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The following studies examined age-related decrements in motion perception processing.  

Using a perceptual learning paradigm, perceptual inefficiency was compared between 

younger and older observers.  Perceptual inefficiency was modeled using the Perceptual 

Template Model (Lu & Dosher, 1998; Lu & Dosher, 1999).  Baseline differences and 

changes over training were assessed for additive internal noise, tolerance to external 

noise, and internal multiplicative noise in both older and younger observers.  Experiments 

1 and 2 examined age-related changes in baseline perceptual inefficiency and learning 

after training.  Experiments 1 and 2 trained participants by manipulating contrast in noise 

embedded sine-wave gratings and Random Dot Cinematograms (RDCs).  The results 

indicate that older observers have higher additive internal noise and lower tolerance to 
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external noise compared to younger observers.  Perceptual learning in older observers 

was found to be at a similar rate to that of younger observers suggesting that cortical 

plasticity for motion processing is well preserved in advancing age.  Experiment 3 

examined transfer of learning between sine-wave gratings and RDCs for both older and 

younger observers.  The results indicated that transfer of learning occurred for both age 

groups.  This suggests that older individuals maintain a sufficient degree of plasticity to 

allow generalization between sine-wave gratings and RDCs.  In addition, training with 

RDCs was found to produce greater perceptual learning than training with sine-wave 

gratings. Experiment 4 examined if center-surround antagonism could be increased 

through perceptual training which would provide evidence that neural inhibition is related 

to internal noise.  Center-surround antagonism enables edge detection through an 

antagonistic interaction between the center and the surround regions of a receptive field.  

Younger and older participants were trained on duration thresholds with Gabor patches 

that varied in size and contrast.  The results of Experiment 4 indicate that some 

perceptual learning occurred in both younger and older participants but were inconclusive 

with regards to inhibition in visual cortex. The present studies provided important 

findings regarding changes in perceptual efficiency for motion perception in older adults. 

Cortical plasticity was found to be well preserved in older adults indicating that 

perceptual training may be an effective way to improve motion perception. 
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Introduction 

 

Specific Aims 

 

Previous research has shown that motion perception declines with age (Andersen 

& Atchley, 1995; Ball & Sekuler, 1986; Gilmore et al. 1992; Trick & Silverman, 1991; 

Sekuler, 1980; Snowden & Kavanaugh, 2006).  However, the exact mechanism 

responsible for this loss has yet to be identified.  By studying college age observers, Lu, 

Chu, and Dosher (2006) modeled three types of perceptual inefficiencies that limit 

motion perception performance.  These inefficiencies have been identified as additive 

internal noise, tolerance to external noise, and multiplicative internal noise.  Younger 

participants were found to have a reduction in additive internal noise and an increased 

tolerance to external noise as a result of perceptual training.  Several studies have 

indicated that increased additive internal noise in an aging visual system may cause 

decrements in motion perception (Bennett, et al., 2007; Betts, Taylor, Sekuler, and 

Bennett, 2005; Hua et al., 2006;  Leventhal et al., 2003; Schmolesky, Wang, Pu, and 

Leventhal, 2000; Yang et al., 2008).  Lu and Dosher’s Perceptual Template Model (PTM) 

can be used to assess age dependent differences in efficiency of motion perception to 

determine if learning rates differ between older and younger observers.  The primary 

goals of the present research are to: 

1) investigate the effects of age related changes in additive internal noise, 

tolerance to external noise, and multiplicative internal noise on motion perception, 



2 

 

2) and assess differences in perceptual learning rates for additive internal noise, 

tolerance to external noise, and multiplicative internal noise between older and 

younger observers. 

 

Aging and Motion Perception 

 

Visual performance becomes increasingly impaired with age.  These decrements 

could be due to changes in optics of the eye or neural changes in the visual system.  As 

the eye ages there are changes in physical structure that reduce and distort the light that 

falls on the retina.  These include corneal thickness (Rufer, Schroder, Bader, & Erb, 

2007; Kotecha et al., 2006), lens opacity (Boscia et al., 2000; De Natale & Flammer, 

1992), and accommodative focus (Schachar, 2006).  These age-related changes in eye 

structure produce decrements in acuity (Chapanis, 1950) and contrast sensitivity 

(Richards, 1977; Scialfa, Garvey, Tyrell, & Liebowitz, 1992).  Despite well documented 

optical changes in the aging eye there is a general consensus that age-related optical 

differences are not primarily responsible for the 

decreased performance in several visual tasks 

including motion perception (Ball & Sekuler, 1986), 

speed perception (Norman, Ross, Hawkes, & Long, 

2003),  and functional visual field (Ball, Owsley, & 

Beard, 1990).  While optical changes are well 

understood, the mechanism underlying visual 

Figure 1.  Example of a sine-wave 

(also referred to as sinusoidal) grating. 
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decrements in the aging visual system are less understood. 

 Declines in motion perception in individuals above the age of 65 have been 

documented in several studies.  Sekuler (1980) found that older observers had reduced 

sensitivity to low frequency sinusoidal gratings (see Figure 1), especially when in motion.  

The older group required as much as three times the level of contrast to perceive the 

direction of motion for low spatial frequencies. However, at spatial frequencies of 8 

cycles-per-degree or greater, performance for older observers was equivalent to younger 

participants. A similar finding by Snowden and Kavanagh (2006) found decreased 

motion sensitivity to sine-wave gratings across all spatial frequencies.  This result was 

compared to random dot motion and a similar pattern of results was obtained.  This is a 

useful finding as it demonstrates that decrements in motion perception for the aging 

visual system may generalize across different stimuli. 

Many studies that have investigated 

motion perception in older observers have 

used random-dot cinematograms (RDCs).  

There are many different variations of 

RDCs that have been use in motion 

research.  All RDCs contain randomly 

placed dots that change position over time.  

One type of RDC is a coherent motion 

display.  In this type of RDC dots are 

assigned into “signal” or “noise” groups.   

 
Figure 2.  An example of a coherent motion 

display with 50% signal and 50% noise. 
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Signal dots move in a single direction while noise dots move randomly (see Figure 2).  

Observers typically perceive that a RDC is moving as a coherent whole once the ratio of 

signal to noise dots exceeds a level specific to each individual.  If this level is not met 

only random motion is perceived.  RDCs are simplistic stimuli only containing 

information relevant to motion perception.   This limits the influence of unrelated factors, 

such as object characteristics, that may affect findings of age-related differences in 

motion perception.   

Ball and Sekuler (1986) found that older observers had increased difficulty 

discriminating between two sequentially presented pure signal dot fields. The task was to 

indicate if the dots were moving in the same or different directions.  A second study 

examined whether this effect was due to changes in acuity for older observers.  To assess 

the role of reduced acuity on motion perception a group of younger participants wore 

glasses that lowered acuity through blurring, artificially equalizing age related 

differences.  No significant difference was found in the experimental group due to 

blurring indicating that perception of global motion direction was not affected by acuity.  

In a similar study, Trick and Silverman (1991), found that motion sensitivity to RDCs 

declined as a function of age (ages ranged from 25-80).  This finding was hypothesized to 

have been caused by neural degeneration along the retinocortical pathway rather than to 

optical changes in the eye. 

 Gilmore et al. (1992) used RDCs to examine differences between older and 

younger observers in their ability to detect the direction of global motion embedded 

within noise.  Their RDCs contained both signal and noise dots.  During a trial a 
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percentage of the dots moved to the left or right.  The remaining dots were randomly 

repositioned every frame (see Figure 2).  They found that older observers, in particular 

older women, required significantly greater signal to noise ratios to perceive a global 

coherent motion direction.  This result was replicated by Andersen and Atchley (1995).  

An interpretation of these two studies is that the aging visual system has a reduced 

tolerance to external noise. As the signal to noise ratio in the stimuli is reduced, older 

observers have increased difficulty filtering out the noise from the signal. 

Age related decrements in motion perception have been shown for sinusoidal 

gratings (Sekuler, 1980; Snowden & Kavanaugh, 2006) and 2-dimensional RDCs 

(Andersen & Atchley, 1995; Ball & Sekuler, 1986; Gilmore et al. 1992; Trick & 

Silverman, 1991).  Studies examining other types of motion information have not shown 

similar age-related deficiencies.  Andersen and Atchley (1995) examined the ability of 

older observers to differentiate a 3D corrugated surface defined by motion parallax from 

a volume of random motion.  The perception of this type of stimuli is dependent on 

processing by higher levels of the visual system used to interpret shape.  They found that 

2D motion processing was impaired in older observers but that the perception of 3D 

motion remains intact.   In a similar line of study, Billino, Bremmer, and Gergenfurtner 

(2008) compared older and younger observers on their ability to discriminate the 

direction of motion for three different RDC motion stimuli types --- 2D translational 

motion, radial flow, and biological motion.  The results were similar to those found by 

Andersen and Atchley (1995).  Billino et al (2008) found that the perception of 2D 

translational motion was impaired while the perception of radial flow and biological 
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motion was relatively well preserved.  These two studies may indicate that motion 

perception is divided into at least 2 separate processing systems and only one system 

changes with increased age (Atchley & Andersen, 1998).  If motion perception is not 

universally impaired for older observers across different types of stimuli then the source 

of the decrement must be localized to a specific processing level.  Comparing processing 

inefficiencies between dot fields and sine-wave gratings will provide evidence as to 

whether sensitivity to one type of stimuli is predictive of sensitivity to the other type 

(more information in next section).  Similar levels of processing inefficiency and similar 

performance between dot fields and sine-wave gratings may provide evidence that they 

use similar neural mechanisms. 

 

Perceptual Template Model 

  

The proposed research will investigate 3 potential sources of motion perception 

impairment in older persons: increased additive internal noise, reduced tolerance to 

external noise, and increased multiplicative internal noise.  Internal noise, both additive 

and multiplicative, affects the processing of information within the observer’s visual 

system.  Physiologically, this may be caused by inherent randomness of neuronal firing.  

External noise is present in the environment. The Perceptual Template Model (PTM) 

developed by Lu and Dosher (1998, 1999) is a multi-stage model that incorporates 

quantitative representations of both internal noise and tolerance to external noise.  The 

PTM allows one to separate the effects of additive internal noise, tolerance to external 



7 

 

noise, and multiplicative internal noise.  The PTM can be used to assess age-related 

differences of both types of internal noise as well as external noise tolerance.   

Several psychophysical studies on aging and cognitive function have argued that 

increased additive neural noise is a likely candidate for many decrements observed in 

older individuals (see Welford, 1984).  Recently, additive internal noise has received 

support as a source of age related decrements in both psychological (Bennett, et al., 2007; 

Betts, Taylor, Sekuler, and Bennett, 2005) and neurophysiological (Hua et al., 2006;  

Leventhal et al., 2003; Schmolesky, Wang, Pu, and Leventhal, 2000; Yang et al., 2008) 

studies.  A distinct characteristic of additive internal noise is that it is assumed to be 

present across all neural systems including visual processing. Betts et al. (2005) found 

compelling psychophysical evidence for increased internal noise. They demonstrated that 

older observers have reduced center-surround antagonism possibly due to a loss of 

cortical inhibition.  Loss of cortical inhibition in neurons increases baseline firing rates 

and is a plausible source of internal noise. 

 Multiplicative noise is another factor that influences the efficiency of visual 

processing.  This type of noise differs from additive internal noise in that its amplitude is 

directly affected by the strength of the input signal (Lu & Dosher 1998; Lu & Dosher, 

1999). Multiplicative internal noise is useful for explaining behavior that follows patterns 

similar to those predicted by Weber’s law (s = ΔI/I).  For example, if an observer has a 

high level of multiplicative internal noise then differentiating between two stimuli may 

require much more stimulus energy as compared to an observer with a low level of 

multiplicative internal noise.  As mentioned above, studies have indicated that internal 
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noise is a possible source of motion perception decrements in older adults, but the 

distinction between additive and multiplicative noise is not clear.  It is possible that older 

observers have an increased level of multiplicative and additive internal noise compared 

to younger observers.  The PTM predicts different patterns of performance for these types 

of noise enabling their effects to be differentiated.  

Another possible source of reduced motion processing is lowered tolerance to 

external noise (Gilmore, Wenk, Naylor, and Stuve, 1992; Andersen & Atchley, 1995).  

This impairment occurs when older observers are confronted with noisy visual stimuli.  

The difference between tolerance to external noise and additive internal noise is that 

internal noise is present across all levels of processing whereas reduced tolerance to 

external noise is specific to a particular level of processing.  In the PTM (Lu & Dosher, 

1998;  Lu & Dosher, 1999) the visual system filters external noise by selecting the 

appropriate template to process the stimuli in the most efficient manner.  A perceptual 

template operates similar to a filter by separating important information in a visual scene 

from irrelevant information.  Improving template selection through training helps the 

observer separate signal from noise resulting in increased processing efficiency.  

