same line twice, and "different" trials, where each of the lines in the pair 

(i.e. 7 degrees then 9.8 degrees) were shown. Each line also appeared equally frequently 

and the presentation order was balanced. After the training period, subjects were tested 

on the fifth and sixth days. 

There were two types of test days as previously mentioned. A Two Orientation 

Test Day was used to examine the effect training had on the trained orientation and one 

new orientation. There was also a Multiple Orientation Test Day in which four new 

orientations were tested in addition to the trained orientation. Which type of test day 

came first was counterbalanced among the subjects such that four received the Two 

Orientation Test Day first, and the other four received the Multiple Orientation Test Day 

first. Since training and testing use the same procedure and therefore both involve 

learning, it was a possible confound that testing might disrupt what was previously 

learned. To test for this, the test days were counterbalanced. 
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On the Two Orientation Test Day, subjects were tested on five blocks of one new 

orientation (90 degrees rotated from the trained stimuli) as well as five blocks of the 

trained orientation. If a subject was trained with 7/9.8 degree lines, then they were tested 

with 97/99.8 degree lines, and vice versa. Testing was conducted such that initially there 

was one block of trials of the new orientation then a block of trials of the old orientation. 

The blocks kept alternating between new and old orientation for 10 blocks. 

The Multiple Orientation Test Day consisted of four new orientations: 22.5, 45, 

67.5, and 90 degrees rotated fi^om the training stimuli. The subjects trained at 7/9.8 

degrees were tested with lines rotated in the counterclockwise direction and subjects 

trained with 97/99.8 were tested with lines rotated in the clockwise direction. These 

training and testing orientations were chosen such that the testing lines were the same for 

both groups with the testing lines being; 7/9.8, 29.5/32.3, 52/54.8, 74.5/77.3, and 97/99.8 

(See Figure 3). Because the experiment was structured so that the two groups would 

have the same absolute pairs of lines tested, as well as the same amount of shift, the 

performance between groups could be compared. If there is an inherent difference in 

performance at the different absolute orientation, then this can be examined using this 

design. There were two blocks of each orientation pair to be tested, including the trained 

orientation. 

All lines were presented with the midpoint 7cm across and 5cm down from the 

fixation point in the right lower visual field (location (7, -5)). This corresponds to a 

retinal eccentricity of 8.159 degrees from the fovea. 
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Results 

Scoring 

The results were examined using Percent Correct scores, as well as transforming 

the data into d' (read "d prime") (Green and Swets, 1966). The d' transformation has 

many advantages which will be discussed in the discussion section. To calculate d', the 

false alarm and hit rates are used, d' = [Z score (1 - proportion(false alarm)) - Z score (1 -

proportion(hit))]. Typically, values range from zero (no sensitivity to the stimulus) to 3 

(great sensitivity). The data were analyzed with "different" being the standard. If a 

subject responded "different" when the two stimuli were indeed different, it was a "hit." 

If the response was "different" when in fact the stimuli were the same, it was a "false 

alarm." Since there are equal numbers of "same" and "different" trials, it does not matter 

which of the two responses one chooses as the standard. The d' would be exactly the 

same if "same" had been chosen as the standard. 

There is one problem in using d' with these data. Occasionally, subjects did not 

have any false alarms within a block, indicating that they did not respond that the two 

stimuli were "different" when they were in fact the same. Since d' uses a Z score 

transformation, anything with a proportion of one or zero is impossible to calculate. 

(Again, it does not matter if "same" or "different" is used as the standard. If "same" had 

been chosen, then the subjects with a proportion of zero false alarms would have a 

proportion of one for hits.) This occurred in 21 blocks in Experiment One out of the 480 

blocks that the 8 subjects performed, or four percent of the total blocks. Therefore, an 

estimation of d' had to be used for those blocks. There are several ways that d' could be 
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were used to calculate d' and then compared to the data preceding and after the estimated 

block for that subject. Since one would not expect a sensitivity measure to change 

drastically from one block to the next in a single subject (when the same stimuli are 

used), an estimation was chosen that fell in line with the other scores. None of the 

experimental theories examined in these studies were used to decide on an estimation 

procedure. Only the theory that d' is a stable estimation of performance was used to 

decide on the calculation of the estimated blocks. By estimating a false alarm rate of .01 

for that block, d' was calculated. A proportion of .01 is lower than the false alarm rate for 

only having one false alarm (1 out of 24 possible false alarm trials = proportion (.041)). 

Even though the estimate is only used in four percent of the total blocks, there is concern 

that this may effect the results. Note that, during training, an overall estimate of d' for the 

day can be calculated. There were no subjects with zero false alarms for an entire day's 

session. By comparing the d' calculated for the day with the estimated d's (take the 

average of the blocks for the day and compare them to the overall d'), it can be seen that 

this estimation usually slightly overestimates the value of d', but still outperforms other 

methods. 

Training Data 

First, the training data (Day 1 through Day 4) were examined to see if learning did 

occur. There was an increase in performance from Day 1 to Day 4 (See Figure 4) 

indicating that learning was occurring. On the first day of the experiment, the mean 
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Percent Correct was 70.86, Day 2 was 73.95, Day 3 was 75.00, and Day 4 was 78.05. 

Over the four days of training, there was a total increase in performance of 7.19 Percent 

Correct, which was distributed across the days. Examining at the d' values, there was 

also an increase in performance across training days. Day I's performance was 1.12, Day 

2 was 1.34, Day 3 was 1.38, and Day 4 was 1.66 (See Figure 5). This gives a total 

increase in performance of 0.54 in d'. again with the increase distributed across days. 

When examining at the various blocks within a day, it can be seen that the subjects' 

performance increased as the blocks went on (See Figure 6). 

A repeated measures ANOVA was performed on the training data with Day 1, 

Day 2, Day 3, and Day 4 as within subjects variables. Training orientation and which 

key was used for "same" or "different" were between subjects variables. There is a 

significant main effect for Day in the Percent Correct analysis (F(3, 12) = 20.742, p < 

.001) (See Figure 4). This reflects the learning that occurred across days. Inaposthoc 

pairwise comparison, it was shown that Day 1 is significantly different from Day 2, Day 

3, and Day 4 (p < .05, p < .01, p < .01 respectively); Day 2 is significantly different from 

Day 4 (p < .05); and Day 3 is significantly different from Day 4 (p < .05). This indicates 

that the learning did not occur all at once, but accimiulated over days (although there may 

have been more occurring on Day 1). Only Day 2 was not significantly different from 

Day 3 (p = .094), but was marginal. Since this is a repeated measures design, it may be 

helpfiil to look at the data as the amount of increase in performance from Day 1 in graph 

form (See Figure 7). 
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The same pattern of results is found when examining the training data using d' 

when it is calculated as one overall number per subject per day (no estimation needed). 

The same analytical design was performed and there is a significant overall effect for Day 

(F(3,I2) = 21.437, p < .0001) (See Figure 5). This time, in the posthoc pairwise 

comparisons, all of the days are significantly different from all of the other days (Day 1 

vs. Day 2, p < .05; Day 2 vs. Day3, p < .05; Day 3 vs. Day 4, p < .05). 

There was no main effect of "which key was used" for a given response for either 

the Percent Correct or d' analyses (F(l, 4) = 1.667; F(l, 4) = 3.538, respectively). There 

was also no effect for which orientation a subject was trained on (7/9.8 degrees vs. 

97/99.8 degrees) (F(l, 4) < 1 for both). 

The effect of Block was also examined. For both the Percent Correct and d' 

analysis, there was a significant effect of block (p < .001 for both), but there was no Day 

by Block interaction. In both cases, the subjects' performance was increasing with block 

as well as day (See Figure 6). This indicates some improvement occurs in a session, but 

there is still improvement between sessions. 

Two Orientation Test Day Data 

Since learning did occur over the four day training period, what happened on the 

test days can be examined. First, the Two Orientation Test Day, in which the trained 

orientation and the 90 degree rotated orientation were tested will be examined. Here, it 

was discovered that there was an effect for which day the subject was tested. If the 

subject received the Multiple Orientation Test Day first, it interfered with performance on 
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the Two Orientation Test Day (See Figure 8). As mentioned before, the test day which 

came first was counterbalanced because of the possibility of interference. Since training 

and testing are the same procedure, by testing on new orientations, one is also training the 

subject on that orientation. This may interfere with what was already learned. It appears 

that interference did indeed occur. Due to this interference, the subjects that received the 

Two Orientation Test Day first were examined separately. These four subjects showed 

that performance on the new orientation was lower than performance on the trained 

orientation (See Figure 9). In fact, performance on the novel rotated orientation is below 

that of the baseline (Day 1) performance. The mean performance for the trained 

orientation is; Percent Correct 76.17 and d' 1.45; the new orientation: Percent Correct 

62.92 and d' 0.68, and baseline; Percent Correct 72.75 and d' 1.39. Therefore, 

interference did occur to take the subsequent performance on the new orientation well 

below baseline. 

A repeated measures ANOVA with Test condition (Baseline, Trained orientation 

on test day. New 90 degree rotated orientation on test day) and Testing block (5 blocks -

for baseline, the last 5 blocks of Day 1 were used) as the within subjects variables was 

performed. Day of testing (first or second) and Trained orientation (7/9.8 or 97/99.8) 

were between subjects factors. This analysis was run with both Percent Correct and d' 

scores. There was a marginally significant interaction between Day of testing and Test 

condition for the Percent Correct scores (F (2, 32) = 6.159, p = .078) and there is a 

significant interaction when analyzed as d' scores (F (2, 32) = 5.721, p < .05). This 

confirms the presence of interference. The first day of testing interfered with the second 
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day of testing. This can be seen in figure 8. Since the first test day seems to interfere 

with the second test day, the four subjects that received the Two test day first were 

analyzed separately. A repeated measures ANOVA looking at performance on only the 

first test day using Testing orientation (old orientation vs. 90 degrees rotated orientation) 

and Block (five blocks) as variables was also performed. There is an interaction between 

testing orientation and block in the Percent Correct data (F (4,8) = 4.736, p < 05). This 

same interaction is marginally significant when looking at the d' analysis (F (4, 8) = 

3 .489, p = .062). What seems to be occurring is an increase in performance on the new 

orientation as testing during the Day 5 session proceeds, and a slight decrease in 

performance of the trained orientation as testing proceeds (See Figure 10). 

Since testing with multiple orientations did interfere with learning, the four 

subjects that received the Two Test Day first were examined separately. Subjects 

performed significantly better on their trained orientation than on the new, 90 degree 

shifted orientation on a paired comparison t-test (Percent Correct t(3) = 8.61, p < .01; d' 

t(3) = 7.49, p < .01). The Day 1, baseline performance was also compared to the new, 90 

degree orientation. For the Percent Correct data, the new orientation was significantly 

lower than baseline. Day 1 performance (t(3) = 3 .83, p < .05). This indicates that 

"stealing" or recruitment of cells did occur. However, in the d' paired comparison, the 

means did not reach significance (t(3) = 2.30, p = .105) although the trend is in the right 

direction. It is not surprising to find that tests of significance failed given that only four 

subjects can be included in this analysis. 
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Multiple Orientations Test Day Data 

Next, the Multiple Orientations Test Day was examined. Subjects were tested 

with four new orientations; 22.5, 45, 67.5, and 90 degrees rotated from the trained 

orientation and the trained orientation. The mean Percent Correct for all the stimuli are: 

trained orientation = 70.46, 22.5 degrees shifted = 60.18, 45 degrees shifted = 56.16, 67.5 

degrees shifted = 59.67, and 90 degrees shifted = 60.19 (See Figure 10a). The means in 

d' are: trained orientation = 1.02,22.5 degrees shifted = 0.43,45 degrees shifted = 0.21, 

67.5 degrees shifted = 0.38, and 90 degrees shifted = 0.45 (See Figure lOb). Subjects 

performed better on the orientation upon which they were trained than with any other 

orientation. In fact, baseline performance (mean = 70.86 and 1.12 for Percent Correct 

and d') was better than any of the new orientations tested. This suggests that training at 

one part of the orientation dimension negatively affected the entire orientation dimension, 

not just the training stimuli and 90 degree rotated stimuli. Note that there seems to be a 

difference in the inherent ease of some of the orientations. It is possible that the 

orientation pair 74.5/77.3 is naturally easier than the orientation pair 29.5/32.3. The 

orientation 74.5/77.3 is 22.5 degrees away from the training location 97/99.8, but is 

74.5/77.3 is 67.5 degrees away from 7/9.8 training orientation. It is not surprising that 

74.5/77.3 is naturally easier than the orientation pair 29.5/32.3. The orientation 74.5/77.3 

is closer to one of the major axes, which people have been shown to be naturally better at 

responding to (see Vogels and Orban, 1986). 