 The PTM has been shown to predict performance for younger observers in tasks 

such as discriminating orientation (Lu & Dosher 1998; Lu & Dosher, 1999) and detecting 

the direction of motion of low contrast sine-wave gratings (Lu, Chu, & Dosher, 2006).  In 

both studies, the performance of college age subjects was assessed over a period of 

several training days.  Any improvements due to training were categorized as resulting 

from reduced additive internal noise, increased tolerance to external noise, or to reduced  
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Figure 3.  An illustration of the equivalent input noise method.  This image is composed of a sine wave 

grating that increases in signal contrast along the y-axis mixed with random pixilation noise that 

increases along the x-axis.  The line represents the boundary where the sine wave grating is visible.  As 

external noise is low the contour is flat.  As external noise is increased the amount of contrast signal 

needed increases.  Adapted from Lu & Dosher (2008). 



10 

 

multiplicative internal noise.  This method, if applied to older observers, can assess 

differences in internal noise levels, both additive and multiplicative, as well as tolerance 

to external noise.  In addition, cortical plasticity of the aging visual system can be 

assessed by comparing younger and older observers and tracking performance changes 

over the duration of several training days. 

A prediction of the PTM is that there are different effects of additive internal 

noise, tolerance to external noise, and multiplicative internal noise on human behavior 

based on different assumptions about the relationship between input signals to output 

behavior.  A simple Linear Amplifier Model (LAM) is used to differentiate the impact of 

internal and external noise.  This type of model is based on engineering principles and is 

used to model the properties of an electronic amplifier.  An assumption of the LAM is 

that there is a constant, and unknown, amount of internal noise within the human 

observer, much like in an electric amplifier.  In order to measure the amount of internal 

noise within an amplifier a known amount of external noise is provided as input and the 

resulting signal/noise ratio in the output can be measured.  Varying the intensity of the 

external noise produces differing patterns of results if the amount of internal noise is 

constant.  When the amount of external noise is small the signal/noise ratio will be 

determined almost exclusively by the amount of internal noise. This ratio will remain 

nearly constant until the amount of external noise becomes much greater than internal 

noise.  Once the amount of external noise becomes the primary factor in the output, the 

signal/noise ratio begins to reduce rapidly.  Figure 3, from Lu and Dosher (2008), 

illustrates this principle.  Multiplicative internal noise is not represented in the LAM.   In 
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the PTM, multiplicative noise modulates the overall salience of the stimuli based on the 

amount of input energy.  More specific information about the PTM will be presented in 

the theory section.  By making an analogy between the linear amplifier and the human 

visual system, it can be assumed that internal noise within the human brain can be 

measured in a similar way by presenting an observer with visually noisy stimuli.   

 

Additive Internal Noise 

 

Additive internal noise has received support from psychological and 

neurophysiological studies as a factor in age-related declines in motion processing.  

Bennett et al. (2007) successfully used a psychophysical model to accurately predict age 

dependent changes in global motion detection and direction discrimination resulting from 

increased additive internal noise.  The 

fundamental structure of this type of 

model was developed by Graham (1989) 

and has been successfully applied to 

global motion integration with successful 

results (Bennett, et al., 2007; 

Watamaniuk, Sekuler, & Williams, 1989; 

Williams, Tweeten, & Sekuler, 1991).  

The model has 12 “channels” tuned to a  
Figure 4.  A conceptual illustration of a 12 

element motion mechanism model. 
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particular orientation that respond strongly to local motion presented at its tuned 

direction.  The activations from each of the 12 channels are summed to produce a global 

activation level that determines if global motion is present (see Figure 4).   Individual 

channels have several variables that can be manipulated at the summation level including 

additive internal noise, bandwidth, and multiplicative noise.  Additive internal noise was 

a random variable that was added to, or subtracted from, the activation of each local 

motion signal within a channel.  Increasing the bandwidth of the mechanisms increased 

the range of local motion signals that the channel would respond.  Finally, although held 

constant in this study, multiplicative noise can be changed in proportion to the strength of 

the input.  Bennett et al. (2007) concluded that additive noise was the primary cause of 

decreased performance in older observers in detecting and discriminating global motion 

direction while increasing the channel bandwidth had a much smaller contribution. 

 The model presented in Bennett et al. (2007) has support from several 

neurophysiological studies.  Schmolesky et al. (2000) recorded from cells in the primary 

visual cortex (V1) of senescent and young rhesus monkeys that responded to motion 

patterns of sinusoidal gratings and RDCs.  They found that the cells from the older group 

had a higher base rate of firing and responded to a larger range of directions than the cells 

of the younger monkeys.  Increased baseline firing rates may mask incoming signal 

information resulting in reduced perceptual accuracy.  Schmolesky et al. (2000) 

suggested that increases in baseline firing rate may be caused by losses in cortical 

inhibition.  Yang et al. (2008) measured the responses of directionally selective cells in 

both V1 and the Medial Temporal (MT) area in both young and old rhesus monkeys to 
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low contrast drifting sinusoidal gratings.  In both locations, cells of older monkeys had 

higher base rates of firing as well as higher maximal response when contrast of the 

gratings was increased.  In area MT, a cortical region thought to be important in global 

motion processing, these age differences were significantly larger.  In addition, MT cells 

had a narrower operating range and lower signal to noise ratios in older as compared to 

younger monkeys.  This study may also indicate that a loss of inter-cortical inhibition 

could be responsible for increased internal noise and age related declines in motion 

perception.  Hua et al. (2006) compared the response of single cells located in area V1 of 

young and old cats to drifting sinusoidal gratings.  Similar to research using monkeys, 

cells in older cats had increased base rates of firing and responded to a greater range of 

directions.  In addition, they found increased signal to noise ratios in older cells.  The 

findings of these three studies considered together suggest that increased internal noise 

and possible signal loss in the aging visual system may account for age-related declines 

in motion perception.  The possible source of these decrements is increased baseline 

firing rates with increased maximal response caused by a loss of inhibition in visual 

neurons.  These processes create internal noise and may reduce signal information.   

 An interesting finding related to a loss of cortical inhibition in directionally 

selective V1 and MT cells is that it may improve perception of large high contrast sine-

wave gratings.  Inhibition in visual cortex is responsible for center-surround antagonism -

-- a process that normally helps the visual system locate transitions between light and 

dark areas and separate figure from ground. Taden et al. (2003) demonstrated that 

direction discrimination for low contrast Gabor patches increased as the size of the patch 
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increased.  However, for high contrast Gabor patches the opposite was true --- 

performance decreased as the patch size was increased.  This occurred because cells on 

the border of a receptive field in the visual cortex inhibit its neighboring cells resulting in 

increased salience of visual transitions.  Betts et al. (2005) examined the effect of age on 

center-surround antagonism.  Similar to Taden et al. (2003) they found that younger 

observers had better performance overall with low contrast gratings.  However, older 

observers began to have better direction discrimination thresholds than the younger group 

as Gabor patches were increased in size and contrast.  This surprising result provides 

strong psychophysical evidence that aging reduces inter-cortical inhibition in older 

observers.   

A neurological mechanism for loss of cortical inhibition in senescent cells was 

proposed by Leventhal et al. (2003).  They demonstrated that the inhibitory 

neurotransmitter GABA is partially responsible for inhibition in the visual cortex and that 

its levels change with age.  They monitored the response rate of single cells in area MT in 

both old and young macaque monkeys in response to moving sinusoidal gratings.  They 

used multi-barreled electrodes to deliver a dose of GABA to the monitored neurons in the 

older monkeys.  They found that the affected cells responded to a more selective range of 

direction and also had lowered base firing rates (i.e. the cells response profiles were 

similar to the cells in younger animals).  
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Perceptual Learning and Aging 

 

Cortical plasticity for perceptual tasks in college age adults has been well 

documented.  Perceptual learning is defined as increased sensitivity to simple stimuli 

after training. This type of learning differs from other types of learning in that it is 

hypothesized to be specific to sensory processing areas in the brain. This assumption is 

supported primarily by two arguments presented in many perceptual learning studies.  

The first is that stimuli typically presented could be described as being composed of 

perceptual primitives processed exclusively by early levels in the visual system dedicated 

to sensory input.  The second argument is that the tasks studied involve judgments that 

are near the observer’s perceptual threshold reducing the effects of decision strategies on 

performance.  

One example of a commonly studied perceptual learning task is the Texture 

Discrimination Task (TDT) used by Karni and Sagi (1993).  The subjects’ task was to 

judge whether a row of three line segments are oriented either horizontally or vertically 

while embedded within a field of distracter lines.  The three line segments were always 

located in the upper left quadrant of the visual field during training (i.e. the trained 

location) (see Figure 5).  To ensure that the line segments were always presented to the 

same location of the visual field the participants also performed a central letter 

identification task (L or T judgment) presented simultaneously with the line 

discrimination stimuli.  The presentation time was 10 milliseconds ensuring that 

participants would not have time to complete a saccade away from the letter 
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identification task.  This presentation was followed by a mask of randomly positioned 

angles.  The participant received training at different stimulus onset asynchronies (SOAs) 

of the mask onset.  Participants were trained beginning at their 95% thresholds 

(determined previously) and at 20 millisecond intervals below this point.  

The findings of this study suggest several important conclusions regarding 

perceptual learning.  First, participants improve and are able to correctly perform the 

TDT at shorter SOAs after training but only show improvement when the stimuli was 

presented in the trained location (upper left quadrant) as opposed to an area of the visual 

field that was not repeatedly exposed to the stimuli.  The primary visual cortex is known 

to be closely mapped to the retina, so a lack of improvement in performance when the 

stimuli is presented in an untrained location may indicate that only neurons at the trained 

location are affected. Second, participants did not show improved performance when 

presented with line segments that differed in orientation from the trained stimulus.   Cells 

in area V1 are known to be tuned to specific orientations.  This result may indicate that 

only cells in the target area that are tuned to a specific orientation are affected.  Finally, 

Figure 5.  The TDT stimuli.  The left frame is a focal point.  The center frame shows the central letter 

task as well as the texture judgment in the upper left.  Note that here 5 diagonal lines are drawn and are 

oriented vertically.  The right frame shows the mask that appears after a SOA. 
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the experiment was run monocularly and participants did not show improvement when 

tested in the untrained eye.  Cells in the visual pathway between the retina and the 

primary visual cortex are known to respond to inputs from only one eye while the 

combination of information from both eyes occurs at higher visual areas.  The lack of 

improvement in the untrained location, untrained orientations, and untrained eye provide 

strong evidence that perceptual learning occurs in early levels of the visual system.  The 

current research is not directly examining cortical specificity but is more interested in 

overall learning rates.  However, it is important that perceptual learning tasks have been 

shown to target specific areas in the visual cortex.  The cortical specificity of perceptual 

learning tasks will allow any behavioral differences between older and younger observers 

to be constrained to the same cortical areas. 

While many perceptual learning studies indicate that their participants show 

perceptual improvements after training, these benefits are constrained to specific qualities 

of the trained stimuli.   Karni and Sagi (1991, 1993) found that TDT training did not 

transfer if the texture patch was moved to a different location or if the orientation of the 

patch was changed.  Fahle (2004) found that hyper-acuity learning is specific to the 

retinal location, orientation of stimuli, and to the trained eye.  Ball and Sekuler (1982) 

trained participants to discriminate the direction of RDCs.  They found that direction 

discrimination improvements were constrained to within 45 degrees of the trained 

direction.  If perceptual learning is specific to the type of information presented in the 

trained stimulus, then this suggests a serious limitation for designing training programs 

aimed at improving complex visual tasks.  In all three studies above the transfer tests 
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involved different regions of the visual cortex than those exposed to the trained stimulus.  

An interesting question is whether perceptual improvement will transfer between 

information types if the same cortical resources are utilized.  For example, visual 

processing of a sine-wave grating and a RDC, if properly matched, will use similar 

cortical areas in area V1 and area MT.  It is plausible that that training RDCs or sine-

wave gratings could lead to perceptual improvements of the other stimulus type. 

There have been few studies examining perceptual learning and aging.  Perceptual 

learning in older adults has been found with brightness and letter discrimination with 

masking (Ratcliff, Thapar, & McKoon, 2006), compressed speech (Peele & Wingfield, 

2005), divided attention (Richards, Bennett, & Sekuler, 2006), as well as motion 

discrimination (Ball & Sekuler, 1986).  Recently, Andersen et al. (under review) used the 

Karni and Sagi TDT and compared the learning rates of older and younger observers.  

The goal of the study was to determine if older observers would improve in, and retain, 

their ability to discriminate texture patterns.  In this study, both age groups were pre-

screened to determine their 75% SOA thresholds.  On the first training day the 

experimental group was trained at the 66% point of their derived psychometric functions.  

On days two and three another threshold assessment was performed before the training 

session and the new threshold was used.  Using this training procedure ensured that 

observers were always presented with stimuli that were challenging.  The results 

indicated that older observers in the experimental condition had significant improvement 

in their SOA thresholds compared to a control group that received training with the task 

but were not exposed to a mask (see Figure 6).  Improvements in SOA were found to be 
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retained when participants were retested on a 90 day follow-up.  This is an important 

study that shows that older observers can improve visual processing and that these 

changes are retained over long periods of time.   
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Figure 6. Results from Andersen et al. (under review).  Change in SOA thresholds as a result of 

training.  Separate curves are plotted for older experimental (solid squares) and older control groups 

(solid triangle).  Results for a younger control group (star) is included for comparison purposes. 
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Theory 

 

 Inefficiencies in the perception of orientation and of motion direction are 

quantified in Lu and Dosher’s PTM (1998, 1999) as occurring due to additive internal 

noise, multiplicative internal noise, and tolerance to external noise.  They have shown 

that younger participants experience a reduction in additive internal noise as well as an 

increased tolerance to external noise after being exposed to noise filtered sine-wave 

gratings for several days.  However, there was no change in multiplicative noise levels.  

A research question of the present study is whether similar patterns of learning will occur 

for older observers. Age-related differences in learning may be driven by the 

performance limiting factors of additive internal noise, tolerance to external noise, and 

multiplicative internal noise.  If learning rates differ between older and younger observers 

it will address changes in cortical plasticity that occur as a person ages as well as address 

which of the 3 perceptual inefficiencies can be improved.  Specifically, the PTM was 

used to examine the following hypotheses: 

 

Hypothesis 1: Older observers will have higher base rates of additive internal 

noise compared to younger observers.  Additive internal noise has received 

support as a source of age related decrements for motion perception in both 

psychological (Bennett, et al., 2007; Betts et al., 2005) and neurophysiological 

(Hua et al., 2006;  Leventhal et al., 2003; Schmolesky, Wang, Pu, and Leventhal, 
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2000; Yang et al., 2008) studies.  These studies suggest that older observers will 

have elevated levels of additive internal noise.  

 

Hypothesis 2: Older observers will have lower baseline tolerance to external noise 

compared to younger observers.  Studies using RDCs have found lowered 

tolerance to visually noisy stimuli in older observers (Andersen & Atchley, 1995; 

Gilmore et al. 1992; Trick & Silverman, 1991).  Lower tolerance to external noise 

in RDCs for older observers may generalize to other stimuli types suggesting an 

overall reduction in tolerance to external noise. 

 

Hypothesis 3: Older observers will have higher base rates of multiplicative noise 

compared to younger observers.  Similar to additive internal noise, multiplicative 

internal noise may also affect age-related decrements in motion perception (Betts 

et al., 2005, Hua et al., 2006;  Leventhal et al., 2003; Schmolesky, Wang, Pu, and 

Leventhal, 2000; Yang et al., 2008).  The difference between additive and 

multiplicative internal noise was not addressed in these studies.  Increased 

multiplicative internal noise may influence age related decrements of motion 

perception in addition to additive internal noise. 

 

Hypothesis 4: Older observers will have different learning rates than younger 

observers.  Perceptual learning studies have shown different rates of learning for 

older and younger observers (Andersen et al., Under Review; Richards, Bennett, 
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& Sekuler, 2006).  These studies suggest that while older persons show perceptual 

improvements after training, learning rates may be different than those of younger 

observers. 

a. The learning rate for additive internal noise reduction for older 

participants will differ from younger observers. 

b. The learning rate for increased tolerance to external noise for older 

participants will differ from younger observers. 

c. The learning rate for multiplicative internal noise reduction for older 

participants will differ from younger observers. 

 

 The PTM has 5 parts: 1) a perceptual template, 2) a non-linear transducer 

function, 3) a multiplicative internal noise source, 4) an additive internal noise source, 

and 5) a decision process.  The first stage of the model is the perceptual template. Lu and 

Dosher define this stage as a selection operation in which different stimuli are processed 

according to an appropriate template.  In the case of a stimulus embedded within noise, 

the perceptual template acts as a filter removing irrelevant information.  As the visual 

system is repeatedly exposed to a particular noisy stimulus, it learns what information 

optimizes the correct perception.  If the template mechanism is improved, external noise 

will be more efficiently filtered out.  The next stage is the non-linear transducer function.  

This stage serves to simulate non-linear responses of the human visual system.  In the 

next stage, multiplicative noise is incorporated into the model.   Multiplicative noise 
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accounts for Weber-law type behavior when comparing 

stimuli of different amplitudes.  The energy in the 

stimuli directly affects the amount of noise in the 

perceptual system.   

Additive internal noise is factored into the PTM model 

after multiplicative noise.  Additive internal noise is a 

separate component of the PTM that reduces efficiency 

of the visual system independent of the input stimulus 

energy.  Finally, the last stage is a decision process.  This stage takes into account all 

other stages in the model and is dependent on the specific task being modeled. 

In Lu and Dosher (1998, 1999), the PTM was used to predict response patterns for 

observers in both 2AFC sine-wave grating direction discrimination and 2IFC detection.  

For these tasks the sine-wave grating was manipulated by varying both overall contrast 

and external noise.  Variations in contrast result in a change of the overall signal energy.  

External noise was implemented by selecting a random contrast level from a Gaussian 

distribution that was added to or subtracted from to each pixel of the sine-wave grating.  

The PTM was used to predict the amount of contrast needed to maintain a specific level 

of sensitivity while varying external noise.  This form of the PTM is specified by the 

following equation (See Table 1 for a definition of terms).  
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Equation Terms 

ct - Signal contrast 

β - Signal gain 

Nmul - Multiplicative noise 

Next - External noise  

Nadd - Additive noise 

γ - Non-linear transducer 

d' - Sensitivity 

Am - Change in Nmul 

Ae - Change in Next 

Aa - Change in Nadd 

Table 1. Equation terms. 
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This form of the PTM can be plotted with a Threshold vs. Contrast (TvC) chart to 

illustrate changes in the three perceptual inefficiencies.  Figure 7 shows a typical TvC 

plot.  The line in Figure 7 represents a specific sensitivity threshold (in this case a d’ of 

2.0).  The amplitude of the signal contrast needed to maintain that level of sensitivity 

varies as a function of external noise.  Figure 7 shows an important pattern in TvC plots.  

When the level of external noise is small it has little effect on the amplitude of signal 

contrast.  However, as external noise is increased there is a point at which it begins to 

have a marked effect on the amount of signal contrast needed to maintain a specific 

sensitivity.  This point is at the “elbow” in Figure 7 starting at 6% contrast of external 

noise.  In TvC plots this point of change marks a separation between where additive 

internal noise or tolerance to external noise is the dominant factor that limits 

performance.   
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Figure 7.  A TvC chart.  The amount of signal needed to maintain a specific sensitivity threshold (d’ 

2.0) as a function of the contrast of external noise. 
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Changes in the three perceptual inefficiencies result in specific changes in 

performance when represented in a TvC plot.  Figure 8 plots log(ct) as a function of the 

log of external noise for three different levels of additive internal noise.  Different levels 

of additive internal noise affect the signal contrast needed when the amount of external 

noise is low.  As external noise increases, the difference between distinct levels of 

additive internal noise is equalized.  Figure 8 represents the pattern of age-related 

differences predicted by Hypothesis 1 if there are no additional changes in external noise 

exclusion or internal multiplicative noise.  Older observers are expected to have higher 

levels of additive internal noise.  

The patterns produced by changes in tolerance to external noise are presented in 

Figure 9.  Here, if additive internal noise is constant, tolerance to external noise changes 

the response pattern only at high levels of external noise.  This is the pattern of age 

related differences predicted by Hypothesis 2 in the absence of changes in internal 

additive noise and multiplicative noise.  Older observers are expected to have lower 

tolerances to external noise.  

Figure 11 illustrates the pattern that occurs from different levels of internal 

multiplicative noise.  Increasing multiplicative noise, while holding other variables 

constant, increases the amount of signal contrast across all levels of external noise needed 

to maintain a particular level of sensitivity.  This is the pattern of age-related differences 

that is predicted by Hypothesis 3 in the absence of changes in additive internal noise or 

tolerance to external noise.  Older observers are expected to have higher levels of 

multiplicative internal noise. 
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Figure 11. TvC plots showing different levels of multiplicative internal noise at two different 

sensitivities. A) Shows sensitivity of d'=2. B) Shows sensitivity of d'=1.5. Both plots use the following 

values;  β=5, γ=2.55, Nadd =0.002, aa = 1, ae = 1, am = 1. 

Figure 8. TvC plot showing different levels of 

additive internal noise. Values; d'=2, β=5, 

γ=2.55, Nmul =0.2, aa = 1, ae = 1, am = 1. 
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Figure 9. TvC plot showing different levels of 

external noise. Values; d'=2, β=5, γ=2.55, Nmul 

=0.2, Nadd =0.002, aa = 1, am = 1. 

Figure 10. TvC plots showing the pattern of additive internal noise and tolerance to external noise at 

two different sensitivities. A) Shows sensitivity of d'=2. B) Shows sensitivity of d'=1.5. Both plots use 

the following values;  β=5, γ=2.55, Nmul =0.2, aa = 1, am = 1. 
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In Figures 8, 9, and 11 different baseline levels of the three perceptual 

inefficiencies are presented.  However, these charts can also be interpreted as changes in 

efficiency after training in a perceptual learning experiment.  For example, a participant 

may start with a pattern of results that indicate they have an additive internal noise level 

of .016 (see Figure 8).  After several days of training their response pattern now fits the 

line representing an additive internal noise level of .002.  This represents a change of 

12.5% (or an Aa of .125).  In a perceptual learning experiment the responses of observers 

before and after training can be fit to the PTM and the resulting patterns will identify the 

source of improvement.   

 In a perceptual learning experiment it would be impossible to differentiate 

between a reduction in multiplicative noise and a combination of additive noise reduction 

along with increased tolerance to external noise if only one sensitivity level was 

measured.  For example, a human observer could produce a pattern of learning that 

resembles either Figure 10a or 11a.  Either of these alone does not indicate if the 

improvement due to training is a result of reduced internal multiplicative noise (Figure 

11) or a combination of reduced additive internal noise with increased tolerance to 

external noise (Figure 10).  Modeling the amount of signal energy required to maintain at 

least two specific levels of sensitivity over several training days can differentiate between 

reduced multiplicative noise and a combination of external noise exclusion with reduced 

additive internal noise.   

Figure 10 shows a possible pattern of learning for a hypothetical participant.  

Each line in part 10a is matched with a line in 10b.  These matched lines are thresholds 
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collected on the same day using different staircase methods that predict separate levels of 

sensitivity (in this case a d’ of 2.0 and of 1.5).  The three line pairs in 10a and 10b 

represent two thresholds derived on each day over three separate days of training.  The 

pattern of results presented here suggests that the amounts of improvement between 

tested sensitivities are similar across all three training days.  To summarize, reduced 

additive internal noise along with increased tolerance to external noise after training, 

changes performance in a consistent way that does not interact with the strength of the 

stimuli when tested at separate levels of sensitivity. 

This pattern differs from the change produced when there is a reduction in 

multiplicative noise after training.  Here the difference between thresholds at the two 

sensitivities changes in a multiplicative manner across training days.   For example, in 

Figure 11, when the amount of internal multiplicative noise is high on day 1 (5.0), 

significantly more contrast is needed to maintain high sensitivity (d’ = 2.0) (Figure 11a) 

than is needed to maintain a lower level of sensitivity (d’ = 1.5) (Figure 11b).  Following 

a reduction in multiplicative noise on days 2 and 3 (.25 or 0.0), the amount of contrast 

needed to maintain a performance level is more similar for the two matched sensitivity 

levels of multiplicative internal noise. These differences will be much smaller than was 

observed on day 1.   

Modeling performance improvements after training with the PTM was used in Lu 

and Dosher (1998, 1999) to determine if their participants’ improvements were due to 

reduced multiplicative noise or due to a combination of reduced additive internal noise 

with external noise exclusion.  They found that across two measured levels of sensitivity 
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(percent correct of 79.3 and 70.3) the improvements were similar and constant across 

training days.  These results are not consistent with predicted patterns if there was a 

significant reduction of internal multiplicative noise.  Larger differences between 

sensitivity levels near the beginning of training would be necessary to indicate a 

reduction of internal multiplicative noise. They concluded that the improvements were 

due to a combination of reduced additive internal noise with increased external noise 

exclusion.  Both of these studies were done using college age participants.  Whether this 

finding will replicate for persons over the age of 65 is an important goal of this 

investigation. 

 The PTM model has been established as a good predictor of performance in 

detecting and discriminating orientation in static Gabor patches (Lu & Doher, 1998; Lu & 

Dosher, 1999)  as well as detecting motion direction in moving sine-wave gratings (Lu, 

Chu, & Dosher, 2006).  Few studies have been conducted using moving sine-wave 

gratings to study motion perception in older adults (Sekuler, 1980; Snowden & 

Kavanaugh, 2006).  A more common stimuli type is RDCs (Andersen & Atchley, 1998; 

Ball & Sekuler, 1986; Gilmore et al. 1992; Trick & Silverman, 1991).  While these two 

stimuli are theoretically linked to similar neural mechanisms, they are qualitatively 

different stimuli types.  Gabor patches and sinusoidal gratings are primarily manipulated 

by changing contrast levels and spatial frequency which has been shown to affect 

perception (Sekuler, 1980).  Also, sinusoidal gratings and Gabor patches are more likely 

to be perceived as a whole when compared to RDC’s.  RDC’s by comparison are 

manipulated in several ways including density, speed, and amount of noise.  When 
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processing RDC’s the visual system must incorporate local motion vectors of different 

directions into a perception of global coherent motion.   