Since there is missing data from one block for one subject, the data could not be 

analyzed by block. The scores for the two blocks of each orientation were averaged then 
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analyzed. A repeated measures ANOVA with Test condition (Baseline (Day 1), Trained 

orientation. Shifted 22.5, Shifted 45, Shifted 67.5, and Shifted 90) as the within subjects 

factor and Test day (whether multiple test day was first or second) and Training 

orientation as the between subjects fectors was performed. The Percent Correct analysis 

also included a sixth Test condition. Last Training Day performance (Day 4). There was 

no testing orientation by test day interaction in either the Percent Correct or d' analysis (F 

(6, 24) < 1 and F(5, 20) < 1, respectively). It is interesting that the Multiple Test Day 

does interfere with the Two Test Day, but the Two Test Day does not interfere with the 

Multiple Test Day. This could be a result of the Multiple Test Day having 8 blocks 

devoted to the non-trained orientation and only two devoted to the trained orientation. 

This contrasts with the Two Test Day having five blocks of the non-trained orientation 

and five blocks of trained orientation. Since half of the blocks on the Two Test Day 

constitute more practice for the trained stimuli, this does not disrupt the previous 

learning. Whereas on the Multiple Test Day, the majority of the blocks are new stimuli, 

so disruption does occur. This disruption could also be a result of the wider range of 

orientations tested on the Multiple Test Day. Experience with the entire orientation 

dimension may cause more interference with what was previously learned than 

experience with just one new orientation. Even though there is not a significant 

interaction of Day of Testing by Testing orientation on the Multiple Orientation Test 

Day, there is a decrease in subject's performance on the trained orientation. This does 

suggest that some interference may be occurring. The trained orientation was always 

tested in the fifth and tenth block. The previous 4 and/or 9 blocks do seem to be 
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interfering with what was previously learned. Performance on the trained orientation is 

back to baseline performance (See Figure 11). 

In the repeated measure ANOVA described above, there was a significant effect 

of testing orientation (Percent Correct F(6, 24) = 26.686, p < .001; d' F(5, 20) = 12.272, p 

< 001). In posthoc comparisons, it was shown for both Percent Correct and d' analyses 

that performance on the trained orientation was significantly better than all of the new 

orientations; 22.5, 45, 67, and 90 degrees shifled (p < .01 for 22.5; p < .01 for 45; p < .05 

for 67.5, and p < .01 for 90 (values apply for both Percent Correct and d')). Also, 

subjects performed significantly worse on all of the new orientations than they did on 

their baseline performance (p < .05 for 22.5, p < .01 for 45, p < .05 for 67.5, and p < .05 

for 90 (values apply for both Percent Correct and d')). This fiirther supports the 

interpretation that there is "stealing" of cells in order to respond to the practiced stimuli 

from areas that used to respond to neighboring stimuli. 

There was also a Testing orientation by Training orientation interaction indicating 

that performance on certain orientations is influenced by whether one was trained with 

7/9.8 or 97/99.8 degrees. It is unclear what may have caused this. It was shown in 

training that there was no main effect for training orientation. It appears the orientation 

that is at 74.5/77.3 is naturally easier than the orientation pair 29.5/32.3 (See Figure 12). 

74.5/77.3 is 22.5 degrees away from the training location 97/99.8, but is 74.5/77.3 is 67.5 

degrees away from 7/9.8 training orientation. In an analysis in which the data were 

analyzed examining "degrees away from training" such as was performed, a difference in 
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inherent ease of these two orientations could account for the Testing orientation by 

Training orientation interaction. 

The data were also analyzed with the absolute orientation as a factor to further 

examine this. When examined in this way, there was again a Testing orientation by 

Trained orientation interaction (F(5,20) = 2.805, p < .05). In this analysis, this finding 

indicates that Training, and therefore learning, did have an effect on performance at novel 

orientations. There was also an overall efiFect of Testing orientation (F(5, 20) = 13.196, p 

<001) which indicated that some orientations are naturally easier than others. In fact, in 

a posthoc comparison, the orientation pair 74.5/77.3 was shown to be easier than 

29.5/32.3 regardless of the training pair (p < .05) (See Figiore 12). 

Multiple Orientation Test Day Compared to Experiment Three Baseline Data 

Since some orientations appear to be naturally easier, the Multiple Orientation 

Test Data are also compared to a subset of data from Experiment Three. Experiment 

Three subjects were trained with multiple orientations from Day I. Each orientation used 

in Experiment One was used on the first day of Experiment Three. Therefore, 

Experiment Three's Day 1 data can be used as a baseline for the subjects in Experiment 

One. By using Experiment Three's Day I data, it can be seen if there is an inherent 

difference in performance at the different orientations. This data can also be used to see 

if there is an increase or decrease in performance at the various testing orientations in 

Experiment One as compared to a baseline performance. This creates a between subjects 

comparison, rather than within subjects as was employed in all other comparisons. 
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Furthermore, this leaves only four subjects from Experiment Three to compare. Yet it 

can give us an idea of a trend in the data. In order to see how the training effected 

neighboring orientations, one can compare performance between the neighboring 

orientations and the baseline performance of subjects in Experiment Three. 

First, the subjects trained at 7/9.8 degrees will be examined (See Figure 12). 

Subjects trained at 7/9.8 and tested at 7/9.8 performed better (Percent correct mean = 

74.58; d' mean = 1.29) than subjects not trained (Experiment Three) (Percent correct 

mean = 57.11; d' mean = 0.48). More surprising is the difference in performance at 

29.5/32.3 degrees. The subjects trained at 7/9.8 performed better at 29.5/32.3 (Percent 

correct mean = 57.13; d' mean = 0.24) than the Experiment Three subjects did at this 

orientation (Percent correct mean = 49.65; d' mean = -0.05). The trained subjects also 

performed slightly better at 52/54.8 degrees (Percent correct mean = 57.27 vs. 50.69; d' 

mean = 0.25 vs. 0.19), 74.5/77.3 degrees (Percent correct mean = 63.82 vs. 57.81; d' 

mean = 0.64 vs. 0.44), and 97/99.8 degrees (Percent correct mean = 57.15 vs. 52.78; d' 

mean = 0.24 vs. 0.20) (See Figure 12). It is hard to compare data between subjects 

because there is such variability in their natural ability with this task. One would expect 

some increase in performance on later testing days due to the learning of general 

procedure. Results show that the performance at 97/99.8 in Experiment One's subjects 

trained at 7/9.8 is higher than Experiment Three's subjects performance at 97/99.8. This 

is surprising because sub-baseline performance at this point has been shown for 

Experiment One's subjects trained at 7/9 8 and tested at 97/99.8. Therefore, inter-subject 



variability must account for Experiment One's subjects performing better at the 

orientation than Experiment Three's subjects did. 

In comparing the subjects trained at 97/99.8 with Experiment Three's subjects, a 

similar pattern is seen. Experiment One's subjects trained at 97/99 8 performed much 

better at 97/99.8 than the subjects in Experiment Three (Percent correct mean = 66.35 vs. 

52.78; d' mean = 0.74 vs. 0.20). At 74.5/77.3 degrees, the Experiment One's subjects 

again performed slightly better (Percent correct mean = 63.22 vs. 57.81, d' mean = 0.62 

vs. 0.44). At the testing location 52/54.8 degrees. Experiment Three's subjects now 

performed slightly better than Experiment One's subjects in d' (mean = 0.19 vs. 0.18), but 

not percent correct (mean = 55.05 vs. 50.69). Experiment One's subjects then performed 

slightly better on 29.5/32.3 (Percent correct mean = 55.53 vs. 49.65; d' mean = 0.13 vs. -

0.05) and 7/9.9 (Percent correct mean = 63.22 vs. 57.12; d' mean = 0.67 vs. 0.48). 

The subjects in Experiment One performed better overall on the multiple 

orientations after training than the subjeas in Experiment Three did on their first day 

(baseline) of their experiment. This could either be due to individual differences in 

ability for line orientation discrimination, subjects in Experiment One learning the 

general procedures, or the actual effect training at one orientation in Experiment One had 

on the rest of the dimension. Overall, it appears that training affected the performance 

most at the trained orientation and that there may have been some transfer of learning to 

the nearest novel orientation, 22.5 degrees shifted. In other words learning did occur and 

learning at one orientation may have transferred to the nearest tested orientation, 22.5 

degrees shifted. 
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Individual t-tests were used to compare performance at the various orientations 

when trained at one location vs. Experiment Three baseline data. Again, there are only 

four subjects in a group, and this is between subjects data, so finding a null result is not 

very meaningful. The Experiment One subjects trained at 7/9.8 performed significantly 

better at 7/9.8 than Experiment Three subjects did (t(6) = 2.66, p < 0.05). This indicates 

that learning did occur. Experiment One subjects had marginally significant better 

performance at 29.5/32.3 degrees (t(6) = 2,19, p = 0.071). This may indicate a transfer of 

learning fi-om the trained stimuli to the 22.5 degree shifted orientation. Since the 

orientation pair 29.5/32.3 is naturally harder due to being furthest fi'om the visual axes, 

the performance at this orientation is lower than other orientations, but it is still higher 

than baseline performance at this orientation. The subjects that were trained at 97/99.8 

reached significantly higher performance at 97/99.8 than Experiment Three subjects (t(6) 

= 2.01, p < 0.05). Again, this shows learning at the trained location. 

Discussion 

Learning can occur with four days of training with one pair of orientations at one 

retinal location. This learning is somewhat tenuous as can be seen by the fact that being 

tested on multiple orientations on Day 5 disrupted learning by Day 6. In addition, the 

data show that learning at one orientation comes at a cost of ability at an orientation 

rotated 90 degrees. In fact, there is interference fi'om learning such that performance at 

the novel orientation is below baseline. Day 1 performance. The results when tested on a 

number of different orientations showed that training at one orientation at one retinal 
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location effects performance at other orientations at that retinal location. There may be 

some positive transfer of learning to nearby orientations (rotated 22.5 degrees), but it is 

difficult to tell due to the inherent differences in the ease of certain orientations. 

These data are the first to show genuine changes in perceptual sensitivity. The d' 

value is a measure of sensitivity and has the advantage of accounting for any response 

biases or criterion shifts (Swets, et al., 1955) that a subject may have. A criterion is part 

of a strategy a subject uses in making a response. For example, the subject may decide to 

respond "different" only when they are absolutely sure they have perceived the stimuli as 

different, and use "same" in all cases when stimuli are perceived as the same, or they are 

unsure. This would be a response bias of saying "same." Alternately, a subject may 

always respond with the "best guess" and not be biased towards one answer type. 

Subjects may switch the strategy that they use to make responses during an experiment. 

This is a criterion shift. The d' measure takes response biases and criterion shifts into 

account, and therefore describes how well the subjects are actually able to perceive the 

stimuli or their "sensitivity" to it. The d' value also has the advantage of remaining 

relatively invariant when measured using different procedures (Swets, 1959). This again 

reflects that d' is a measure of sensitivity instead of a measure of something specific to 

the experimental design used. The receiver-operating characteristic curve (ROC curve) 

can be estimated by the d' value using Signal Detection Theory. Even though d' is a 

better measure of sensitivity, the results with both the d' and Percent Correct analyses 

were found to be very similar. 



The resuks show that actual perceptual learning at one part of the orientation 

dimension at one retinal location does indeed occur. This is most likely done through a 

mechanism that "steals" cells from neighboring cortical areas that originally responded to 

neighboring stimuli as suggested by the Recanzone et al. (1992; 1993) results. This is 

evidenced through the finding that testing at 90 degrees rotated after training resulted in 

performance that was significantly lower than Day 1, or baseline performance. For 

performance to drop below baseline suggests interference. This is due to the fact that on 

Day 1, the subject's have not yet learned about the specific line orientation used in 

training, but also have yet to become accustomed to the testing procedure. One would 

expect the worst performance on Day I due to subjects not yet having had time to learn 

or adjust to the training and testing procedure. 