 The present study will investigate how age affects performance on both sine-wave 

gratings and random-dot cinematograms.  Performance differences will be informative on 

how these types of stimuli are processed by the visual system as well as which type of 

stimuli is more difficult for older observers to perceive.  In addition, by testing observers 

trained on RDCs or sine-wave gratings for improvements in the other type of stimuli, 

transfer of learning between different information types can be assessed as well as how 

this transfer is affected by age. Comparisons of the three perceptual inefficiencies can be 

made between the two stimuli types by applying the PTM to a coherent motion stimulus.  

Applying the research paradigm presented in Lu, Chu, and Dosher (2006) to a 

comparable coherent motion stimuli the PTM can be used to examine hypotheses 1, 2, 3, 

and 4a-c in a new context.  Additionally, two additional hypotheses can be examined; 

 

Hypothesis 5: There will be age dependent differences between sine-wave grating 

and coherent motion stimuli in both base levels and learning rates for additive 

internal noise, tolerance to external noise, and internal multiplicative noise.  

RDCs and sine-wave gratings are qualitatively different stimuli types that may be 

processed separately by the visual system.  If so, these separate processes may be 

affected differently for different age groups.  These processing differences may 

produce changes in both baseline levels in performance and in learning rates for 

the three perceptual inefficiencies. 
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Hypothesis 6: There will be age dependent differences in transfer of learning 

between sine-wave gratings and RDCs.  If transfer of learning occurs for younger 

observers between RDCs and sine-wave gratings, similar transfer may not be 

observed in older participants.  If transfer differences are found it may indicate 

age-related differences in cortical plasticity. 

 

 As reviewed previously, Betts et al. (2005) found that older observers performed 

better than younger participants in discriminating the direction of large high-contrast 

sinusoidal gratings.  They theorized that this result was due to increased internal noise in 

the aging visual system resulting in a reduction in center-surround antagonism.   A few 

studies have suggested that the aging visual system retains plasticity and will benefit 

from perceptual training (Ball & Sekuler, 1986; Ratcliff, Thapar, & McKoon, 2006; 

Richards, Bennett, & Sekuler, 2006).  In addition, Lu and Dosher (1998, 1999) found that 

part of the improvement for younger subjects was due to a reduction in additive internal 

noise.  If perceptual learning can result in a reduction of internal noise in younger 

observers, it is plausible that repeatedly exposing an older observer to sinusoidal gratings 

of different contrast may also reduce internal noise and decrease age dependent 

performance differences.  Training that reduces internal noise levels for older observers 

may result in decreased direction discrimination performance to large high contrast sine-

wave gratings. By modifying the experimental procedure used by Betts et al. (2005) into 

a perceptual learning paradigm the following additional hypotheses can be examined; 
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Hypothesis 7: Repeated exposure to a range of sizes and contrasts will improve 

overall direction discrimination of sinusoidal gratings for both older and younger 

observers.  Perceptual improvements have been shown to occur with repeated 

exposure for a wide range of stimuli types (for a review see Fine & Jacobs, 2002) 

including sine-wave gratings. 

 

Hypothesis 8: Older observers’ performance in discriminating large high contrast 

sine-wave gratings will decrease as a result of training.  If training reduces 

internal noise in older observers an increase in center-surround suppression may 

occur.   
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Experiment 1 

 

Introduction 

 

Experiment 1 examined age related differences in perceptual efficiency and in 

perceptual learning capacity in discriminating the motion direction of sine-wave gratings.  

Older observers have been shown to have lower performance than college age adults in 

motion perception tasks with a variety of stimuli including sine-wave gratings (Sekuler, 

1980; Snowden & Kavanaugh, 2006), Gabor patches (Betts et al., 2005), and RDCs 

(Andersen & Atchley, 1995; Ball & Sekuler, 1986; Bennett et al., 2007; Gilmore et al. 

1992; Trick& Silverman, 1991).  There is evidence that these differences in performance 

may be due to an increase of internal noise (Bennett, et al., 2007; Betts et al., 2005; Hua 

et al., 2006; Leventhal et al., 2003; Schmolesky, Wang, Pu, and Leventhal, 2000; Yang et 

al., 2008), reduced tolerance to external noise (Andersen & Atchley, 1995; Gilmore et al. 

1992; Trick & Silverman, 1991), or a combination of both.  These perceptual 

inefficiencies have been established as predictors of performance, independent of task, 

for college age adults using the Perceptual Template Model (PTM) developed by Lu and 

Dosher (1998, 1999).  In Experiment 1 the PTM was used to evaluate levels of internal 

noise, both additive and multiplicative, as well as tolerance to external noise in both 

younger and older observers. 

 Perceptual improvements resulting from training are well established as occurring 

for many types of stimuli and tasks in college aged adults including texture 
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discrimination (Karni & Sagi, 1993), Vernier acuity (Herzog & Fahle, 1997), and 

direction discrimination of dot-fields (Ball & Sekuler, 1986).  Studying perceptual 

learning in older persons has several practical and theoretical motivations.  Assessing 

cortical plasticity in older adults through perceptual learning will be informative of the 

capabilities older people retain in old age and how much potential they have to improve.  

Improving perceptual capabilities in older adults will be beneficial to their quality of life 

in many areas such as improving driving safety and reducing the likelihood of falls.  

Theoretically, differences in learning rates between older and younger participants will 

provide a measure of cortical plasticity.  The PTM can assess age related changes in 

additive noise reduction, multiplicative noise reduction, and external noise exclusion 

during training in perceptual learning tasks.  Differences found in the three perceptual 

inefficiencies between age groups before and after training will be informative of what 

perceptual systems remain plastic with age and to what degree they can be improved. 

 Experiment 1 replicated the experimental stimuli and task used in Lu, Chu, and 

Dosher (2006).  They had observers judge the motion direction (left or right) of a noise 

filtered sine-wave grating.  They used several levels of noise and manipulated the 

contrast of sine-wave gratings using staircase methods to derive contrast thresholds.   

Participants (college aged only) were trained on this task for 10 days. In Experiments 1 

and 2 they found evidence of reduced additive internal noise and increased external noise 

exclusion through PTM analysis.  They did not find evidence of changes in internal 

multiplicative noise.  The primary difference between Lu, Chu, and Dosher’s (2006) 

study and Experiment 1 is the inclusion of older participants as a comparison group.  In 
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addition, the number of noise levels and training days were reduced in order to 

accommodate time constraints and to minimize fatigue for older participants. 

 There are several predicted results for Experiment 1.  It was expected that the 

main effect of age would be significant with older participants having higher contrast 

thresholds than younger observers across all conditions. The main effect of training day 

was also expected to be significant. All participants were expected to have a reduction in 

overall threshold as the amount of training was increased. By fitting the participants data 

to the PTM changes in additive internal noise (Aa), external noise exclusion (Ae), and 

multiplicative internal noise (Am) could be measured. Younger participants were 

expected to show reduced additive internal noise and increased tolerance to external noise 

after training, replicating Lu, Chu, and Dosher (2006). Older observers, while starting at 

higher thresholds overall, were expected to also have a reduction in additive internal 

noise and increased tolerance to external noise after training (Hypotheses 1 & 2).  When 

both age groups are combined a reduction in internal additive noise and increased 

tolerance to external noise is expected.  

 It is possible that learning rates (% change after training) of the three perceptual 

inefficiencies will vary across age groups. The rate of learning for additive internal noise 

and tolerance to external noise in the older group was expected to be different than that of 

the younger observers (Hypotheses 4a & 4b). Older observer will most likely start at 

lower levels of performance allowing for more overall learning. However, this result may 

depend on the plasticity of the underlying mechanism. In addition, older observers may 
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show a pattern of results indicating the influence of internal multiplicative noise 

(Hypothesis 3).  Younger participants were not expected to show a reduction in internal 

multiplicative noise replicating the results of Lu, Chu, and Dosher (2006).  Reduction of 

internal multiplicative noise in older observers has never been assessed in a perceptual 

learning study.  If the findings of Experiment 1 indicate that internal multiplicative noise 

was reduced after training, Hypothesis 4c will be supported. 

 

Methods 

 

Participants – The participants were 7 younger (mean age 21.7) and 8 older 

(mean age 75.3) observers (See Appendix A for complete demographic information).  

One younger and one older participant were dropped from the study due to negative 

learning rates.  The younger participants were recruited from the undergraduate 

population at the University of California, Riverside.  The older participants were paid 

volunteers from continuing education courses at the University of California, Riverside’s 

Extension center or from the March Air Force Base retirement community.  All 

participants were paid 15 dollars per experimental day plus an additional bonus of 50 

dollars after completing the last day of the experiment.  All participants had normal or 

corrected to normal vision. 
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Apparatus- The stimuli were presented on a Dell® Vostro 430 workstation using 

an Nvidia GTS 240 video card. The monitor was a Viewsonic PF817 perfect flat set at a 

resolution of 1025 x 768 and operating at 120 Hz.  The viewing distance was 40 

centimeters and was maintained using a chin rest.  Participants viewed the stimuli 

through a plano-convex glass collimation lens that set the focal distance of the screen to 

optical infinity and removed any age related differences in accommodative focus.  The 

lens magnified the stimuli by 19%.  The display was modulated by a Cambridge 

Research Bitts++ system running in Mono++ mode.  This system allows for 16,384 

distinct grayscale levels (14 bit precision).  The display’s gamma was corrected to 

produce linear luminance output.  The experiment was programmed in the Matlab 

(R2009a) environment using the Psychophysics Toolbox extension software (Brainard, 

1997; Pelli, 1997).  The experiment took place in a dark room.  Participants responded 

using a standard keyboard. 

Stimuli - The stimuli were moving sine-wave gratings combined with scintillating 

noise images.  The grating was 32 by 32 pixels area (1.8 deg diameter after magnification 

from the collimation lens) located in the center of the monitor and had a spatial frequency 

of 3 cycles per degree.  The maximum contrast ((luminance – mean) / mean) of the 

grating was manipulated within the experimental block trial by trial with a staircase 

method (details in procedure section).  The average luminance of the sine-wave grating 

was set at the mean for the display (42.4 cd/m
2
).  Each still image of the sine-wave was 

mixed with a noise image of matched size.  In the noise image, the luminance of each 1 

by 4 pixel segment was selected randomly from a Gaussian distribution.  The standard 
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deviation (σ) of the distribution was one of 6 levels 

determined by experimental block --- 0, 0.03, 0.08, 0.13, 

0.22, or 0.33.   The distribution was centered at the mean 

luminance of the display (42.4 cd/m
2
).   For each trial a 

total of 5 stimuli images were generated by combining 

sine-wave and noise images. The stimuli were combined by 

assigning each image alternating pixel-rows.  For example, 

in stimuli-image 1 the sine-wave grating was assigned all 

even pixels rows and the noise image was assigned all odd 

pixel-rows and in stimuli image 2 the sine-wave image is 

assigned all odd pixel-rows and the noise image is assigned 

all even pixel-rows.  Each stimuli image was presented for 

4 frames for a total of 33.3 milliseconds each.  The sine-

wave grating had a 90 degree phase shift in the direction of motion for each image.  This 

shift was equivalent to a speed of 2.5 degrees a second.  The motion direction was 

randomized on each experimental trial.  The experimental stimulus was surrounded by a 

black square 2 pixels in diameter.  See Figure 12 for examples of the stimuli at each noise 

level at 100% and at 50% contrast. 

Task and Procedure – The task was to indicate if the motion direction of the 

sine-wave grating was to the left or the right.  The participants were informed that either 

motion direction had an equal probability of occurring and was determined randomly 

Figure 12.  Examples of 

stimuli in Experiment 1. 
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before each trial.  If the participant could not discriminate the motion direction they were 

told to make their best possible judgment.  

 At the beginning of each experimental trial a black box 2 pixels wide and 32 

pixels in diameter was drawn on the screen.  A fixation point 4 pixels square was drawn 

in the center of the box.  The box and fixation point remained until the participant 

initiated the trial.  To initiate the trial the participant hit any key on the keyboard.  Then 

the fixation point disappeared and the stimulus appeared for 167 milliseconds.  When the 

display finished the screen went blank (returned to the average luminance) and the 

experimental program waited for the participant’s response.  After a response was entered 

feedback was given in the form of a high tone for a correct response and a low tone for an 

incorrect response.  Then the black box and fixation point returned indicating that the 

participant may begin the next trial when ready.   The trial number was presented in the 

upper left corner of the screen to inform the participant of their progress. 

 Each experimental block consisted of 140 trials.  After 70 trials a screen message 

was presented instructing the participant to take a 10 second rest.  The program could not 

be resumed for at least 10 seconds.  At the end of 140 trials another screen message was 

presented informing the participant to take at least a 30 second break.  The program could 

not be resumed for at least 30 seconds.  The participants were told that they could leave 

the room for a brief break or remain in the room and resume the experiment after a 

minimum of 30 seconds.  Each experimental block took approximately 5-7 minutes to 
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complete depending on how long the individual participant delayed between trials and at 

the duration of their 70
th

 trial break. 

 On the first day of the experiment all participants were read a standardized 

introduction to the experiment briefly explaining the purpose, goals, and procedure.  

They then completed an introduction program that presented examples of the stimuli and 

the experimental procedure.  The introduction program consisted of 3 blocks of 14 trials.  

The blocks showed the participants examples of stimuli at 3 noise levels --- 0.00, 0.16, 

and 0.33 σ.  After the introduction program was complete the procedure was reviewed 

and then the experiment began. 

 Experiment 1 took place over 6 days.  Each day there were 6 blocks --- one for 

each standard deviation of the noise image.  Within each block the maximum contrast of 

the sine-wave image was manipulated with 2 randomly interleaved adaptive staircases.  

Staircase 1 used a 2/1 decision rule that estimated the 70.7 % threshold.  Staircase 2 used 

a 3/1 decision rule that estimated the 79.3% threshold.  The 2/1 staircase controlled 60 

trails and the 3/1 staircase controlled 80 trials of the 140 in each block.  The contrast level 

ranged from 100% to 1.56% in 64 distinct steps.  Step size for both staircases were 

adjusted after each reversal in the following order --- 24, 16, 8, 8, 4, 3, 2, 1. After the 8
th

 

reversal the step size was held at 1 step.  On day 1 and day 6 of the experiment both 

staircases were initialized at 100% contrast (step 64).  On days 2-5 the staircases were 

initialized at the thresholds derived for the matched noise level on the previous day.  The 

thresholds obtained for each staircase (criterion level), as well as the average of the two, 
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were fit with the PTM on each day of the experiment.  The average of the two staircases 

(75% threshold) was used for statistical analysis.  Over the duration of the experiment 

each participant was presented and responded to 5040 trials. 

Model – The PTM was implemented using the Curve Fitting Toolbox for Matlab 

(R2009a).  Contrast thresholds at all 6 noise levels for both criterion levels (staircases) as 

well as the average of the two were independently fit for each training day.  On day 1, the 

model estimated the following parameters --- beta (β), gamma (γ), multiplicative internal 

noise (Nmul), and additive internal noise (Nadd).  For the remaining days 2-6, two different 

versions of the PTM were fit to the participants’ thresholds.  In both, β and γ were held 

constant and change in additive internal noise (Aa) as well as change in tolerance to 

external noise (Ae) was assessed.  However, in one implementation of the PTM 

multiplicative internal noise (Nmul) was held at the value found on day 1 while in the other 

implementation change in multiplicative noise (Am) was assessed.  In addition, on every 

day the ratio between both criterion levels was calculated by averaging the difference 

between each matched noise level.  This ratio was used to assess if a change in 

multiplicative noise occurred as a result of training indicating which version of the PTM 

was most appropriate. 
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Results 

 

The results were analyzed in a 2 (age) x 6 (day) x 6 (noise) mixed design repeated 

measures ANOVA using Statsoft’s Statistica® statististical analysis program (See 

Appendix B for cell means).  For interactions, a Greenhouse-Geiser correction was used.  

Tukey HSD tests were used for all post hoc analyses.  

Figure 13.  The interaction between Day and noise in Experiment 1. 
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There were significant main effects for day (F(5, 65)=16.388, p<0.001) and noise 

level (F(5, 65)=85.131, p<0.001).  Post hoc analysis (Tukey HSD test) indicated that 

there was improvement after day 1 with significant differences (p<0.05) between day 1 

and all other days, days 1 and 2 were different from day 5, and days 1, 2 and 3 were 

different from day 6.  The overall reduction in contrast threshold was 9% from day 1 to 

day 6.  For noise level, post hoc analysis revealed that the three highest noise levels (0.13, 

0.22, and 0.33 σ) were significantly different from all other noise conditions.  The three 

lowest noise levels (0, 0.03, or 0.08 σ) were not significantly different from each other 

(p>0.05).  The difference in average threshold between the lowest (0 σ) and highest (0.33 

σ) noise levels was a  increase in contrast threshold by 36%.   Surprisingly, there was no 

significant main effect of age (F(1, 13)=.819, p=.382) found in Experiment 1. 

There was a significant 2-way interaction between day and noise level (F(5, 57)= 

3.681, p=0.005) (see Figure 13).  Post hoc analysis indicated significant (p<0.05) 

differences between the 3 highest noise levels (0.13, 0.22, and 0.33 σ) from day 1 to day 

6.  Day 2 and day 6 are significantly (p<0.05) different at the 2 highest noise levels (0.22 

and 0.33 σ).  Day 3 was only significantly (p<0.05) different from day 6 at the 0.22σ 

noise level.  Days 4 and 5 were not significantly different from day 6 at any noise levels.  

The average improvement in contrast threshold from day 1 to day 6 at the highest noise 

level (0.33σ) was 12%. 

Model results – Table 2 shows the estimated parameters for the averaged data for 

both age groups (See Appendix C for the modeling results for all individual participants 



44 

 

in Experiment 1).  The difference between the criterion ratios at day 6 and day 1 was not 

indicative of a reduction of multiplicative internal noise for either age group.  The 

younger group had a criterion ratio of 0.93 at day one and 0.86 at day 6 (see Table 2).  In 

addition, the version of the PTM in which Am was fit had a lower mean adjusted R
2
.  

Based on these results there is little evidence in a change Nmul after training for younger 

observers.  The younger group will use the version of the PTM in which Nmul was held 

constant after day 1.  The older group had a criterion ratio of 0.88 at day one and 0.90 at 

day 6.  The PTM that held Nmul constant had a higher mean adjusted R
2
.  For the older 

group there was little evidence indicating that they had a reduction in multiplicative 

internal noise and will use the version of the PTM in which Nmul is held constant after day 

1.  The younger group showed increased tolerance to external noise after training (Ae(6) = 

0.42) and did not show any reduction of internal additive noise (Aa(6) = 1.11).  The older 

group showed an increase in tolerance to external noise  (Ae(6) = 0.71) and a reduction of 

additive internal noise (Aa(6) = 0.33) after training.  The older group started with a higher 

level of additive internal noise (Nadd = 0.0037) compared to the younger group (Nadd = 

0.0002) Figures 14 and 15 show the fitted PTM curves for the younger and older groups 

respectively. 

  



45 

 

 

  

 

Younger Average 

 

Older Average 

 

No_Am Fit_Am 

 

No_Am Fit_Am 

Beta 1.0006 1.0006 

 

0.8075 0.8075 

gamma 3.0022 3.0022 

 

2.2504 2.2504 

Nmul 0.9975 0.9975 

 

0.9980 0.9980 

Nadd 0.0002 0.0002 

 

0.0037 0.0037 

ratio (1) 0.9260 0.9260 

 

0.8792 0.8792 

adj. R2 (1) 0.7735 0.7735 

 

0.9939 0.9939 

 

    

 

    

Am(2) 1.0000 0.0089 

 

1.0000 0.9640 

Aa(2) 0.7428 1.0034 

 

0.5101 0.5245 

Ae(2) 0.6692 0.9246 

 

0.9768 0.9998 

ratio(2) 0.9877 0.9877 

 

0.7479 0.7479 

adj. R2 (2) 0.9452 0.9269 

 

0.9876 0.9834 

 

    

 

    

Am(3) 1.0000 0.0113 

 

1.0000 0.8248 

Aa(3) 0.8313 1.1237 

 

0.5077 0.5703 

Ae(3) 0.6285 0.8683 

 

0.9018 0.9989 

ratio(3) 0.8799 0.8799 

 

0.7372 0.7372 

adj. R2 (3) 0.8910 0.8546 

 

0.9931 0.9908 

 

    

 

    

Am(4) 1.0000 0.0191 

 

1.0000 0.7908 

Aa(4) 1.1055 1.4983 

 

0.5135 0.5878 

Ae(4) 0.5098 0.7043 

 

0.8861 0.9984 

ratio(4) 0.9288 0.9288 

 

0.8877 0.8877 

adj. R2 (4) 0.9375 0.9166 

 

0.9753 0.9670 

 

    

 

    

Am(5) 1.0000 0.0074 

 

1.0000 0.5005 

Aa(5) 1.0948 1.4824 

 

0.4063 0.5173 

Ae(5) 0.4310 0.5955 

 

0.7788 0.9879 

ratio(5) 0.9214 0.9214 

 

0.7648 0.7648 

adj. R2 (5) 0.8956 0.8608 

 

0.9710 0.9613 

 

    

 

    

Am(6) 1.0000 0.0076 

 

1.0000 0.0221 

Aa(6) 1.1138 1.4822 

 

0.3336 0.4511 

Ae(6) 0.4153 0.5739 

 

0.7105 0.9818 

ratio(6) 0.8578 0.8578 

 

0.8984 0.8984 

adj. R2 (6) 0.8956 0.8608 

 

0.9710 0.9613 

 

    

 

    

Ratio Diff  -0.0682 -0.0682 

 

0.0193 0.0193 

Mean Adj R2 0.8897 0.8655 

 

0.9820 0.9763 

Table 2.  The parameter values for the PTM fit in Experiment 1. See Table 1 for terms. 
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Discussion 

 

Overall, participants from both age groups in Experiment 1 showed a perceptual 

learning effect from day 1 to day 6.  Learning was only statistically significant in the 3 

highest noise conditions (0.13, 0.22, and 0.33 σ).    Both the younger and older groups 

improved in these conditions (see Figure 13 and modeling Figures 14/15).  Improvement 

for the high noise conditions are likely due to increased tolerance to external noise (Lu & 

Dosher, 1998; Lu & Dosher, 1999; Lu & Dosher, 2004; Lu, Chu, & Dosher, 2006;  Lu & 

Figure 14.  The PTM curve fit for the younger group on days 1 and 6 in Experiment 1 
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Dosher, 2008).  The results of the PTM model fit indicate there was increased tolerance 

to external noise in both the younger (Ae(6) = 0.42) and older (Ae(6) = 0.71)  age groups.  

The PTM model does not estimate tolerance to external noise on day 1, therefore the 

tolerance scores found on day 2 must be used as a baseline.   On day 2 the younger group 

(Ae (2) = 0.6692) has greater external noise tolerance compared to the older group (Ae (2) 

= 0.9768).  Reduced tolerance to external noise in the older group is consistent with 

previous studies that found age related performance differences with noisy stimuli 

(Andersen & Atchley, 1995; Gilmore et al. 1992; Trick & Silverman, 1991).   Older 

Figure 15.  The PTM curve fit for the older group on days 1 and 6 in Experiment 1. 
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participants in Experiment 1 demonstrated learning in the highest noise conditions.  This 

finding suggests that the aging visual systems of persons over 65 can learn to tolerate 

noise in the environment.  These statistical and modeling results support both Hypothesis 

2 and Hypothesis 4b --- older observers began with lower tolerance to external noise and, 

while showing improvement, experienced less external noise exclusion as a result of 

training than younger observers. 

The ANOVA showed that there was no significant difference between age groups 

for the three lowest noise levels (0, 0.03, or 0.08 σ).  Additionally, at these levels there 

was no significant learning in either age group (see Figure 13).  Performance at low noise 

is thought to be mediated by additive internal noise levels (Lu & Dosher, 1998; Lu & 

Dosher, 1999).  The modeling Figure 15 shows that at the two lowest noise levels (0.00 

& 0.03 σ) that older observers had lower performance on day 1 compared to day 6 and 

lower performance than the younger observers on day 1 at these levels.  PTM analysis 

indicated that older observers initially had higher additive internal noise (Nadd = 0.0037) 

than the younger group (Nadd = 0.0002).  Finding increased additive internal noise at day 

1 in older observers supports Hypothesis 1 and is consistent with previous research.  

Psychological studies have provided evidence that older observers have increased 

additive internal noise through modeling (Bennett et al., 2007) and reduced inhibition by 

demonstrating reduced center surround antagonism (Betts et al., 2005).  Single cell 

studies in monkeys and cats have demonstrated that cells in areas V1 and MT in older 

monkeys have larger tuning curves and higher base rates of firing (Hua et al., 2006; 

Leventhal et al., 2003; Schmolesky, Wang, Pu, and Leventhal, 2000; Yang et al., 2008).   
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In Experiment 1, the results of the PTM analysis indicate that there was a reduction of 

additive internal noise for the older group as a result of training (Aa (6) = 0.334) but not 

for the younger group (Aa (6) = 1.114).   This difference in learning rate may be due to 

higher learning potential for older observers.  Older observers began with lower 

performance at the lower noise levels and had a higher estimated level of additive internal 

noise giving them a greater range for improvement.  The younger group’s performance 

may have been near optimal at the beginning of the experiment for the low noise 

conditions.  Greater reduction in additive internal noise for the older group found by 

PTM analysis supports Hypothesis 4a.  This finding implies that increased noise in the 

visual system in older observers can be reduced through perceptual training resulting in 

improved perception of low-noise stimuli. 