This result is similar to the finding of Schoups et al. (1995). They also found 

evidence of interference from training with orientation-based stimuli when testing with 

90 degree rotated stimuli. Even though their stimuli were unusual, the results for these 

experiments were the same. In other words, after training with orientated stimuli, shifting 

the orientation 90 degrees results in performance that is below baseline performance. 

It has been reported that training effects often do not transfer positively or 

negatively to new stimuli (Gilbert, 1994). Often times, the new stimuli consist of a new 

retinal location, or an untrained eye. It is unclear whether people have been testing with 

the appropriate "new" stimuli. The new stimuli should use the same neural mechanisms 

that have been remapped in order for transfer of learning to occur. It would be interesting 

to see if using Schoups et al.'s (1995) orientation stimuli for training would transfer to the 
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line orientation stimuli used in this study and vice versa. Because both found learning at 

the trained orientation and interference at the 90 degree rotated orientation, this suggests 

that the same neural mechanisms may be used with each of these stimuli. The use of the 

same neural mechanisms would increase the likelihood that transfer of learning would 

occur between these stimuli. 

Related to the findings of a lack of transfer to new stimuli, there is some evidence 

that depending on context there can be two different mappings even at the level of the 

primary sensory cortices. Evidence of such context dependent neural responses at the 

primary sensory area has previously been shown in bats (Abdulrazak, 1998). Bats were 

shown to have primary auditory cortex cells that responded to one fi^equency best in the 

context of navigation and a different "best" frequency in the context of hunting for food 

on the ground. It is possible that something similar to this occurs during perceptual 

learning. By this theory, subjects have neurons responding with best orientation in one 

manner during the discrimination task that is different from when not in the context of the 

experiment. In other words, a lack of transfer of learning to other tasks does not mean 

that there is no reorganization of the primary sensory conex - the reorganization may just 

be context dependent. This lack of transfer, should it be found, would indicate that other 

levels of the brain are involved in learning (one where context can have an effect on the 

primary sensory area). This would not be surprising given that other areas in addition to 

the primary sensory area were already suspected to be involved. 

How this remapping of the cortex occurs over a range of orientations was also 

examined. It is suspected that there is an increase in cortical area devoted to the trained 
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orientation, and a decrease in cortical area devoted to 90 degree rotated stimuli. What 

about intermediate orientations? It appears that there may be some positive transfer of 

learning to stimuli that are rotated 22.5 degrees from the trained orientation. Some might 

find this surprising since one Wsuld think that the cells closest to the practiced stimuli 

would be recruited first. However, this remapping is most likely a slow process, as 

evidenced by learning that occurs over days. Most likely the cells are slowly "pulled" in 

from neighboring cortical areas to respond to the practiced stimuli. As a cell is being 

pulled, the optimal orientation slowly changes to become more and more similar to the 

practiced stimuli. High performance at nearby orientations could reflect the response of 

cells that are "heading" toward the trained orientation, but haven't yet gotten there. The 

responses of the neurons could be thought of as a normal distribution, or bell curve. As 

neurons are pulled in to respond to the practiced stimuli, the curve gets steeper. There are 

the most neurons to respond to the practiced stimuli, but then neighboring stimuli also 

have more neurons to respond to them than before practice. This positive transfer of 

learning could also reflect that it is a broad set of neurons that are used in orientation 

discrimination. They have optimal orientations that they respond to, but still respond to a 

wide range of orientations that would cover a nearby orientation such as 22.5 degrees 

away. Hence, performance to this orientation would also be higher from the recruitment 

of ceils to respond to the practiced stimuli. 
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EXPERIMENT TWO 

Experiment One suggests that there is a reorganization of the visual cortex after 

training such that neighboring cells that previously responded to similar but distinct 

orientations at a specific retinal location are "stolen" and now respond to the trained 

orientation. Experiment two examines whether the stealing of cells also extends into 

neighboring retinal locations or if the cells are only stolen from the relevant dimension, 

orientation. Orientation is the dimension that subjects were trying to discriminate. This 

is the relevant dimension because the judgement is made about orientation. The relevant 

dimension is also where subjects tend to be focusing their attention. If stealing of cells 

does extend outside the relevant dimension of orientation into retinal locations, one 

would expect to see the same pattern of results with neighboring retinal locations as was 

seen with neighboring orientations in Experiment One. There should be a reduction in 

performance of at least one neighboring retinal location such that performance is below 

baseline. There may also be a closer neighboring retinal location that shows positive 

transfer of learning, as the closest new orientation suggested some transfer of learmng 

such that performance after training in Experiment One was above Experiment Three 

baseline performance. These predictions are tested in the present experiment. 

Transfer of learning to neighboring retinal locations was investigated in two 

previous experiments. In the Shiu and Pashler (1992) study, subjects were trained in one 

comer of the visual field (i.e. lower right) and tested in either a different hemifield (lower 

left), or a different quadrant of the same hemifield (upper right). In neither of these cases 

did they find transfer of learning to the new retinal location or interference due to 
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learning. This is not surprising due to the cortical distance of these new retinal locations; 

the retinal locations of the two hemifields are coded in different hemispheres of the brain 

in the primary visual cortex. These two locations could not be called "neighboring." 

They were simply too far away to be relevant. Similarly, the location in the coding of the 

upper right visual field and the lower right visual field are too far away fi-om each other 

in neural terms. These locations would not be considered "neighboring." What exact 

distance would be considered neighboring is somewhat open to debate, but the cells 

should be close enough to have anatomical connections to be considered "neighboring". 

Schoups et al. (1995) did test retinal locations that were closer and could be 

considered neighboring, despite the problem that what is close enough and far enough to 

be called neighboring is open to debate. They did not find any transfer of learning or 

interference at the neighboring retinal locations they used. Note that they trained their 

subjects foveally and then tested them with locations that were all 5 degrees eccentric 

fi-om the trained position. Clearly the fovea is the easiest location in which to perform 

this task. As one moves away ft^om the fovea, the task would naturally become more 

difficult. Therefore, any decrease in performance fi'om the fovea to the outer locations 

could be accounted for by an inherent increased difficulty. Therefore, it is possible that 

there was some transfer of learning that was obscured by this other difficulty. In Schoups 

et al.'s (1995) experiment, after the subjects were trained foveally and tested peripherally, 

the subjects' were then both trained and tested peripherally. They found no transfer or 

interference of learning. Note that after learning in more than one retinal location, it is 

unclear what should happen. Schoups et al. (1995) also used atypical line orientation 



stimuli. This consisted of a circular unidimensional noise field that contained a set of 

spatial frequencies of light and dark bars rather than a line. These stimuli cover a larger 

visual angle (2.5 degrees). It is possible that their stimuli would have caused a 

reorganization different than what occurs with the more typical stimuli such as used in 

the present experiment. Only two subjects were tested in this aspect of Schoups et al.'s 

(1995) study. 

In the present study, all of the retinal locations were held at the same eccentricity 

from the fovea. In addition, half of the subjects were trained at one location while the 

other half were trained at a different location. The training location for one group was a 

testing location for the other and vice versa. This allowed the effects of simply being 

able to see better (and therefore perform better) at different locations to be reduced and 

examined. The present study increased the number of subjects to eight in order to 

increase the likelihood of finding a general underlying phenomena. 

Subjects were trained on one pair of orientations at one retinal location for four 

days, then were tested with the same orientation at neighboring retinal locations on day 

five and six. There were two test days. One test day consisted of multiple new retinal 

locations tested at varying distances from the trained location. The other test day 

consisted of only one new retinal location being tested. The two test days were 

counterbalanced as to which came first in case there was again a disruption in learning 

due to testing new locations. 
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Methods 

Subjects 

Eight naive subjects were used in this experiment. Graduate students were 

selected for the same reasons discussed in Experiment One. One subject was dropped 

after a computer malfunction on the first day. One of the subjects (number 6) has 

missing data on the last block of a test day due to a memory overload of the computer. 

Procedure 

Subjects were trained at one retinal location for four days. Half of the subjects 

were trained at a location 7 cm to the right and 5 cm below the fixation point (7, -5). The 

other half were trained at a location 8.57 cm to the right and 0.79 cm above the fixation 

point (8.57,0.79). The subjects were seated 60 cm away from the monitor and both of 

these locations corresponded to a visual angle of 8.16 degrees from the fixation point. 

All of the subjects were trained and tested with a pair of lines that were 9.8 and 7 degrees 

rotated counterclockwise from the horizontal. 

There were two test days as before; Two Location Test Day and Multiple 

Location Test Day. The test days were counterbalanced as to which came first to 

counteract any disturbance that may occur from testing. The Two Location Test Day 

consisted of the training location, and one new location that was at a visual angle of 2 .84 

degrees away from the training location (3 cm away on the computer screen). Testing 

was conducted such that initially there was one block of trials at the new location 

followed by a block of trials at the old location. The blocks alternated between new and 
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old locations for 10 blocks. The Multiple Location Test Day consisted of testing on the 

training location and four new locations measured from the training location; I) 0.95 

degrees visual angle (1cm) 2) 1.89 degrees visual angle (2cm) 3) 2.84 degrees visual 

angle (3cm - same as used in the Two location test day) 4) 5.67 degrees visual angle 

(6cm). The placement of the testing locations were such that when people were trained at 

the lower right quadrant (7, -5), the test stimuli were distributed along an arc moving 

counterclockwise. Subjects trained in the upper right quadrant (8.57, 0.79) had the 

placement of stimuli moving clockwise along an arc, with all stimuli 8.16 degrees from 

the fixation point. This created a new test location of 2.84 degrees (3cm) from the trained 

location that was shared by both training groups (8.29, -2.29). Also, the furthest test 

location of 5.67 degrees (6cm) away was the same as the training location for the other 

group (See Figure 13). 

Results 

Training Data 

As can be seen from the data, there is an increase in performance as training 

proceeds. The mean Percent Correct performance for Day 1 is 73 .39, Day 2 is 75.91, 

Day 3 is 77.21, and Day 4 is 77.12 (See Figure 14a). From Day I to Day 4, there is an 

overall increase in performance of 3.73. This shows that learning did occur, however, 

this is much lower than the overall increase in Experiment One of 7.19. Less learning in 

this experiment can not be attributed to the new retinal location. The subjects that were 

trained at the same location as used in Experiment One were the subjects responsible for 
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this lower learning. Half of the subjects in Experiment One had the exact same training 

parameters yet showed better learning. It follows that this low performance in 

Experiment Two is due to individual differences. There is actually a slight decrease in 

performance from Day 3 to Day 4 in this experiment. Several of the subjects were 

graduate students who seemed to be in a time of stress (even higher than the normal grad 

student amount) and possibly not getting enough sleep. Since sleep has been shown to be 

necessary for learning to occur (Stickgold, et al., 1998), this may be the reason for the 

low level of learning. The same pattern of resuks are seen in the d' data. Day I mean 

performance is 1.20, Day 2 is 1.46, Day 3 is 1.58, and Day 4 is 1.55 (See Figure 14b). 

There was also an increase in performance across blocks (See Figure 15) in both Percent 

Correct and d'. Therefore, the subjects' performance increased within a session, as well 

as between sessions, showing that learning is a slow accumulated process. 

Transforming the data into d' scores in Experiment Two seems to have a greater 

impact than it did in Experiment One. There are greater differences in the individual 

scores of subjects' data. This may be due to the fact that there are a total of 42 blocks in 

which there were no false alarms. This is nine percent of the total 480 blocks in this 

experiment that had to be estimated. One subject (number 2) had 25 blocks with no false 

alarms. While this subject's performance was very good overall, this also indicates a 

strategy of only responding "different" when very sure, and responding "same" all other 

times. Note that none of the subjects went a whole day of training without a false alarm. 

So, the overall calculation of d' performance for the day is valid. 
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A repeated measures ANOVA with Training Day (Day I, Day 2, Day 3, and Day 

4) as within subjects variables and Training location ((7, -5) or (8.57, 0.79) and Key 

(right shift = same vs. left shift = same) as between subjects factors was performed. 

There was again no effect of which key subjects used to respond (Percent Correct and d' 

F(l, 4) < 1), so this factor was excluded from future analyses. 

In the Percent Correct data, there was a marginally significant main effect of Day 

(F(3, 12) = 3.350, p = .056) which indicates learning. In this experiment, there was less 

than a four percent increase in performance. It is unclear why less learning occurred in 

this experiment, particularly since the group trained at the same location that was used in 

Experiment One seems to be the cause of the low level of learning. The same analysis 

using d' scores was significant for the Day main effect (F(3, 12) = 5.438, p < .05) 

indicating that learning did occur. In both analyses, the posthoc comparison of days 

showed a significant increase in performance between Day 1 and Day 3 (Percent Correct 

and d', p < .05) as well as between Day I and Day 4 (Percent Correct and d', p < 01). 