Reduction of internal multiplicative noise was ruled out as contributing factor to 

performance due to the failure to find a difference between criterion ratios as a result of 

training.  As explained in the Theory section, a reduction in threshold differences 

between the 3/1 and the 2/1 staircases as a result of training would indicate that 

multiplicative internal noise was being reduced.  As seen on Table 2 the Ratio Diff 

(ratio(6) – ratio(1)) scores for the younger and older groups are -0.07 and 0.02 

respectively.  Had these values been larger then goodness of fit for both versions of the 

PTM would have been assessed.  Thus, if the version that fit multiplicative internal noise 

had a higher adjusted R
2
 then it would have been used to model the psychophysical data.  

Increased multiplicative internal noise was considered as a possible source of 

performance reduction for older observers.  Previous studies have not sufficiently 
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differentiated between additive internal noise and multiplicative noise (Betts et al., 2005, 

Hua et al., 2006; Leventhal et al., 2003; Schmolesky, Wang, Pu, and Leventhal, 2000; 

Yang et al., 2008).  Our findings do not indicate age related differences in base rates or an 

influence of multiplicative internal noise on performance during training.  These results 

do not support hypothesis 3 and 4c.  
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Experiment 2 

 

Introduction 

 

Experiment 2 examined age related differences in perceptual efficiency and 

cortical plasticity using Random Dot Cinematograms (RDCs).  This experiment 

replicated the design of Experiment 1 but substituted RDCs for sine-wave gratings.  

Similar to Experiment 1, the PTM was used to estimate additive internal noise, 

multiplicative internal noise, and tolerance to external noise for both older and younger 

observers.  Experiments 1 and 2 can be compared to assess how performance, perceptual 

efficiency, and cortical plasticity are different for sine-wave gratings and RDCs in both 

age groups.  Differences in these results could help identify age dependent changes of 

perceptual efficiency in the visual cortex. 

Age related differences in motion perception have been found for both sine-wave 

gratings (Sekuler, 1980; Snowden & Kavanaugh, 2006) and RDCs (Andersen & Atchley, 

1995; Ball & Sekuler, 1986; Gilmore et al. 1992; Trick& Silverman, 1991) but 

performance is rarely compared between the two types of stimuli including comparisons  

with college age observers (Snowden & Kavanaugh, 2006).  Both stimuli types are used 

to study motion perception but it is unclear if they are processed by the same neural 

systems.  The perception of a motion direction in 2-dimensional RDCs is referred to as 
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global coherent motion.  Individual motion vectors are detected by the visual system 

(Reichardt, 1961) and are summated to produce a perception of global direction (Festa & 

Welch, 1997; Bennett et al., 2007).  The perception of motion direction for sine-wave 

gratings has not been described as involving a summation mechanism.  Both sine-wave 

gratings and RDCs rely on directionally sensitive cells in cortical areas V1 and MT.  Any 

observed age related differences may be due to differences in the integration of local 

motion vectors uniquely present in RDCs.   

In general, the predictions of Experiment 2 were similar to those of Experiment 1.  

Older observers are expected to have lowered performance at all noise levels.  

Additionally, older observers will have higher levels of additive internal noise 

(Hypothesis 1), lower tolerance to external noise (Hypothesis 2), and higher levels of 

internal multiplicative noise (Hypothesis 3).  The possibility of age related differences in 

learning rates for the three perceptual inefficiencies were assessed (Hypotheses 4a-c)  As 

discussed in the theory section RDCs are qualitatively different from sine-wave gratings.  

Any differences in performance or in the three perceptual inefficiencies between 

Experiments 1 & 2 may indicate separate processes for the two stimuli types as well as 

age related differences in plasticity of the underlying mechanisms (Hypothesis 5). 
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Methods 

 

Participants - The participants were 8 younger (mean age 21.5) and 6 older 

(mean age 68.8) observers (See Appendix A for complete demographic information).  

Two older participants were dropped from the study --- one due to illness and the other 

due to a negative learning rate. The younger participants were recruited from the 

undergraduate population at the University of California, Riverside.  The older 

participants were paid volunteers from continuing education courses at the University of 

California, Riverside’s Extension center or from the March Air Force Base retirement 

community.  All participants were paid 15 dollars per experimental day plus an additional 

bonus of 50 dollars after completing the last day of the experiment.  All participants had 

normal or corrected to normal vision. 

 Apparatus – The apparatus was the same as that used in Experiment 1. 

Stimuli - The stimuli were coherent motion RDCs.  The  RDC stimuli were 

presented in a 32 by 32 pixels area (1.8 deg diameter after magnification from the 

collimation lens) located in the center of the monitor.  This region was surrounded by a 

black square 2 pixels wide.  The individual dots had a diameter of 0.1 degree visual 

angle.  The dot density on each image was 10 dots/deg
2
 for a total of 22 dots.  Before 

each trial 5 random dot images were generated.  Within the trial each image was 

displayed for 4 frames for a total of 33.3 milliseconds.  The total duration of each trial 

was 166.7 milliseconds. 
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For each trial 50% of the dots were sorted into a signal group with the remainder 

designated as noise dots.  The contrast of each signal dot was randomly selected from a 

uniform distribution centered at the mean luminance of the display with the range 

determined from an adaptive staircase.  Two randomly interleaved staircases were used.  

At the highest step level (step 64 or 100% contrast) the distribution spanned the entire 

dynamic range of the display.  At smaller step positions (lower contrast levels) the range 

was reduced but remained centered at the mean luminance.  When the distribution was at 

a high-contrast level the dots appear to range between white to black.  At lower contrast 

levels the appearance of the dots was from light-grey to dark-grey.  In image 1 of every 

trial each signal dot was assigned a random position inside the stimulus display area.  A 

single motion direction was randomly assigned to all signal dots before each trial.  The 

dots translated in a predetermined direction at a speed of 2.5 deg/sec.  The signal dots had 

a lifetime of two images after which they were assigned a new random position within 

the stimulus display area.  The initial lifetime was randomly assigned to each signal dot 

to ensure that all signal dots did not reposition simultaneously --- i.e. some dots were 

already at the end of their 2-image lifetime at image 1 of the trial.  If a signal dot 

translated outside the display region it was assigned a new random position. 

The contrast of each noise dot was drawn randomly from a uniform distribution 

centered at the mean luminance of the display and the contrast range being determined by 

block.  There were 6 contrast ranges used in Experiment 1 --- 100%, 80%, 60%, 40%, 

20%, and 1.56%.  The noise dots were assigned an initial random location within the 

display region and were assigned a new random location on each image. 
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Task and Procedure – The task and procedure was identical to Experiment 1 

except for the following exceptions --- 1) participants were instructed to indicate if the 

average direction of the dot field was to the left or right, and 2) in the introduction 

program the range of contrast used in the 3 blocks were 100%, 50%, and 1.56%. 

 Model – The PTM was implemented in a manner similar to Experiment 1.  Noise 

level in Experiment 1 was determined by the standard deviation of a Gaussian 

distribution while Experiment 2 used uniform distributions.  Uniform distributions are 

typically only described as having a range. To match the standard deviation in 

Experiment 1 the standard deviations of the uniform distributions were calculated and 

used in the fitting procedure.  The standard deviations for each noise contrast range 

(standard deviation) were --- 100%(28.8σ), 80%(23.1σ), 60%(17.3σ), 40%(11.5σ), 

20%(5.8σ), 1.56%(0σ). 

 

Results 

 

The results were analyzed in a 2 (age) x 6 (day) x 6 (noise) mixed design repeated 

measures ANOVA using Statsoft’s Statistica® statististical analysis program (See 

Appendix B for cell means).  Tukey HSD tests were used for all post hoc analyses. 
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There were significant main effects of age (F(1, 12)=6.210, p=0.028), day (F(5, 

60)=6.359, p<0.001), and noise (F(5, 60)=147.54, p<0.001).  The younger group had 

average lower contrast thresholds by 14%.  Pos hoc analysis for day revealed that day 1 

was significantly different (p<0.05) from all other days except day 2.  There were no 

other significant differences found for day.  The average reduction of contrast threshold 

from day 1 to day 6 was 7%.  Post hoc analysis for noise indicated that all noise levels 

were significantly different (p<0.05) from each other except the two lowest noise level (0 

Figure 16.  The non-significant interaction of day, noise, and age from Experiment 2. 
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and 20%).  The average increase in threshold from the 0% contrast to the 100% contrast 

noise levels was  37%.  The overall pattern of results are shown in Figure 16. 

Model results – Table 3 shows the estimated parameters for the averaged data for 

both age groups (See Appendix C for the modeling results for all individual participants 

in Experiment 2).  For both the younger and older groups the difference between criterion 

threshold ratios between day 6 and day 1 is not indicative of a change in multiplicative 

noise resulting from training.  The Ratio Diff. (ratio(6) – ratio(1)) (see Table 3) score for 

the younger group was 0.007 and was 0.0232 for the older group.  In addition, the mean 

adjusted R
2  

was slightly higher for the version of the PTM in which Nmul was not fit after 

day 1.  Therefore, for both older and younger observers, the version of the PTM in which 

Nmul was not fit after day 1 was used.  The older group had higher levels of additive 

internal noise on day one (Nadd = 0.0027) compared to the younger group (Nadd = 0.0011).  

After training both age groups had a reduction of additive internal noise.  However, the 

younger group had a slightly greater reduction of additive internal noise (Aa(6) = 0.64) 

after training  compared to the older group (Aa(6) = 0.69).  Tolerance to external noise on 

training day 2 was better in the younger group (Ae(2) = 0.81) than the older group (Ae(2) = 

0.90) suggesting that the younger participants had higher tolerance to external noise prior 

to training.  After training both age groups had increased tolerance to external noise.  The 

younger group showed slightly more improvement (Ae(6) = 0.69) compared to the older 

group (Ae(6) = 0.72).  Figures 17 and 18 show the plot with the fitted models for day 1 and 

6 for the younger and older age groups respectively. 
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Younger Average 

 

Older Average 

 

No_Am Fit_Am 

 

No_Am Fit_Am 

Beta 1.0075 1.0075 

 

0.7498 0.7498 

gamma 3.2079 3.2079 

 

3.2399 3.2399 

Nmul 0.9968 0.9968 

 

0.9976 0.9976 

Nadd 0.0011 0.0011 

 

0.0027 0.0027 

ratio (1) 0.8316 0.8316 

 

0.7837 0.7837 

adj. R2 (1) 0.9601 0.9601 

 

0.9431 0.9431 

 

    

 

    

Am(2) 1.0000 0.5645 

 

1.0000 0.8381 

Aa(2) 0.7413 0.9271 

 

1.4363 1.6046 

Ae(2) 0.8059 0.9994 

 

0.9044 0.9946 

ratio(2) 0.8117 0.8117 

 

0.8142 0.8142 

adj. R2 (2) 0.9713 0.9618 

 

0.9492 0.9323 

 

    

 

    

Am(3) 1.0000 0.5036 

 

1.0000 0.6966 

Aa(3) 0.7313 0.9320 

 

1.2420 1.4854 

Ae(3) 0.7508 0.9508 

 

0.8297 0.9764 

ratio(3) 0.7721 0.7721 

 

0.8692 0.8692 

adj. R2 (3) 0.9798 0.9730 

 

0.9103 0.8804 

 

    

 

    

Am(4) 1.0000 0.1173 

 

1.0000 0.4420 

Aa(4) 0.6846 0.9245 

 

0.8769 1.1318 

Ae(4) 0.7266 0.9985 

 

0.7718 0.9968 

ratio(4) 0.8092 0.8092 

 

0.8403 0.8403 

adj. R2 (4) 0.9759 0.9678 

 

0.9717 0.9623 

 

    

 

    

Am(5) 1.0000 0.3053 

 

1.0000 0.5562 

Aa(5) 0.7736 1.0233 

 

1.1784 1.4768 

Ae(5) 0.7473 0.9986 

 

0.7566 0.9414 

ratio(5) 0.8384 0.8384 

 

0.8877 0.8877 

adj. R2 (5) 0.9635 0.9513 

 

0.9725 0.9634 

 

    

 

    

Am(6) 1.0000 0.0431 

 

1.0000 0.0575 

Aa(6) 0.6369 0.8602 

 

0.6902 0.9323 

Ae(6) 0.6945 0.9585 

 

0.7165 0.9889 

ratio(6) 0.8323 0.8323 

 

0.8069 0.8069 

adj. R2 (6) 0.9635 0.9513 

 

0.9725 0.9634 

 

    

 

    

Ratio Diff  0.0007 0.0007 

 

0.0232 0.0232 

Mean Adj R2 0.9690 0.9609 

 

0.9533 0.9408 

  
Table 3.  The parameter values for the PTM fit in Experiment 2. See Table 1 for terms. 
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Discussion 

  

In Experiment 2 both older and younger observers improved performance as a 

result of training across all noise levels.  As might be expected the younger group began 

and ended the experiment with better performance than older observers.  The PTM 

estimated that the younger group had lower levels of additive internal noise (Nadd = 

0.0011) at the beginning of the experiment compared to the older group (Nadd = 0.0027).  