There was a marginally significant main effect for the training location (Percent Correct 

F(l, 4) = 7.084, p = .056; d' F(l, 4) = 5.039, p = .088). It would appear that location 

(8.57, 0.79) is naturally easier than (7, -5), even though both are equal distance from the 

fovea. However, the visual field is not spherical. We typically have a wider range of 

view along the horizontal axis (Kolb and Wishaw, 1990). This would make (8.57, 0.79) 

easier to see than (7, -5), which is lower in the visual field. 

An analysis was also performed on the training data with Block (1 - 10) as a 

variable. In this analysis, there was a significant effect for Day for both analyses (Percent 
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Correct F(3, 12) = 5.259, p < .05; d' F(3, 12) = 10.028, p < .001) indicating learning 

across days. Days 3 and 4 were significantly better than Day 1 (Percent Correct p < .05 

for both comparisons and d' p < .05 and p < 01 respectively). In the d' analysis. Day 2 

was marginally significantly better than Day 1 (p = .068) and Day 3 was marginally 

significantly better than Day 2 (p = .052). 

There was also a Day by Training location interaction (Percent Correct F(3, 12) = 

5.259, p < .05; d' F(3, 12) = 4.63, p < .05). This interaction seems to be caused by poor 

performance on Day 4 by subjects trained at the location (7, -5). In fact, the Day 4 

performance is worse than both Day 2 and Day 3 (although not significantly worse). 

Since this is the same location that was used in Experiment One where subjects 

performed significantly better on Day 4 than Day 3 and Day 2, and there is no reason that 

Day 4 performance should be lower than Days 2 and 3, other than the subjects may have 

been sleep deprived. It suggests that not as much learning occurred in this group and this 

may effect future results. 

There was also a significant main effect for Block (Percent Correct F(9, 36) = 

4.741, p < .001; d' F(9, 36) = 5.48, p < .001). As the blocks progressed, subjects' 

performance increased. There was particularly an increase after Block 1. In posthoc 

comparisons, all other blocks were significantly better than Block 1 for both Percent 

Correct and d' analyses (p < .05). There was also a significant Block by Day interaction 

in the Percent Correct analysis (F(27, 108) = 1.731, p < .05) which was marginally 

significant in the d' analysis (F(27, 108) = 1.492, p = .078). This is most likely due to the 

odd performance of subjects on Day 4. 
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Two Location Test Day Data 

The subjects performed better on their training location (mean Percent Correct = 

77.45; d' = 1.71) than on the new location (mean Percent Correct = 68.80; d' = 1.10) (See 

Figure 16). This indicates that learning at one location did not transfer to the new 

location. The performance at the new location was even lower than baseline. Day I 

performance (means Percent Correct = 73.39 vs. 68.80; d' = 1.10 vs. 1.53). This indicates 

that learning at one location interfered with performance at the new, neighboring 

location. 

The test day consisting of only one new location was analyzed with a repeated 

measures ANOVA with Test type (Baseline - last 5 blocks. New location, and Trained 

location) and Block (5) as within subject variables. Training location [(7, -5) or (8.57, 

0.79)] and whether this was the First Test Day or Second Test Day were between subjeas 

variables. This analysis was performed for both the Percent Correct and d' measures. 

There was a main effect of Test type in both analyses (Percent Correct F(2, 8) = 

18.098, p < .001; d' F(2, 8) = 21.653, p < .001). In posthoc comparisons, the Trained test 

location is significantly better than the New test location (both Percent Correct and d' p < 

.001). Even more interesting is the finding that the Baseline measure of the training 

location is significantly better than the New test location (both Percent Correct and d' p < 

.05). This indicates that training at one location interferes with a subject's performance at 

a neighboring location, most likely through the stealing or recruitment of cells that 

responded to neighboring locations. 
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Both analyses also showed a significant Test type by Training location interaction 

(Percent Correct F(2, 8) = 5.555, p < .05; d' F(2, 8) = 6.076, p < .05). This indicates the 

inherent difference in ease of the various testing locations. If (8 .57, 0.79) is easiest and 

(7, -5) is hardest, then it is logical that the New testing location, 2.84 degrees away from 

either training location, is of an intermediate difficulty. Without training, it would be an 

easier location to respond to than (7, -5). Note that because of training at (7, -5), the 

subjects perform slightly worse on the new location. The New testing location is 

naturally harder than the training location (8.57, 0.79). The effect of training at this 

location makes performance on the new location much worse, causing the interaction 

(See Figure 17). 

In the Experiment Two analyses, there is no Test type by Day of testing 

interaction (Percent Correct F(2, 8) = 1.022; d' F(2, 8) < 1), as there was in Experiment 

One. It is interesting that there seems to be a remapping of the visual cortex that affects 

neighboring locations, but it is not susceptible to the same interference to which the 

orientation remapping was vulnerable. 

Multiple Locations Test Day Data 

Subjects performed best at the trained location (mean Percent Correct = 74.76; d' 

= 1.49) (See Figure 18). When the testing location was 0.95 degrees away, performance 

dropped very slightly from the trained location's performance (mean Percent Correct = 

74.64; d' = 1.42). At 1.89 degrees away, performance dropped more (mean Percent 

Correct = 70.31; d' = 1.12), and it dropped even more at 2.84 degrees away (mean 



Percent Correct = 68.028; d' = 1.05). Once the testing location was moved 5.67 degrees 

away form the training location, performance went back up (mean Percent Correct = 

71.77; d' = 1.31), but not to the performance of the trained location or 0.95 degrees away 

(See Figure 18). Again, Day 1 baseline performance was better than the 2.84 degrees 

away performance (mean Percent Correct = 73.39 vs. 68.03; d' = 1.20 vs. 1.05) as well as 

slightly better than 1.89 degrees away and 5 .67 degrees away. 

There was one missing block of Multiple Locations Test data for one subject 

(number 6), so again, block could not be analyzed as a factor. Instead, the two blocks for 

each testing location were averaged together. The data were analyzed with a repeated 

measures ANOVA with Test condition (Baseline, Testing trained location, 0.95 degrees 

away location, 1.89 degrees away location, 2.84 degrees away location (as in the two test 

day), and 5.67 degrees away location). Testing day (whether multiple test day was first 

or second), and Training location [(7, -5) or (8.57, 0.79)] were between subjects 

variables. 

There was a significant Test condition by Training location interaction (Percent 

Correct F(5, 20) = 4.806, p < .01; d' F(5, 20) = 5.012, p < .01). This reflects the findings 

that training at one location has an effect on neighboring retinal locations as well as that 

some of the locations are inherently easier than other locations (See Figures 18 and 19). 

In posthoc comparisons of the Test conditions, performance on the location that is 2.84 

degrees away is significantly worse than performance on the location 0.95 degrees away 

from the training location in the Percent Correct analysis (p < .05). Since the location 

2.84 degrees away is easier for the subjects trained at (7, -5) and harder for the subjects 
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trained at (8.57, 0.79) this shows that overall learning causes interference with 

performance 2.84 degrees away. This same analysis with d' is marginally significant (p = 

.086). This also suggests that there is some transfer of learning to the location 0.95 

degrees away. There is no difference in performance at the trained location and 0.95 

degrees away (Percent Correct (p = .970), d' (p = .800)). It is unusual that the 

performance at the trained location is not significantly better than the performance 2.84 

degrees away, but this may be due to some interference caused by the testing procedure. 

The trained location was always tested in the fifth and ninth block. This meant there was 

a large amount of training at other locations before testing at the trained location. This 

may have interfered with what was previously learned. There was also particularly bad 

performance of the group trained at the location (7, -5) on their training location. This 

could again reflect poor learning on the part of this group, or may be caused by chance. 

The effect of the inherent difference in ease of testing locations can be seen in an 

analysis where the absolute location [(7, -5), 2.84 degrees away, and (8.57, 0.79)] was 

examined. Here there is a significant main effect for testing location regardless of the 

location subjects were trained at (d' F(3, 12) = 7.566, p < .01). In posthoc comparisons, 

location (8.57, 0.79) was significantly better than both the location (7, -5) (p < 05) and 

the location 2.84 degrees away (p < .05). This shows that the location (8.57, 0.79) was an 

inherently easier location 

Examining the graphs, it appears that there is some transfer of learning to the 

closest new locations (0.95 degrees away and 1.89 degrees away), but there is some 
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interference in performance at the retinal location 2.84 degrees away. At 5.67 degrees 

away, there appears to be no effect (See Figure 18). 

Discussion 

Learning did occur in this experiment, although to a lesser degree than in 

Experiment One. In testing a new retinal location 2.84 degrees away from the training 

location, it was discovered performance was below baseline. Day 1 performance. This 

suggests that neighboring retinotopic cells are recruited to respond to the trained retinal 

location. Combined with the resuhs of Experiment One, this suggests that cells are 

recruited from both neighboring retinal locations and neighboring orientations. 

Examining what occurs over a wider range of retinal locations, it appears the closest 

retinal location showed some transfer of learning, but once the new retinal location is 

5 .67 degrees away, there is no effect of training. This suggests that the cells that respond 

to 5 .67 degrees away are too far to be recruited. Although there were great similarities in 

the generalization of learning to new orientations and new retinal locations, two major 

differences stand out. In Experiment One, there was a disruption of the previous learning 

from testing with multiple new orientations. On the other hand, there was no apparent 

disruption of previous learning due to testing in the present experiment. Also, the entire 

orientation dimension was affected by training, but the whole retinal location dimension 

was not affected. 

These results suggest that cells can be recruited from neighboring retinal locations 

in the process of learning a line orientation discrimination task. This suggests that cells 
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are not only stolen from an area that responds to stimuli that are from the relevant 

dimension (orientation) as Experiment One showed happens. But this also shows that 

cells will be stolen from a semi-irrelevant dimension (retinal location). The pattern of 

generalization, with some transfer of learning to the "closest" novel stimuli, and 

interference at "further" stimuli is very similar with both orientation and retinal location. 

Note that the generalization is different at the "fiuthest" stimuli. There must be a 

difference in the way recruitment and reorganization of the cortex occurs. 

Experiment One implies that there was recruitment of cells from within the 

orientation column. Recall that the first day of testing interfered with what was 

previously learned. This suggests that the orientation columns reverted to their original 

mapping relatively easily, even after four days of training. In Experiment Two, there was 

no interference from the first day of testing to the second. This suggests that the retinal 

map does not revert to its original configuration as easily as the orientation columns. It 

could be related to the fact that orientation was the relevant dimension in these 

experiments and the retinal location was less relevant. One map may revert to its original 

configuration more easily just because of the asymmetry between a relevant and 

irrelevant dimensions. This would mean that multiple tests on the relevant dimension 

(orientation) cause reverting to the original configuration, whereas multiple tests on the 

less relevant dimension (retinal location) do not cause reverting to the original map. 

Alternatively, an intriguing possibility is that it may be due to the inherent difference in 

the mappings of these two dimensions. As mentioned in the introduction, orientation is 

coded in columns of cells. These are more bounded, and actually are more circular - as 
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one moves through an orientation colunm, the cells eventually "wrap back around" to an 

orientation that was coded previously in the orientation column. There is no "wrapping 

around" of retinal location. This may also explain why there is no effect of training on 

the furthest retinal location, but there is an affect on the furthest orientation. 

To test the cause of these differences, one could train subjects on a retinal location 

discrimination of orientated lines task, and then test on neighboring orientations. The 

subject's task would be to say if two lines are presented at the same or different location. 

If novel retinal location tests now disrupt previous learning and neighboring orientation 

tests do not, then this would suggest that it has to do with which dimension is relevant. 

The results of this experiment are inconsistent with the Schoups et al. (1995) 

finding of no influence of any sort at neighboring retinal locations. There were several 

differences between their study and the current one that may have resulted in these 

differences. As noted earlier, they switched retinal eccentricity from training to testing. 

In addition, Schoups et al.'s (1995) stimuli covered a larger visual field (2.5 degrees vs. 