This is consistent with the results of Experiment 1 and previous research (Bennett, et al., 

Figure 17.  The PTM curve fit for the younger group on days 1 and 6 in Experiment 2. 
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2007; Betts et al., 2005, Hua et al., 2006; Leventhal et al., 2003; Schmolesky, Wang, Pu, 

and Leventhal, 2000; Yang et al., 2008) and supports Hypothesis 1.  In this experiment, 

after training both the older and younger age groups improved at the lower noise levels.  

Improvement in low noise stimuli from perceptual training is thought to be due to a 

reduction of additive internal noise (Lu & Dosher, 1998; Lu & Dosher, 1999).  PTM 

analysis on Experiment 2 indicated that additive internal noise was reduced in both 

groups at a similar rate for the older (Aa(6) = 0.69) and younger (Aa(6) = 0.64) age groups 

with the younger group showing slightly more reduction.  In this experiment, the learning 

Figure 18.  The PTM curve fit for the older group on days 1 and 6 in Experiment 2. 
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rates are not conclusively different between age group and Hypothesis 4a was not 

supported.   In Experiment 1, it was found that only the older group had a reduction in 

additive internal noise after training.  Also, for the older group the reduction of additive 

internal noise was greater in Experiment 1 than in Experiment 2.  Both sine-wave 

gratings and RDCs are processed by directionally sensitive cells in visual cortical areas 

V1 and MT but only RDCs are described as using a local motion integrator.  The 

difference in additive internal noise reduction between Experiments 1 and 2 could reflect 

an age dependent difference in the ability to integrate local motion signals.  What is 

interesting is that the younger group in Experiment 1 did not have any reduction in 

additive internal noise after training (Aa(6) = 1.11) while in Experiment 2 the younger 

group did show some reduction (Aa(6) = 0.64).  The performance of the younger group in 

Experiment 1 on the low noise levels may have been at near optimal levels and as a result 

could not improve performance from perceptual learning.  This could explain why it 

appears that the younger group actually increased their additive internal noise levels 

(Aa(6) = 1.11) as a result of training in Experiment 1 --- if their performance was already 

optimal near the beginning of training, then these results could be due to random 

fluctuations that occur near asymptotic performance.   However, in Experiment 2, the 

task required the integration of local motion signals which may have allowed for a greater 

range of improvement for younger observers.  It is possible that when the visual system 

processes RDCs the need to integrate local motion signals may introduce additional 

processing requirements that contribute to additive internal noise.   This additional layer 

of processing likely made the task in Experiment 2 more difficult and thus created a 
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greater range for improvement.  For older observers the additional processing 

requirements way have resulted in greater difficulty in performing the task.  

The results of Experiment 2, when compared to Experiment 1, suggests that there 

is an additional mechanism in the visual system that is used to integrate local motion 

signals.  Requiring the integration of local motion signals may increase additive internal 

noise in both age groups and affect additive internal noise reduction through training.   

This difference in learning rate for additive internal noise reduction between Experiment 

1 and Experiment 2 supports Hypothesis 5.  There is an age related learning difference 

for additive internal nose reduction between sine-wave gratings (Experiment 1) and 

RDCs (Experiment 2). 

 In Experiment 2 older observers began with lower performance in the higher 

noise conditions than the younger group (see Figure 16).  Performance in higher noise 

conditions is thought to be mediated by tolerance to external noise (Lu & Dosher, 1998; 

Lu & Dosher, 1999).  In this experiment the older observers had lower tolerance to 

external noise (Ae(2) = 0.90) than younger observers (Ae(2) = 0.81) on day 2.  The initial 

difference in performance on day 1 between age groups and in the estimated difference in 

tolerance to external noise on day 2 provide support for Hypothesis 2 that predicted that 

there would be age related differences in initial tolerance to external noise.  At the end of 

training the learning rate for increased tolerance to external noise was similar between the 

younger (Ae(6) = 0.69) and older groups (Ae(6) = 0.72).  This similarity in learning rate 

does not support hypothesis 4b which states that there would be an age related difference 
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in learning rate with tolerance to external noise.  In Experiment 1, learning rates for 

tolerance to external noise differed with the younger group experiencing a greater 

reduction (Ae(6) = 0.42) than the older group (Ae(6) = 0.71).  With RDCs older observers 

have been shown to have lower performance than younger in the presence of noise 

(Andersen & Atchley, 1995; Ball & Sekuler, 1986; Gilmore et al. 1992; Trick& 

Silverman, 1991).  As discussed above it seems likely that RDCs introduce an additional 

layer of processing to integrate individual motion vectors.  In the absence of this 

integration mechanism younger observers have a faster learning rate for increasing 

external noise exclusion than older observers in stimuli such as sine-wave gratings.  

However, when integration of signal and noise vectors becomes necessary the learning 

rates for both older and younger are reduced in a similar way.  Comparing Experiments 1 

and 2, younger observers have less reduction in tolerance to external noise in RDCs 

(Exp2, Ae(6) = 0.69) after training than in sine-wave gratings (Exp1, Ae(6) = 0.42).   

However, for the older groups the increase in tolerance after training was similar between 

the two stimuli types (Exp1, Ae(6) = 0.71; Exp2, Ae(6) = 0.72).  This result indicates that 

there are possible age related differences in processing high-noise sine-wave gratings and 

high noise RDCs, but the difference occurred in the younger group. Hypothesis 5 

predicted that there would be age-related differences in learning rates between stimuli, 

and the present results provide support for this hypothesis. 

 Similar to Experiment 1, changes in multiplicative internal noise was excluded as 

a possible contributor to performance for both the younger and older age groups.  This 
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was due to a lack of change in criterion ratio differences over training.  Therefore, 

Hypothesis 3 and Hypothesis 4c are not supported by this experiment. 

 In Experiment 2 older observers’ performance improved across all noise 

conditions.  This provides further evidence that the perceptual system of older observers 

remains plastic.  There were estimated improvements in both additive internal noise 

reduction and external noise exclusion for older observers.  However, there was a smaller 

reduction in additive internal noise, for older observers, in Experiment 1 as compared to 

Experiment 2.  This may indicate that there is an additional layer of processing required 

for the integration of local motion vectors when perceiving discrete local motion signals 

in RDCs.   
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Experiment 3 

 

Introduction 

 

 Experiment 3 examined age related differences in transfer of learning between 

sine-wave gratings and RDCs.  Improvements in perception due to perceptual training 

were often specific to the stimuli trained and do not transfer to other stimuli or the same 

stimuli in different angular orientations or locations (Ball & Sekuler, 1982; Fahle, 2004; 

Karni & Sagi, 1991; Karni & Sagi, 1993).  One possible practical outcome of perceptual 

learning research with older persons is that perceptual training will improve perceptual 

abilities, health, and quality of life.  However, if perceptual learning is limited to 

improving performance for the stimuli used in training, then it would not be a practical 

solution for treating perceptual decrements in older persons such as loss of motion 

perception.   

 It is likely that sine-wave gratings and RDCs both use the same neuronal 

structures in visual areas V1 and MT.  Both stimuli types have been used to study motion 

perception in both older and younger observers.  There is evidence that perceptual 

improvements due to training are due to changes at a neuronal level in specific areas of 

the visual cortex (Andersen et al, 2010; Karni & Sagi, 1991; Karni & Sagi, 1993).  If both 

sine-wave gratings and RDCs use the same cortical structures then transfer of learning 
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between the two stimuli may occur.  Additionally, if transfer occurs, any found age 

related reductions will be informative of changes in cortical plasticity that occur with 

advanced age.   Also, assuming that sine-wave gratings and RDCs are processed 

differently by the visual system, interactions between age related reductions of transfer 

and stimuli type may implicate specific processes that are affected by age.  

Experiment 3 examined transfer between sine-wave gratings and RDCs by testing 

observers in Experiments 1 and 2 in an additional pre- and post-test using the transfer 

stimuli.  Participants in Experiment 1 were trained for 6 days with sine-wave gratings.  

Before day 1 and after day 6 of Experiment 1 the participants were tested with the RDC 

stimuli used in Experiment 2.  Conversely, the participants in Experiment 2 were trained 

for 6 days with RDCs.  Before day 1 and day 6 in Experiment 2 these participants were 

tested with the sine-wave grating stimuli used in Experiment 1.   

Experiment 3 examined transfer by determining whether performance improved 

between the pre- and post-test days.  In addition, the PTM was used to estimate changes 

in perceptual efficiency.  This study examined whether perceptual improvements when 

trained with sine-wave gratings transfer to RDCs as well as from RDCs to sine-wave 

gratings. Experiment 2 assessed whether overall learning rates across stimulus types were 

age dependent. This experiment compared learning rates for both age groups between the 

trained and untrained stimuli. If an interaction between age and trained/untrained stimuli 

type is found, then the transfer of perceptual learning from one stimuli type to the other 

may be age dependent (Hypothesis 6). This result would suggest a fundamental 
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difference in the perceptual learning mechanism for older adults. In addition, an 

important implication of this research for the development of intervention programs is 

whether transfer is preserved in older adults. 

 

Methods 

 

 Participants – There were 15 younger (mean age 21.6) and 14 older observers 

(mean age 72.0) (See Appendix A  for complete demographic information).  The 

participants in Experiment 3 were the same as those used in Experiments 1 and 2.  All 

participants were paid 15 dollars per experimental day. 

Apparatus – The apparatus was the same as that used in Experiments 1 and 2. 

Stimuli – The stimuli were the same as those used in Experiments 1 and 2. 

Task and procedure – The tasks and procedures were identical to those used in 

Experiments 1 and 2 with the following exceptions.  On the pre-test day participants 

completed an introduction program identical to that used in Experiments 1 and 2 that was 

appropriate to the stimuli group.  The adaptive staircase procedures were initialized at 

step 64 (100% contrast) on both the pre- and post-test days. 
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Model – The PTM analysis was identical that used in Experiments 1 and 2.  The 

PTM was matched to the appropriate stimuli group and estimated changes in additive 

internal noise, tolerance to external noise, and internal multiplicative noise from the pre- 

to post-test days. 

 

 

 

Figure 19.  The interaction between day and noise in Experiment 3. 
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Results 

 

The results were analyzed in a 2 (age) x 2 (Group) x 2 (pre-/post-test) x 6 (noise) 

mixed design repeated measures ANOVA using Statsoft’s Statistica® statististical 

analysis program (See Appendix B for cell means).  A Greenhouse-Geisser correction 

was used for determining significance for interactions.  Tukey HSD tests were used for 

all post hoc analyses.  

Figure 20.  The interaction between day, noise, and age in Experiment 3. 
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Sine-Wave Stimuli 

 

RDC Stimuli 

 

Younger 

Average 

 

Older Average 

 

Younger 

Average 

 

Older Average 

 

No_Am Fit_Am 

 

No_Am Fit_Am 

 

No_Am Fit_Am 

 

No_Am Fit_Am 

Beta 0.8423 0.8423 

 

0.8108 0.8108 

 

0.6094 0.6094 

 

0.6409 0.6409 

gamma 3.1948 3.1948 

 

3.6141 3.6141 

 

2.2089 2.2089 

 

2.7900 2.7900 

Nmul 0.9979 0.9979 

 

0.9985 0.9985 

 

0.9982 0.9982 

 

0.9989 0.9989 

Nadd 0.0002 0.0002 

 

0.0052 0.0052 

 

0.0037 0.0037 

 

0.0156 0.0156 

ratio (1) 0.9966 0.9966 

 

0.8717 0.8717 

 

0.8375 0.8375 

 

0.8419 0.8419 

adj. R2 (1) 0.8697 0.8697 

 

0.9386 0.9386 

 

0.9950 0.9950 

 

0.9501 0.9501 

 

    

 

    

 

    

 

    

Am(2) 1.0000 0.0085 

 

1.0000 0.0030 

 

1.0000 0.4206 

 

1.0000 0.6148 

Aa(2) 0.4114 0.5521 

 

0.0028 0.0038 

 

0.7889 1.0235 

 

0.3873 0.4770 

Ae(2) 0.4134 0.5714 

 

0.3667 0.5070 

 

0.7661 0.9958 

 

0.8192 0.9978 

ratio(2) 0.9301 0.9301 

 

0.8516 0.8516 

 

0.8685 0.8685 

 

0.8847 0.8847 

adj. R2 (2) 0.8872 0.8496 

 

0.8856 0.8475 

 

0.9932 0.9909 

 

0.9959 0.9946 

 

    

 

    

 

    

 

    

Ratio Diff  

-

0.0665 

-

0.0665 

 

-

0.0202 

-

0.0202 

 

0.0311 0.0311 

 

0.0428 0.0428 

Mean Adj 

R2 0.8785 0.8597 

 

0.9121 0.8930 

 

0.9941 0.9930 

 

0.9730 0.9724 

There were significant main effects for age (F(1, 25)=5.326, p=0.030), pre-/post-

test (F(1, 25)=22.215, p<0.001), and noise (F(5, 125)=112.13, p<0.001).  On average the 

younger group had lower contrast thresholds by 10%.  The average reduction of threshold 

from pre-test to the post-test was 13%.  Post hoc analyses indicated that the two lowest 

levels of noise were significantly different (p<0.05) from all other noise levels but not 

significantly different (p>0.05) from each other.  There was no significant main effect for 

stimulus group. 