1.42 degrees visual angle). Therefore, this may change the way learning occurred, or the 

area in which cells were recruited from. Whereas the present study showed a "stealing" 

or recruitment of cells to respond to the trained location defined broadly (up to 1.89 

degrees visual angle wide radius) it is hard to tell what the system would do with these 

larger stimuli. The cells are recruited from an area that previously responded to stimuli 

located only 2.86 degrees of visual angle away. Schoup's et al. (1995) used a training 

stimulus that subtended a visual orientation of 2.5 degrees (vs. 1.42 degrees in the present 

experiment). Since Schoups et al.'s (1995) training stimulus subtends almost the entire 
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distance in which stealing occurred in the present study, it is not surprising that their 

results are different. Perhaps their testing locations fell in a "no-mans land" in which 

cells were both being stolen from, but also still had some of the benefit of the cells being 

"pulled" to the training location. On the other hand, perhaps training with stimuli of a 

larger visual orientation caused a different type of learning to occur, as Experiment Three 

suggests can occur. There also was a difference in the testing procedure that may have 

caused the difference in results. In Schoup's et al. (1995) study, subjects were trained 

extensively at each new location. As the results of Experiment Three will show, 

extensive training with much of a given dimension may cause the nature of learning to be 

drastically different. 
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EXPERIMENT THREE 

The third experiment was designed to train subjects on an entire orientation 

dimension at one retinal location. In typical experiments, training occurs using only one 

pair of stimuli, or one small part of a dimension, such as orientation. It is unclear if one 

can generalize the process of training at one location on a dimension to the process of 

training on an entire dimension. Previous results suggest that learning occurs by the 

stealing of neighboring cells. If training is carried out using an entire dimension then 

neighboring cells will also be excited. Does this leave anywhere for cells to be stolen 

from? It is possible that with extensive training, learning cannot occur since there is no 

place from which to steal cells. It is also possible that learning can occur when trained 

with the entire orientation dimension. If learning still occurs through the recruitment of 

neighboring cells in this case, then more cells from neighboring retinal locations would 

have to be recruited. Or, learning may occur through an entirely different mechanism. 

Subjects were trained for four days on four pairs of orientations spanning the 

entire orientation dimension. On the fifth and sixth days of the experiment, subjects were 

tested. Subjects were tested on a new orientation at the same retinal location on one test 

day. The intermediate new orientation was tested to see what type of learning was 

occurring within the multiple trained orientations. It was possible that the four training 

orientations would be sufficient to train the entire dimension. On the other hand, it was 

possible that the system learned the four orientations individually. An intermediate 

orientation was tested to look for generalization or interference at this new orientation. 

On the other test day, subjects were tested with the old orientations at a new retinal 
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location. The new retinal location was tested to look for generalization or interference at 

a neighboring retinal location. Test days were counterbalanced to account for any 

disruption in learning that testing might have caused. 

This experiment will address three questions. First, will any learning occur when 

trained with angles covering the entire orientation dimension? Second, if learning occurs, 

would there be generalization or below baseline performance for an untrained 

orientation? Lastly, will neighboring retinal cells be recruited to respond to the multiple 

orientations at the training retinal location? 

Methods 

Subjects 

Eight subjects were used in this experiment. All were naive graduate students 

chosen for the same reasons as in Experiment One. 

Procedure 

Subjects were trained with four pairs of lines at one retinal location for four days. 

The retinal location was 7 cm to the right and 5 cm below the fixation point (7, -5) 

constituting a visual angle of 8.16 degrees fi"om the fixation point. This is the same 

location used in Experiment One and Experiment Two. All subjects were trained with 

four pairs of orientations. Each of the pairs was separated by 45 degrees such that the 

four pairs of lines were evenly distributed around the entire orientation dimension. Half 

of the subjects were trained with the line pairs 7/9.8, 52/54.8, 97/99.8, 142/144.8 degrees 
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(group 1) (See Figure 20) and the other half were trained with 29.5/32.3, 74.5/77 3, 

119.5/122.3, 164.5/167.3 degrees (group 2) (See Figure 21). Since it is important for 

each of the pairs of lines to have the same amount of training, the 10 blocks of training in 

a day had to be redistributed. Each of the four pairs were trained for two fiill blocks, then 

the two remaining blocks were divided in half and each pair of orientations was presented 

for half a block. Therefore, each orientation pair received 120 training trials a day and 

the total number of trials in a day was 480, as in the first two experiments. 

On the fifth and sixth day, subjects were tested. One test day consisted of the four 

training orientations and one new intermediate orientation 22.5 degrees rotated fi'om a 

training orientation, all presented at the training retinal location. The intermediate 

orientation was 29.5 /32.3 degrees for group one and 7/9.8 degrees for group two. The 

training orientations and novel, intermediate orientation were chosen such that the new 

orientation for one group was a training orientation for the other group. This testing day 

consisted of the new orientation being alternated with one of the old orientations. There 

were eight full sized blocks and four half blocks. The new orientation was given on four 

fiill sized blocks and two half blocks. Each of the old orientations received one full sized 

block and two psuedo-randomly selected old orientations received half blocks. 

The other test day consisted of the training orientations tested at a new retinal 

location a visual angle of 2.84 degrees away fi'om the training location (3 cm on the 

computer screen), as in Experiment Two. The new location was alternated with the old 

such that there was one full sized block for each of the four orientations to be presented at 

the old and new location. The remaining four half blocks were pseudo-randomized for 
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the orientation such that across subjects, each orientation received the same number of 

testing trials at each of the retinal locations. 

Results 

Only nine blocks of data had to be estimated for d' out of a total of 576 blocks 

(there were 12 blocks per day). This is only 1.5 percent of the total blocks. This reflects 

not only a lack of extreme response biases, but also the fact that overall performance in 

this experiment was much lower than in the previous experiments. 

Training Data 

Subjects' mean performance (collapsed across orientation) improved from the first 

day of training to the last. The performance for Day 1 was the lowest (mean Percent 

Correct = 54.49, d' = 0.288). For Day 2 (mean Percent Correct = 56.29, d' = 0.372) and 

Day 3 (mean Percent Correct = 56.14, d' = 0.359) performance increased, and on Day 4 

(mean Percent Correct = 57.66, d' = 0.407) performance was the highest (See Figure 22). 

This made the total increase in performance 3.17 Percent Correct and in d' 0.119. This is 

less than the total amount of increase in the previous two experiments, but the subject is 

also receiving fewer trials at any given orientation. The total number of trials a subject 

received has remained constant across experiments, but were divided among the four 

training orientations in Experiment Three. In fact, each orientation receives as many 

trials (480) over four days as the one training orientation does in just the first day of the 

previous two experiments. 
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A repeated measure ANOVA was performed on training data collapsed across 

orientations. Performance for Day (1, 2, 3. and 4) was the within subject variable and 

Training orientation set was the between subjects variable. In the analysis using Percent 

Correct scores, there was a marginally significant effect for Day (F(3, 12) = 2.825. p = 

0.084), suggesting that learning did occur. However, when the analysis was performed 

using d', the effect did not approach significance (F(3,12) < 1). In a paired comparison t-

test collapsing across angles, there was a significant increase in performance on Day 4 

compared to Day I in Percent Correct (t(7) = 2.81, p < .05), but not for d'. This extreme 

difference in outcome is unusual given that in the previous analyses the outcomes of 

Percent Correct and d' were quite similar. The significant increase in performance as 

measured by Percent Correct, but not d' may indicate that the improvement that did occur 

was due to cognitive factors rather than a true change in perception. The data was further 

examined to attempt to determine whether there is no change in perception. 

As was shown in Experiment One, there is an inherent difference in ease between 

different orientations. Each subject in this experiment was trained with four pairs of 

oriented lines. Since there is a difference in the inherent ease of the different 

orientations, the two groups trained on different orientations were examined separately. 

Examining the four subjects trained with 7/9.8, 52/54.8, 97/99.8, and 142/144.8 degrees 

there is an overall difference in performance for the various orientations used when 

averaged across all four days of training. Performance at orientation 7/9.8 is the best 

(mean Percent Correct = 58.55; d' = 0.483), then at 97/99.8 (mean Percent Correct = 
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54.21; d' = 0.257), then 142/144.8 (mean Percent Correct = 53.04; d' = 0.127) with 

performance the lowest at 52/54.8 (mean Percent Correct = 51.13; d' = 0.081). 

In group 2, trained with the other set of orientations, the highest perfonnance was 

on the orientation 164.5/167.3 (mean Percent Correct = 63.71; d' = 0.800), then 74.5/77.3 

(mean Percent Correct = 59.85; d' = 0.564) and 119.5/122.3 (mean Percent Correct = 

55.82; d' = 0.313), with the lowest performance at 29.5/32.3 (mean Percent Correct = 

52.86; d* = 0.229) (See Figure 24). 

Looking at the individual orientations-by-day performance, mixed results are 

found. Performance for some orientations increases, while the performance for other 

orientations remains neutral or actually decreases. There is also a difference dependent 

on which set of orientations the subjects were trained. 

For the subjects trained with 7/9.8, 52/54.8, 97/99.8, and 142/144.8 degrees, 

improvement in performance occurred at only one or two of the orientations (See Figure 

23). In fact, when looking at the training data by day collapsed across orientation for this 

group, it would appear that no improvement occurred. This is due to the increase in 

performance at one or two orientations, and a decrease in performance at the other 

orientations. Subject performance fi'om Day 1 to Day 4 increased for orientation 7/9.8 

(means in Percent Correct (57.12, 53.47, 60.42, 63.19); d' (0.482, 0.212, 0.599, 0.64)). 

Perfonnance at orientation 142/144.8 slightly increased (means in Percent Correct (52.95, 

52.08, 50.87, 56.25); d' (0.177, 0.095, 0.051. 0.185). Performance at 97/99.8 did not 

improve from the beginning to the end of training (means in Percent Correct (52.78, 

55.75, 55.90, 52.43); d' (0.200, 0.310, 0.339, 0.179)). Orientation 97/99.8 was one of the 



orientations used in Experiment One where learning did occur. It is interesting that 

learning occurred at 97/99.8 when it was the only orientation presented, but not when 

multiple orientations were trained. The performance at orientation 52/54.8 also did not 

improve across days (means in Percent Correct (50.69, 51.56, 52.26, 50.00); d' (0.195, 

0.094, 0.076, -0.040)). This orientation was not used in a previous experiment, and it is 

unclear if learning can occur at this orientation given these stimuli. 

On the other hand, the subjects trained with 29.5/32.3, 74.5/77.3, 119.5/122.3, and 

164.5/167.3 degrees showed some increase in performance across all of the orientations 

(See Figure 24). Performance from Day 1 to Day 4 for orientation 29.5/32.3 increased 

(means Percent Correct (49.65, 55.73, 52.95, 53.13); d' (-0.550, 0.493, 0.238, 0.239)). 

Performance also increased for orientation 74.5/77.3 (means Percent Correct (57.81, 

62.50, 58.16, 60.94); d' (0.443, 0.690, 0.523, 0.599)), orientation 119.5/122.3 (means 

Percent Correct (54.86, 54.51, 56.77, 57.12); d' (0.264, 0.215, 0.393, 0.380)) and 

orientation 164.5/167.3 (means Percent Correct (60.07, 64.76, 61.81, 68.23); d' (0.598, 

0.874,0.650, 1.077)). 

Given that there seemed to be differences in learning that occurred given the set 

of orientations used in training, the two Training orientation groups were analyzed 

separately. A repeated measure ANOVA with Day and Orientation as within-subjects 

factors was performed for each group of training orientations. This results in only four 

subjects in each analysis and the results should only be considered exploratory. 

Additional analyses that violate some statistical assumptions were performed to explore 

what may be occurring in this experiment and to guide future research. 
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The group trained with 7/9.8, 52/54.8, 97/99.8, and 142/144.8 degrees had a 

significant main effect for orientation in d' (F(3, 9) = 4.717, p < .05) that was marginally 

significant with the Percent Correct analysis (F(3, 9) = 3.43, p = .066). This indicates a 

difference in performance at different orientations. There was not a significant main 

effect for Day (Percent Correct F(3, 9) = 1.775; d' F(3, 9) < 1), showing that even though 

performance on one or two orientations may have increased, not all of them did. Even 

though there was not a significant overall increase in performance across days, in a 

posthoc analysis of Percent Correct scores, performance on Day 3 was significantly better 

than Day 1 (p < 0.05). In an ANOVA solely examining orientation 7/9.8 across days, in 

posthoc comparisons. Day 4 was significantly higher than Day 2 in the Percent Correct 

analysis (p < 0.05). This may indicate learning at orientation 7/9.8. Since d' did not also 

approach significance, this learning may have been cognitive rather than perceptual. 

There was nothing that would suggest learning or interference even approaching 

significance in this group's other orientations analyses. 

The other group of orientations was then examined. Subjects were trained with 

the orientations of 29.5/32.3, 74.5/77.3, 119.5/122.3, and 164.5/167.3 degrees. There was 

not a significant main effect for Day (Percent Correct F(3, 9) = 2.596). In posthoc 

analyses. Day 2 was marginally significantly better than Day 1 (Percent Correct p = 

0.072; d' p = 0.095), and Day 4 was marginally significantly better than Day 1 (Percent 

Correct p = 0.109; d' p = 0.082). This indicates an overall learning among orientations. 

To fiirther explore the learning that may have occurred in group 2, analyses 

looking at the individual orientations across days were performed. Each of the 
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orientations showed some sign of learning. Repeated measures ANOVAs were run for 

each orientation with Day (I through 4) as a within subjects variable. Orientation 

29.5/32.3 had a significant main effect for day (Percent Correct F(3, 6) = 6.461, p < 0.05; 

d' F(3, 6) = 14.112, p < 0.01). In posthoc analyses. Day 2 performance was significantly 

better than Day 1 (both Percent Correct and d' p < 0.05) and Day 4's performance was 

marginally significantly better than Day I in d' (p = 0.070). For orientation 74.5/77.3 

even though there was not a significant main efiFect for Day (Percent Correct F(3, 6) = 

1.065; d' F(3, 6) < 1) there was a marginally significant increase between Day 1 and Day 

3 in the d' analysis (p = 0.081). Orientation 119.5/122.3 did not have a significant main 

effect for Day (both Percent Correct and d' F(3, 6) < 1), but approached a significant 

increase in performance fi"om Day I to Day 3 (Percent Correct p = 0.067; d' p = 0.061). 

Orientation 164.5/167.3 did have a significant main efifect for Day (Percent Correct F(3, 

6) = 4.754, p = 0.05; d' F(3, 6) = 5.856, p < 0.05) with a significant increase in 

performance fi'om Day 1 to Day 2 (both Percent Correct and d' p < 0.01). Altogether, this 

suggests that learning may have occurred for each of the orientations, although this 

learning may not have been evenly distributed. 

The training results suggest that learning did occur. It is unclear whether this 

learning is due to solely cognitive factors, or whether there may also be a change in 

perception. The learning may have occurred differently dependent upon which set of 

orientations the subject was trained. This difference in learning dependent on which 

orientations the subjects were trained may effect the way learning is generalized to a new 

orientation or a new location. This will be examined in the next sections. 
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New Orientation Test Day Data 

The data from the New Orientation Test Day do show an effect based on which 

set of orientations the subjects were trained. This can be seen in figures 25 and 26. A 

repeated measures ANOVA with Testing type (BaseHne (Day 1), Old orientations. New 

orientation) as the within subjects variable and Training orientation group (group 1 or 

group 2) and Test day (whether New Orientation Test Day was first or second) as 

between subjects variables was performed to confirm this. Performance on test day of all 

of the old orientations was collapsed to get an overall measure of performance on the old 

orientations. Training orientation group 1 was trained with 7/9.8, 52/54.8, 97/99.8 and 

142/144.8. Training orientation group 2 was trained with 29.5/32.3, 74.5/77.3, 

119.5/122.3, and 164.5/167.3. There was a significant interaction between Testing type 

(Baseline, Old orientation, and New orientation) and Training orientation (group 1 or 

group 2) (Percent Correct F(2, 8) = 4.461, p = 0.05) that was marginally significant for d' 

(F(2, 8) = 3 .12; p = 0.100) indicating that the orientation training groups each transfer to 

a new orientation differently and therefore should be analyzed separately. 

In group 1, trained with 7/9.8, 52/54.8, 97/99.8, and 142/144.8 degrees there does 

not appear to be a positive or negative transfer of learning to the new orientation of 

29.5/32.3 (See Figure 25). The mean performance for the new orientation is: Percent 

Correct = 50.17, d' = 0.068. This approaches chance performance. This is similar to the 

performance of group 2 on orientation 29.5/32.3 on Day 1, baseline. Since both baseline 

performance and performance on the new orientation are near chance, it is difficult to tell 

if there is below baseline performance for the new orientation. Group 2 was able to leam 
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about this orientation, and had increased performance on Day 4 (See Figure 26). It is 

possible to learn about his orientation, yet group I's learning did not transfer to the new 

orientation 29.5/32.3. The means for the trained orientations on this test day are; 7/9.8 

Percent Correct = 64.06, d' = 0.805; 52/54.8 Percent Correct = 50.26, d' = -0.027; 97/99.8 

Percent Correct = 56.03, d' = 0.339; 142/144.8 Percent Correct = 57.60, d' = 0.454. In 

this group, learning occurred at only the 7/9.8 orientation and possibly at the 142/144.8 

orientation. When learning is specific to only one or two orientations, there is no positive 

transfer of learning, and may caus€ interference in performance at an intermediate 

orientation, such as 29.5/32.3, but it is impossible to tell when performance is near floor 

to begin. 

Another repeated measures ANOVA was performed on the data from group 1 to 

examine what was occurring at each of the trained orientations on the New Orientation 

test day. Testing orientation (New - 29.5/32.3, 7/9.8, 52/54.8, 97/99.8, and 142/144.8 

degrees) was the within subjects variable and Test day (whether the New Orientation Test 

Day was first or second) was the between subjects variable to examine the performance 

on the different orientations. In posthoc analyses, performance on orientation 142/144.8 

was marginally significantly better than performance on the new, 29.5/32.3 orientation (d' 

p = 0.097). Performance on the orientations 52/54.8 and 97/99.8 where learning had not 

occurred, was not significantly different from performance on the new orientation. This 

suggests that the learning that occurred for the one or two orientations in this group did 

not transfer positively to the new orientation. 
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Next, group 2 trained with 29.5/32.3, 74,5/77.3, 119.5/122.3, and 164.5/167,3 

degrees was examined. In this group, learning appeared to have occurred for each 

orientation. How does this effect performance on a new, untrained orientation? When 

the entire dimension of orientation is learned, the learning may transfer to a new, 

untrained orientation (See Figure 26). Performance on 7/9.8 as a new orientation for 

group 2 is higher than the performance of group 1 for 7/9.8 on Day 1, baseline. The 

means for the group 2 new orientation 7/9.8 were: Percent Correct = 61.37, d' = 0.6477. 

The means for group I day 1, baseline at 7/9.8 were: Percent Correct = 57.12, d' = 0.482. 

The group 2 performance on 7/9.8 as a new orientation is not significantly different from 

group I's baseline performance on this orientation. There are only four subjects in each 

group and this is a between subjects variable, so it is not surprising it is not significant. 

Means for the trained orientations in group 2 on this testing day were; 29.5/32.3 Percent 

Correct = 55.47, d' = 0.363; 74.5/77.3 Percent Correct = 58.33, d' = 0.494; 119.5/122.3 

Percent Correct = 57.86, d' = 0.452; and 164.5/167.3 Percent Correct = 61.76, d' = 0.691. 

A repeated measures ANOVA was performed with Testing orientation (New - 7/9.8, 

29.5/32.3, 74.5/77.3, 119.5/122.3, and 164.5/167.3 degrees) as a within subjects factor 

and Testing day (whether the New Orientation Test Day was first or second) as the 

between subjects factor. There was neither a significant main effect for Testing 

orientation (both Percent Correct and d' F(4, 8) < 1) nor a significant difference between 

the new orientation's performance and each of the trained orientation's performance. This 

suggests that the (earning that occurred in the four trained orientations may have 



transferred to the new orientation. This would indicate that learning occurred for the 

entire orientation dimension. 

New Location Test Day Data 

Subjects were tested with the training orientations at a new retinal location 2.84 

degrees away (same as used in Experiment Two) on the New Location Test Day. 

Performance at the New location on test day (mean Percent Correct = 55.27, d' = 0.31) 

was equivalent to baseline. Day 1 performance at the old location (mean Percent Correct 

= 54.49, d' = 0.288) (See Figure 27). Performance at the trained location on the test day 

(mean Percent Correct = 58.61, d' = 0.508) was higher than baseline. Day 1 performance 

at the trained location (mean Percent Correct = 54.49, d' = 0.288). This trend is true even 

when examining the two groups trained on different sets of orientations separately. 

Regardless of group, for the orientations where learning occurred, there is higher 

performance at the trained location than the new location on the test day. Performance on 

the new location is the same as performance at the old location on Day 1, baseline. 

A repeated measures ANOVA was performed with Testing type (overall scores 

for Dayl, Trained location, and New location) as the within subjects factor and Training 

orientation set (group 1 or group2) and Testing Day (whether New Location Test Day was 

first or second) were between subjects factors. There was a significant main efifea for 

Testing type with Percent Correct (F(2, 8) = 5.457, p < 0.05). In post hoc analyses, it was 

shown that performance on test day at the trained location was significantly better than 

the baseline data with Percent Correct (p < 0.05) and marginally significant with d' (p = 
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0.065). This again shows that learning occurred. Performance on test day at the trained 

location was also significantly better than performance at the new retinal location with 

Percent Correct (p < 0.05) and marginally significant with d' (p = 0.073). This shows that 

there was no transfer of learning to the new retinal location. There was no significant 

difference between performance on Day 1 and performance at the new retinal location 

(Percent Correct p = 0.680; d' p = 0.883) indicating no positive transfer of learning and 

no interference. 

Discussion 

Learning did occur when trained on multiple orientations. It is unclear whether 

the learning that occurred was due to strictly cognitive factors, or included a change in 

perception. The way in which learning occurred may have depended on the orientations 

used in training. In group 1, trained with 7/9.8, 52/54.8, 97/99.8, and 142/144.8 degrees, 

learning may have occurred at one or two of the orientations. On the other hand, group 2, 

trained with 29.5/32.3, 74.5/77.3, 119.5/122.3, and 164.5/167.3 degrees seemed to learn 

about all of the orientations. This difference in the way learning occurred may have had 

an effect on the way learning transferred to a novel orientation at the same retinal 

location. When one or two orientations are learned (group I), this learning may not 

transfer. On the other hand, when learning occurs for all of the trained orientations 

(group 2), the entire dimension may be learned, and therefore learning transfers to a novel 

orientation at the same retinal location. Learning about multiple orientations at one 

retinal location does not seem to have an effect on neighboring retinal locations. 
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Regardless of the training set of orientations, performance on a novel, neighboring retinal 

location was equivalent to Baseline, Day 1 performance. 

Learning was able to occur with training of multiple orientations at one retinal 

location. As discussed in the introduction, it was unclear if such learning could occur. If 

discrimination learning does occur through the "stealing of neighboring cells," then with 

training on an extensive part of the dimension, there may be no un-used neighboring cells 

available to steal. The fact that learning did occur ±en leaves open the question of how 

learning occurred. The lack of significant findings in improvement with the d' measure 

suggests that this learning may not have been through a change in perception. It is 

possible that only learning that causes a change in perception occurs through the "stealing 

of neighboring cells," and this potentially more cognitive learning found here occurred 

through a different mechanism. 

The results from the New Orientation Test Day suggest that a different 

mechanism is used when learning about the entire orientation dimension. There was no 

apparent interference in performance on a novel orientation after training with multiple 

orientations. When the entire dimension was learned about (group 2), the learning 

seemed to transfer to a novel orientation at the same retinal location. This is very 

different from the interference that was seen in the first experiment when testing on a 

novel orientation 90 degrees rotated from the training orientation at the same retinal 

location. It is interesting to note that in Experiment One, it appeared that there may have 

been some transfer of learning to the orientation rotated 22.5 degrees from the training 

stimuli. The novel stimuli in this experiment are rotated 22.5 degrees from some of the 
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training stimuli. In group I, where learning appeared to only occur for one or two of the 

trained orientations, it is interesting that there was no transfer of learning to a novel 

orientation. Since learning was near chance for both baseline and novel orientation 

testing, it is impossible to tell if there was any interference when only one or two 

orientations are learned. Just because there is no apparent interference with neighboring 

orientations suggesting no stealing of neighboring orientation cells, does not mean that 

cells are not being stolen from neighboring retinal locations. 

On the New Retinal Location Test Day, there appeared to be no transfer of 

learning to the new retinal location. It is interesting to note that both the group that 

seemed to leam about the entire orientation dimension and the group that learned about 

only one or two orientations performed similarly on the new retinal location. Even 

though it is clear that there is no positive transfer of learning to neighboring retinal 

locations in this experiment, it is a little difficult to conclude that there is absolutely no 

negative interference. As was shown in Experiment Two, the new retinal location is 

actually inherently a little easier than the training location. Since performance did drop 

to baseline levels at an easier location, this indicates that some interference may be 

occurring. However, as was predicted from the "stealing cells" theory of discrimination 

learning, one would have expected more neighboring retinal cells would have been stolen 

for learning with multiple orientations to occur (as opposed to learning about one 

orientation). In Experiment Two, if we examine only the training location used in this 

experiment there was still more interference to the novel retinal location from training 

with one orientation than in this experiment. This suggests that learning about multiple 
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orientations at one retinal location has a different cause than "stealing of cells" in the 

primary visual cortex, but there may be some small amount of stealing of neighboring 

retinal cells. It is surprising that there is not a difference between the groups based on 

whether they learned about the entire dimension or only one or two orientations. 

Particularly, the group that only learned about one or two orientations would be expected 

to perform similarly to subjects in the previous experiments who only learned about one 

orientation. It is difficult to compare them to the previous experiments since the subjects 

in this experiment did not have as high a level of learning. 

This experiment makes some interesting suggestions that need following up. If 

there really is a difference in the way learning occurs based on the training orientations, 

this should be fiirther explored. Unfortunately, it is very difficult to draw firm 

conclusions due to the small number of subjects trained with each set of orientations. 
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GENERAL DISCUSSION 

Training with Part of a Perceptual Dimension 

This set of experiments provides many important findings. Experiments One and 

Two show that learning can and does occur when subjects are trained with stimuli from a 

point on a perceptual dimension such as orientation. This learning involves a true change 

in perception. The increase in d' scores as training progressed over subsequent days 

shows an increase in sensitivity to the stimuli. Since d' removes response bias, criterion 

shifts, and factors out specific experimental design effects, it is difficult to attribute the 

increased performance to any of these factors. Therefore, performance is increasing 

through a change in perception. 

This learning occurs, at least in part, through the recruitment of neighboring cells 

to respond to the practiced stimuli. This theory was suggested by Recanzone et al.'s 

(1992; 1993) studies in which a correlation between cortical area devoted to a stimuli and 

performance on a discrimination task was found. As cells are being recruited to perform 

ei particular discrimination, these cells are stolen from areas that previously responded to 

neighboring stimuli. In the case of line orientation discrimination, neighboring cells 

respond either to neighboring orientations or neighboring retinal locations due to the way 

the primary visual cortex is organized. Experiment One was consistent with the 

interpretation that cells are recruited from neighboring orientations by the below baseline 

performance on an orientation rotated 90 degrees from the trained orientation. 

Experiment Two suggested that cells are being recruited from the neighboring retinal 
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locations by the below baseline performance on a retinal location 2.84 degrees away from 

the training location. 

The amount of neural plasticity that adults demonstrate has been coming to light 

over the past ten years (Merzenich et al., 1988; Gilbert, 1994). Even at the earlier 

sensory processing stages there is evidence that adults have plasticity (Gilbert. 1994). 

Plasticity at early sensory processing stages, such as the primary visual cortex, is 

important for discrimination learning. It is this plasticity that allows the reorganization of 

the primary sensory cortex so that cells can be recruited from neighboring areas and put 

to use in fine discrimination tasks. 

The effects of novel stimuli from both a relevant dimension and a semi-irrelevant 

dimension were tested. A relevant dimension is one in which the subject is specifically 

focusing their attention and trying to perform a discrimination. A semi-irrelevant 

dimension is one that is also a part of the stimuli, and was coded for in the brain at the 

same location as the relevant dimension. In Experiments One and Two, orientation was 

the relevant dimension and retinal location was a semi-irrelevant dimension. Subjects 

were specifically attending and trying to discriminate the orientation. Retinal location is 

coded in the brain at the same location as orientation. Although subjects were not 

discriminating retinal location, this dimension could not be ignored by the subjects while 

performing this task. They had to process the retinal location of the stimuli in order to 

discriminate the orientations. Would learning effect only the relevant dimension of 

orientation or also the semi-irrelevant dimension of retinal location? The results of 

Experiment Two indicated that the semi-irrelevant dimension was affected by the 
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learning in the relevant dimension. Cells were also stolen from the semi-irrelevant 

dimension of retinal location as shown by the below baseline performance at a 

neighboring retinal location. 

There was shown to be a difference in the reorganization of the cortex based on 

orientation and retinal location. When the orientation columns reorganized as a result of 

training, the reorganization was not as robust as that for retinal location reorganization. It 

was shown that the first test day of new orientations distiirbed what was previously 

learned about orientation, but the first test day of new retinal locations did not disturb 

what was previously learned. In other words, testing with multiple new orientations 

caused the orientation columns to revert to the original organization (from before 

training). On the other hand, testing with multiple retinal locations did not cause the 

retinotopic map to revert to its original mapping. This suggests that reorganization 

occurring within orientation columns is not very robust. After four days of training, only 

one day of new orientations can cause the cortical map revert to its original organization. 

On the other hand, the reorganization of the retinal map does not snap back to its original 

organization as easily. Further experiments need to be conducted to determine whether 

the robustness of the reorganization is dependent upon the relevant/semi-irrelevant 

dimension distinction, or if it is dependent on the neural architecture of the maps in 

question. 

Another purpose of these experiments was to examine what happens to the entire 

dimension after learning about one part of the dimension. It appears that learning at one 

orientation and one retinal location may transfer positively to the closest stimuli. 
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Performance at an orientation that was shifted 22.5 degrees from the trained orientation 

was a little better than Experiment Three's baseline performance at this orientation. 

Similarly, performance at a retinal location 0.95 degrees away from the training location 

was a little better than baseline performance. Receptive field size of primary visual 

cortex neurons can vary from 0.25 degrees in diameter up to one degree in diameter in 

the far retinal periphery (Hubel, 1988). This suggests that the recruitment of neighboring 

cells is covering a large enough area that these stimuli are also benefiting from training. 

As the test stimuli are increasingly different from the trained stimuli, performance slowly 

drops off to reach a point that is eventually below baseline performance. In the case of 

the fiirthest retinal location, performance again increased. This suggests that in the 

retinal map, some retinal locations are cortically "far enough away" to be out of the reach 

of the recruitment of cells. These distant retinal locations do not show any effect from 

the training. 

Training with the Entire Dimension 

The third experiment tested the effects of training with multiple stimuli. These 

stimuli covered the entire orientation dimension. One question was whether learning 

could even occur under these conditions. If discrimination learning is dependent upon 

the recruitment of neighboring cells, the training of the entire dimension (and hence using 

all of the neighboring cells) would theoretically leave few, or no cells left to recniit. 

Despite this, the results showed that learning does occur when trained with multiple 

orientations. Depending upon which orientations were used in training, learning seemed 



to occur and generalize differently. Some subjects seemed to only leam about one or two 

of the orientations that they were trained with. These subjects did not show a transfer of 

learning to a new orientation. Further research should explore why only one or two 

orientations were learned and the other orientations were not learned in this group. Other 

subjects seemed to leam all of the training orientations and these subjects did show a 

transfer of learning to a new orientation. In other words, one can leam about an entire 

dimension as a whole. 

If learning does occur through the recruitment of neighboring cells and, since the 

entire dimension is in use, then many cells would have to be stolen from neighboring 

retinal locations. This was also tested. There was found to be no effect of training upon 

a neighboring retinal location. This suggests that a different mechanism altogether must 

function when learning occurs in an entire dimension. It is surprising that learning one 

part of the dimension is so different from learning about the entire dimension. It is 

possible that the "stealing of neighboring cells" mechanism may be too overloaded by an 

entire dimension to be able to fiinction. What mechanism is responsible for learning 

about an entire dimension and what parameters govern this learning should be the subject 

of future research. 

The Role of Attention in Discrimination Learning 

As discussed in the introduction, attention appears to be necessary for 

discrimination learning to occur. For instance, when stimuli vary on both brightness and 

orientation, subjects leam only about the dimension to which they are attending (Shiu and 
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Pashler, 1992). Exactly how attention allows for or causes discrimination learning to 

occur is an open question. Attention has been shown to have an effect on the firing 

patterns of individual neurons. For instance, when there is a neuron that has a preferred 

direction of motion, that neuron will fire more robustly when that motion is being 

attended versus when it is merely present (Treue and Maunsell, 1996). This attentional 

modulation of neuronal activity has been shown in monkeys in areas MT and MST 

(Treue and Maunsell, 1996), as well as in V4 and, to a certain extent, VI (Haenny and 

Schiller, 1988). There is also evidence of attentional modulation in humans. In a study 

where subjects see displays that contain shape, color and movement all at once, PET 

showed increased areas of activation depending on which dimension was being attended 

(Corbetta et al., 1990). Similarly, in a functional MRI study using displays containing 

both stationary and moving dots, there was a higher level of activation in MT-MST when 

subjects were attending to the moving dots (O'Craven et al., 1997). This suggests that 

attention can have top-down effects on the sensory cortices. 

This attention mediated modulated activity may facilitate or allow the 

reorganization of the cortex to occur. By increasing the firing rate when a stimulus is 

present and attended, this increases the likelihood that two neighboring neurons will fire 

at the same time. Under Hebbian rules, two neurons firing at the same time increase the 

efficacy of their connection. This could allow for the recruitment of neighboring cells 

and discrimination learning to occur. 



Generalizability of Results 

These results have suggested that when discrimination learning occurs for one 

part of one dimension a true change in perception is the result. This change in perception 

seems to be mediated by a reorganization of the sensory cortex that responds to the 

practiced stimuli. The best evidence for this comes from studies of the primary sensory 

cortices. In monkeys, the primary auditory and somatosensory cortices showed 

reorganization after discrimination learning (Recanzone et al., 1992; 1993), and in the 

present set of studies, the human primary visual cortex appears to have reorganized. Is 

this a phenomenon that is restricted to the primary sensory cortices and the dimensions 

that are coded there? Or is it possible that these results are more general findings? 

As mentioned previously, the primary sensory cortices are the most widely 

studied due to their accessibility and the fact that there is much known about their 

organization. That does not mean that this phenomenon is limited to the primary sensory 

areas. In the present set of studies, it is very likely that V4, which also codes for 

orientation and retinal location was involved in learning. The research performed by 

Zohary et al. (1994) suggested that learning a motion discrimination task produces 

changes in areas MT and MST. This suggests that this learning can occur in other 

sensory areas. It would not be surprising to find that this type of learning is confined to 

sensory cortical areas. It is possible that this type of learning is unique to perception jmd 

hence may be confined to cortical areas that respond to the senses. 
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Categorizing Discrimination Learning 

Now that there is a better understanding of the parameters and neurophysio logical 

mechanisms that govern learning about a part of a dimension, the question of how 

discrimination learning fits into the broader category of learning can be examined. 

In Bedford's (1993, 1995) papers, to determine what fits into her perceptual 

learning category, she reviewed Rescorla's (1988) criteria for a potentially distinct 

acquisition system. Although she was examining learning between perceptual 

dimensions, her answers to Rescorla's criteria also fit well with learning within a single 

dimension, such as discrimination learning. In answer to Rescorla's (1988) question 

"What is the content of learning", Bedford (1995) answers that perceptual learning 

involves the entire stimulus dimension. This was also true with discrimination learning. 

When the subject was trained with one part of the dimension, it still had an effect on the 

rest of the dimension, or at least a large part of it. This was demonstrated in Experiments 

One and Two. Training with one part of the orientation dimension at one retinal location 

affected, either positively or negatively, the whole orientation dimension and a large part 

of the retinal location dimension. Also, in Experiment Three where learning occurred for 

the entire dimension, this seemed to generalize to untrained stimuli, suggesting that it was 

the entire dimension that was learned about. 

"How is learning manifested in behavior" (Rescorla, 1988) was answered by 

Bedford (1993) as that there is a true change in perception - what is seen, heard, felt, etc. 

This is also true with discrimination learning. Two stimuli that were perceived as the 

same before training are perceived as distinct after training. This was demonstrated by an 
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increase in d' scores during training. It was the subjects' sensitivity to the stimuli that was 

increasing. 

The question of "What purpose does it serve" (added by Rozin and Schull, 1988) 

is that it improves sensory systems (Bedford, 1993). If there is an internal malfunction, it 

corrects it. This is similar to Gilbert's (1994) idea of the functional role of discrimination 

learning. He writes that this learning "might play a role in a continual process of 

normalization and calibration in the perception of visual attributes." If one is trying to 

discriminate something and one becomes better at it, then this must be considered an 

improvement. The subjects in the present set of experiments were attempting to better 

discriminate the orientations, and did improve at it. 

"(T)he circumstances that produce learning" (Rescorla, 1988) occur when the 

system detects a malfunction or an internal error (Bedford, 1993). If the purpose of 

discrimination learning is to calibrate the perceptual systems, then this could be seen as 

inferring that there is always an error in the system. This continual re-calibration corrects 

the error. Since subjects are attempting over a period of time to better discriminate the 

orientation, the system may conclude that there is an internal error of not enough 

sensitivity to these stimuli. It therefore corrects the error by making the subjects more 

sensitive to the practiced orientation. 

Overall, discrimination learning within a single perceptual dimension fits into 

Bedford's category of perceptual learning. As discussed in the introduction, 

neurophysiologically the correlations of neuronal firing patterns may very well be related 

to discrimination learning. Some researchers would like to call any change in the 
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efficacy of connections associative learning (bagi and Tanne, 1994), but this broad 

definition of association learning is not very useful. More useful categories such as 

Bedford's should be employed, as opposed to technically correct, but not very useful 

categories. 

Future Directions for Research 

While this set of experiments and others have made strides in addressing the 

mechanisms of discrimination learning, there is still much to be learned. This is a fruitful 

area for future research with many interesting directions to take. 

So far, most of the research on the neural mechanisms has examined cortical 

changes in broad strokes. Most of the cases have involved learning, and then after 

learning is complete, examining the cortex. What would be interesting to explore is 

changes in the cortex as learning progresses. A method developed by Wilson and 

McNaughton (1993) allows simultaneous recording from multiple cells. Much could be 

learned about the reorganization that occurs with perceptual learning if recording of the 

cells was done simultaneously with learning. Then the time course of learning could be 

examined in combination with reorganization in the primary sensory cortex. If there is a 

correlation between the time course of learning and the time course of cellular changes, 

this will give us a better idea of the importance of the primary sensory cortical area's 

reorganization. If there is no correlation, then the reorganization may be a secondary 

effect of learning rather than a necessary component of it. 



Also looking at the time course of learning simultaneously while looking at 

cellular firing patterns may tell us something about the slow and fast phases of learning 

hypothesized by Kami and Sagi (1993). If during the fast phase of learning, the primary 

sensory cortex's cells are behaving one way and behave differently during the slow phase 

of learning, this adds evidence that they are distinct processes. 

Sleep has been shown to be important for learning to occur (Kami and Sagi, 1992; 

Stickgold, 1998). By recording from the primary sensory cortex during learning as well 

as during sleep cycles, this may give us a better idea of how sleep is involved in 

perceptual learning. It has been suggested that sleep is a time for consolidation of 

memories (Skaggs and McNaughton, 1996). This is thought to be done by the 

hippocampus replaying information to the cortex during sleep. By recording from cells 

before learning, during learning, and after learning, one would be able to tell if there is a 

replaying of information occurring in the primary sensory cortex. If the cells fire in a 

similar pattem in the "afler learning" sleep as they did during leaming, then this would 

support the hypothesis that memory consolidation is occurring during sleep. 

Further human studies should also be undertaken. Utilizing functional MRI and 

following subjects over long term leaming of a perceptual discrimination skill could 

allow for cortical changes to be observed. The skill would most likely have to be very 

well learned and hence, theoretically, have large cortical changes in order to view 

reorganization with the current resolution of functional MRI. Functional MRI has the 

advantage of being able to study other areas of the brain in addition to the primary 
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sensory cortex. The secondary cortex changes could just as easily be studied as primary 

areas or other areas. 

More human studies should be undertaken using different stimuli and testing the 

generalization to novel similar stimuli. Is there a difference in the amount of plasticity 

that can be seen with different dimensions? In the case of learning involving two 

relevant dimensions, some dimensions are more likely to change than others (Bedford. 

1993). For example, in the case of the McCollough Effect, orientation and color are the 

relevant dimensions involved. Under typical circumstances, color is the dimension that is 

"adjusted" (Bedford, 1995, 1997; Held and Shattuck, 1971). It is possible that we have 

some perceptual dimensions that are more readily "adjusted" than others. By exploring 

other stimuli in discrimination learning, we can find out of this difference in "readiness" 

applies to discrimination learning. 

Conclusion 

Discrimination learning is one of the areas of study that lends itself nicely to both 

psychological and neurophysiological study. This is one area where there has been some 

research to bridge the gap between cognition and neuroscience by actually examining 

performance as well as neural responses during a learning task. With further research, an 

even better understanding of the parameters governing discrimination learning and neural 

changes that correspond to learning will be obtained. As more is known about the 

psychological mechanisms, this will guide research concerning the neurophysiological 

mechanisms. Similarly, a better understanding of the neurophysiological mechanisms 
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may guide psychological theory. In this way, these previously separate areas of study can 

come together to help build a big picture of fiinctioning. This will be a great 

advancement for the field of cognitive neuroscience and may lead to a better 

understanding of the brain as a whole. 
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Figure l: Stimuli used by CSibson and Gibson (1955) in a study on discrimination 
learning. 
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Figure 2: The visual processing stream (lingerleider, 1995). 
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Figure 3; Orientations used in Experiment One. 
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Figure 4: Experiment One training data in percent correct. Performance increases 
over days. 
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Figure S: Experiment One training data in d'. Performance increases 
over days. 
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Expt 1: Training Data by Block 
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Figure 6a: Training performance by block and day in Percent Correct. 
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Figure 6b: Training performance by block and day in d'. 
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Figure 7a: The amount of increase in performance from Day 1 in Percent Correct. 
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Figure 7b: The amount of increase in performance from Day 1 in d'. 
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Expt 1; Effect of Day on Testing 
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Figure 8a: The first test day disrupts the previous learning. The difference in 
performance between the trained and the 90 Degree rotated orientation that is 
seen on the Day 1 test session is gone by Day 2 test session. 
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Figure 8b; The first test day disrupts the previous learning. The difference in 
performance between the trained and the 90 Degree rotated orientation that is 
seen on the Day 1 test session is gone by Day 2 test session. 
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Expt 1: Two Orientations Test Day 
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Figure 9a; Performance in Percent Correct on the trained orientation and 90 degree 
shifted orientation on the first test day and baseline performance (Day 1) and 
the last training day (Day 4) on the trained orientation. 
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Figure 9b: Performance in d' on the trained orientation and 90 degree 
shifted orientation on the first test day and baseline performance (Day 1) and 
the last training day (Day 4) on the trained orientation. 
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Two Orientations Test - First test day 

90 
O 
£ 80 
o 
" 70 c « 
g 60 
a. 

50 

1 2 3 

Block 

•Trained 
- - 90 deg. 

Figure 10a: Performance in Percent Correct on the trained orientation and 90 
degree rotated orientation as testing procedes. 
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Figure 10b: Performance in d' on the trained orientation and 90 degree rotated 
orientation as testing procedes. 
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Figure I la: Performance in Percent Correct on the Multiple Orientation Test Day. 
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Expt 1: Multiple Orientations Test 
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Figure 12a: Group 1 was trained at 7/9.8 degrees. Group 2 was trained at 97/99.8 
degrees. The difference in the inherent ability at different orientations can be seen. 
The effect of training is also seen by the better performance at the trained location. 
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Figure 12b: Group 1 was trained at 7/9.8 degrees. Group 2 was trained at 97/99.8 
degrees. The difference in the inherent ability at different orientations can be seen. 
The effect of training is also seen by the better performance at the trained location. 
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Expt 2: Training Data 
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Figure I4a: Experiment Two training data in Percent Correct. 
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Figure 14b: Experiment Two training data in d'. 
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Expt 2: Training Data by Block 
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Figure 15a: Training performance by day and block in Percent Correct. 

Expt 2: Training Data by Block 

2.5 

b 1.5 i 

Block 

—•—Day 1 
- - Day 2 
- - Day 3 
- - * - - Day 4 

Figure 15b: Training performance by day and block in d'. 
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Expt 2: Two Locations Test Day 
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Figure 16a: Performance in Percent Correct on the trained location and 2.84 
degrees away on the test day as compared to baseline performance (Day 1) at the 
trained location and the last training day (Day 4). 
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Figure 16b: Performance in d' on the trained location and 2.84 
degrees away on the test day as compared to baseline performance (Day I) at the 
trained location and the last training day (Day 4). 



115 

Expt 2: Two Location Test Day by 
Location 
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Figure 17a: Performance in Percent Correct on the absolute training locations and 
the new, 2.84 degrees away location. 
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Figure 17b: Performance in d' on the absolute training locations and 
the new, 2.84 degrees away location. 
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Experiment 2: Multiple Location Test 
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Figure 18a; Performance in Percent Correct on the training location, new testing 
retinal locations and baseline (Day 1). 
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Figure 18b: Performance in d' on the training location, new testing 
retinal locations and baseline (Day 1). 
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Expt 2: Multiple Location Test 
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Figure 19a: Performance in Percent Correct on the absolute locations during testing 
and baseline (Day 1). Location 1 = (7, -5); 2 = (7.53, -4.15); 3 = ( 7.97, -3.25); 
4 = (8.29, -2.29); 5 = (8.50, -1.29); 6 = (8.60, -0.26); 7 = (8.57, 0.79). 
Grp I was trained at (7, -5); grp 2 was trained at (8.57, 0.79). 
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Expt 2: Multiple Location Test 
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Figure 19b: Performance in d' on the absolute locations during testing 
and baseline (Day 1). Location 1 = (7, -5); 2 = (7.53, -4.15); 3 = ( 7.97, -3.25); 
4 = (8.29, -2.29); 5 = (8.50, -1.29); 6 = (8.60, -0.26); 7 = (8.57, 0.79). 
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Figure 20; Orientations used in Experiment Three to Train Halt ot the Subjects. 
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Figure 21: Orientations used in Experiment Three to Train Half of the Subjects. 
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Figure 22a: Experiment three training data in Percent Correct. 
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Figure 22b: Experiment three training data in d'. 
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Expt 3: Training by Orientation 
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Figure 23a: Experiment three training data by orientation and day 
for subjects trained with (7/9.8, 52/54.8, 97/99.8, 142/144.8) in Percent Correct. 
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Figure 23b: Experiment three training data by orientation and day 
for subjects trained with (7/9.8, 52/54.8, 97/99.8, 142/144.8) in d'. 
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Figure 24a: Experiment three training data by orientation and day 
for subjects trained with (29.5/32.3, 74.5/77.3, 119.5/122.3, 164.5/167.3) in 
Percent Correct. 
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Figure 24b: Experiment three training data by orientation and day 
for subjects trained with (29.5/32.3, 74.5/77.3, 119.5/122.3, 164.5/167.3) in 
d'. 
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Expt 3: New Orientation Test Day 
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Figure 2Sa: Experiment three new orientation test for subjects trained with (7/9.8, 
52/54.8, 97/99.8, 142/144.8) and tested with the new orientation (29.5/32.3) 
in Percent Correct. 
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Figure 25«; Experiment three new orientation test for subjects trained with (7/9.8, 
52/54.8,97/99.8, 142/144.8) and tested with the new orientation (29.5/32.3) 
in d'. 
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Expt 3: New Orientation Test Day 
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Figure 26a: Experiment three new orientation test for subjects trained with 
(29.5/32.3, 74.5/77.3, 119.5/122.3, 164.5/167.3) and tested with the new 
orientation (7/9.8) in Percent Correct. 
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Figure 26b: Experiment three new orientation test for subjects trained with 
(29.5/32.3, 74.5/77.3, I I9.5/I22.3, 164.5/167.3) and tested with the new 
orientation (7/9.8) in d'. 
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Figure 27a: Experiment three new location test for all subjects with baseline (Day 1 
and Last train (Day 4) in Percent Correct. 
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Figure 27b: Experiment three new location test for all subjects with baseline (Day I 
and Last train (Day 4) in d'. 
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