There was a significant interaction between pre-/post-test and noise level (F(3.7, 

91.3)=3.107, p=0.022) (see Figure 19).  Post hoc analysis indicated that all matched noise 

levels are significantly different from the pre-test to the post-test.  There was a significant 

Table 4.  The parameter values for the PTM fit in Experiment 3. See Table 1 for terms. 
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3-way interaction between pre-/post-test, noise, and age (F(3.7, 91.3)=2.789, p=0.035) 

(see Figure 20).  Post hoc analysis indicated that for the two lowest noise levels younger 

observers were not significantly different (p>0.05) while older observers were 

significantly different at these levels (p<0.05). 

Model results - The estimated parameters for the averaged data for both stimuli 

types and both age groups are presented in Table 4 (See Appendix C for the modeling 

results for all individual participants in Experiment 3).  The ratio difference scores do not 

indicate change in internal multiplicative noise for either age group for either type of 

stimuli.  The version of the PTM in which Nmul was held constant was used for both age 

groups and stimuli types.  For the sine-wave stimuli there was a reduction in additive 

internal noise for the younger group (Aa(2) = 0.411) and for the older group (Aa(2) = 

0.003).  There was also increased tolerance to external noise in the sine-wave stimuli for 

the younger group (Ae(2) = 0.413) and for the older group (Ae(2) = 0.367).  Figures 21 and 

22 show the plotted PTM curves for the sine-wave stimuli for the younger and older 

groups respectively.  For the RDC stimuli there was a reduction in additive internal noise 

for the younger group (Aa(2) = 0.789) and for the older group (Aa(2) = 0.387).  There was 

also increased tolerance to external noise in the RDC stimuli group for younger (Ae(2) = 

0.766) and older observers (Ae(2) = 0.819). Figures 23 and 24 show the PTM curves for 

the RDC stimuli for the younger and older groups respectively. 
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Figure 21.  The PTM curve fit for the younger group with sine-wave stimuli for the pre- and post- test 

in Experiment 3. 
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Figure 22.  The PTM curve fit for the older group with sine-wave stimuli for the pre- and post-test in 

Experiment 3. 
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Figure 23.  The PTM curve fit for the younger group with RDC stimuli for the pre- and post- test in 

Experiment 3. 

 

 

Figure 24.  The PTM curve fit for the older group with RDC stimuli for the pre- and post-test in 

Experiment 3. 
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Discussion 

 

 The results of Experiment 3 indicate that transfer of learning occurred for both 

age groups and between both stimuli types.  In the interaction for pre-/post-test, noise, 

and age, as show in Figure 20, both age groups show improvement except for the 

younger group at low noise levels.  The main effects of stimulus group was not 

significant suggesting that both RDC and sine-wave training groups improved to a similar 

degree. Furthermore, the modeling results indicate a reduction in additive internal noise 

and increased tolerance to external noise on the post-test for both stimuli groups. This 

finding provides strong evidence that perceptual training using sine-wave gratings 

improves performance for RDCs as well as training using RDCs improves performance 

for sine-wave gratings.  While there were some differences in the pattern of results 

between the younger and older age groups, both groups experienced transfer of learning 

across both stimuli types.  There was no evidence of an age dependent perceptual 

learning transfer mechanism.  Therefore, Hypothesis 6 was not supported.  Transfer of 

perceptual learning between the two stimuli types provides empirical evidence that both 

sine-wave gratings and RDCs utilize the same neural structures in visual cortex.  These 

results are the first to demonstrate a transfer effect between these two stimuli types. 

 The results of the PTM model are similar to those found in Experiments 1 and 2.  

The group that received the pre- and post-tests with the sine-wave grating stimuli (and 

was trained for 6 days with RDCs) showed reduced additive internal noise and increased 
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tolerance to external noise in both age groups.  The reduction in additive internal noise 

for the younger group (Aa(2) = 0.411) was greater than the reduction found for the 

younger group in both Experiment 1 (Exp1, Aa(6) = 1.114) and 2  (Exp2, Aa(6) = 0.637).  

The same pattern was true for the younger group’s increased tolerance to external noise 

(Exp3, Ae(2) = 0.413; Exp1, Ae(6) = 0.415; Exp2, Ae(2) = 0.645).   The older group showed 

a similar pattern for both additive internal noise reduction (Exp3, Aa(2) = 0.003; Exp1, 

Aa(6) = 0.334; Exp2, Aa(2) = 0.690) and an increased tolerance to external noise (Exp3, 

Ae(2) = 0.367; Exp1, Ae(6) = 0.712; Exp2, Ae(2) = 0.717). 

The younger and older age groups that received the pre- and post-tests with the 

RDC stimuli (and were trained for 6 days with sine-wave gratings) had reduced additive 

internal noise and increased tolerance to external noise.  For the younger group, the 

amount of reduction was greater compared to Experiment 1 but slightly less than in 

Experiment 2 (Exp3, Aa(2) = 0.789 ; Exp1, Aa(6) = 1.114; Exp2, Aa(2) = 0.637).   The 

younger groups improved tolerance to external noise was not greater than that observed 

for Experiments 1 or 2 (Exp3, Ae(2) = 0.766; Exp1, Ae(6) = 0.415; Exp2, Ae(2) = 0.645).  

The older group’s reduction of additive internal noise was greater than that observed for 

Experiment 2 but not for Experiment 1 (Exp3, Aa(2) = 0.387; Exp1, Aa(6) = 0.334; Exp2, 

Aa(2) = 0.690).  For the older group the amount of increased tolerance to external noise 

was less than that observed in Experiments 1 and 2 (Exp3, Ae(2) = 0.819; Exp1, Ae(6) = 

0.712; Exp2, Ae(2) = 0.717).   
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In general, the PTM analysis indicates that the group that received the sine-wave 

grating stimuli in their pre- and post-tests, and trained using RDCs, showed greater 

improvements in both reduction of additive internal noise and increased tolerance to 

external noise compared to the other group.  For the group that received pre- and post-

tests with the RDC stimuli the increased tolerance to external noise was smaller than than 

in either Experiment 1 or 2.  These differences between the two stimuli training groups 

suggest that that training with RDCs produced more transfer of tolerance to external 

noise and reduction of additive internal noise than occurred when training with sine-wave 

gratings. 
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Experiment 4 

 

Introduction  

 

Experiment 4 examined whether perceptual training can increase the effects of 

center-surround antagonism in older adults.  This result would provide evidence that 

perceptual learning in older adults may allow for the recovery of inhibitory processes.  

Betts et al. (2005) found evidence that older observers had reduced inhibition in visual 

processing.  They showed that older observers could perceive the motion direction of 

large high-contrast Gabor patches at shorter durations than younger observers.  This 

effect may have been due to increased center-surround suppression in younger observers 

compared to older observers.  Center-surround suppression is a process that enables edge 

detection through an antagonistic interaction between center and surround regions of a 

receptive field.  Center-surround suppression is mediated by neural inhibition (Taden et 

al., 2003).  If older observers had lowered neural inhibition they would be less affected 

by center-surround suppression.  Leventhal et al. (2003) introduced a GABA agonist to 

directionally sensitive cells in area V1 of senescent monkeys.  This agonist increased 

neural inhibition in the cells and they began behaving like cells found in young monkeys.  

The altered cellular behavior included a tightening of tuning curves and a reduction of 

spontaneous firing.  Recently, Fu et al. (2009) found that receptive field cells in older 

monkeys were less sensitive to an optimal center-surround stimulus. 



78 

 

 There is both psychological (Bennett et al., 2007) and neurological (Hua et al., 

2006; Leventhal et al., 2003; Schmolesky, Wang, Pu, and Leventhal, 2000; Yang et al., 

2008) evidence that the visual system in area V1 in older primates has increased internal 

noise.  This increase in noise may be mediated by a loss of inhibitory mechanisms 

(Leventhal et al., 2003; Fu et al., 2009).  Improved perception of orientation and of 

motion direction through training may be partially due to enhancement of stimuli due to a 

reduction of additive internal noise (Lu & Dosher, 1998; Lu & Dosher, 1999; Lu, Chu, & 

Dosher, 2006).  Therefore, the reduction of internal noise from perceptual training should 

also increase inhibition in the visual system. 

 Experiment 4 will replicate key conditions and the design used in Betts et al. 

(2005) to produce an age dependent center-surround suppression effect.  Betts et al. 

(2005) used Gabor patches at 7 contrast levels (92%, 46%, 22%, 11%, 5.5%, 4.2% and 

2.8%) and 4 sizes (5.0, 2.7, 1.3, and 0.7 degrees)  for a total of 28 stimulus conditions.  

Testing of these conditions was spread out in random order over 5 days.  Betts et al. 

found that older observers performed better than younger observers in the largest size 

tested (5.0 degrees) at contrasts above 22%.  Experiment 4 will use 2 sizes (5.0 and 0.7 

degrees) and 3 contrasts levels (92%, 22%, and 2.8%) for a total of 6 unique conditions. 

These conditions are sufficient to replicate the main finding of Betts et al. (2005).  All 6 

conditions will be presented each day over 5 days.   

On the first day of training the pattern of results should replicate Betts et al. 

(2005) who showed a 3-way interaction between age group, contrast level, and size. 



79 

 

Younger observers should have lower duration thresholds for all conditions except for the 

5.0 degree size/ 92% contrast condition. For this condition the older observers are 

expected to perform significantly better than the younger group as a result of lowered 

cortical inhibition. A main effect of training is expected showing reduced duration 

thresholds for both age groups after training (Hypothesis 7).  Performance improvements 

may be due to reduced internal noise for both age groups.  If there is a reduction in 

internal noise for older participants, and loss of cortical inhibition is equivalent to internal 

noise, then a reduction of age dependent differences related to center-surround 

antagonism is expected. If this result occurs then older observers should no longer 

outperform younger participants in the 5.0 degree size/ 92 contrast conditions after 

training. This finding should diminish the 3-way interaction observed on the day 1 

(Hypothesis 8). 

 

Methods 

 

Participants – The participants in Experiment 4 were 4 younger (mean age 21.0) 

and 4 older (mean age 66.8) observers (See Appendix A for complete demographic 

information).  The younger participants were recruited from the undergraduate population 

at the University of California, Riverside.  The older participants were volunteers from 

continuing education courses at the University of California, Riverside’s Extension 

center.  All participants were paid 10 dollars per hour of experimental time plus an 
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additional bonus of 25 dollars after completing the last day of the experiment.  All 

participants had normal or corrected to normal vision. 

Apparatus – Stimuli were presented on a Dell ® t3500 workstation using a 

Nvidia Quatro FX video card.  The monitor was a Viewsonic P225 perfect flat monitor 

set at a resolution of 1025 x 768 and operating a 120hz.  Viewing distance was set at 80 

centimeters and was controlled using a chin rest.  The display was modulated by a 

Cambridge Research Bitts++ system running in Mono++ mode.  This system allows for 

16,384 distinct grayscale levels (14 bit precision).  The monitor’s gamma was corrected 

to produce linear luminance output.  The experiment was programmed in the Matlab 

(R2009a) environment using the Psychophysics Toolbox extension software (Brainard, 

1997; Pelli, 1997).  The experiment took place in a dark room.  Participants responded 

using a standard keyboard. 

Figure 25. Examples of the Gabor patch stimuli used in Experiment 4. 
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Stimuli – The stimuli were moving Gaussian filtered sine-wave gratings (Gabor 

patches).  The Gabor patches had a spatial frequency of 1 deg
2
.  Weber contrast 

((luminance – mean) / mean) of the Gabor was blocked at one of 3 levels --- 2.8%, 22%, 

or 92 %.  There were two sizes --- .7 or 5 deg
2
.  Diameter of the Gabor patch was defined 

as 2 standard deviations of the Gaussian envelope.  The 3 contrast levels and 2 sizes 

produced 6 unique conditions. See Figure 25 for samples of the stimuli.  The background 

luminance of the display was set at the average luminance of the dynamic range of the 

monitor (36.6 cd/m
2
).  On each trial the Gabor patch drifted to the right or left at a rate of 

2 deg/sec. The motion direction was determined randomly before each trial.   On every 

trial the starting phase of the Gabor was randomized. 

Task and Procedure – The task was to indicate if the motion direction of the 

Gabor patch was to the left or to the right.  Participants were informed that the motion 

direction was determined randomly before each trial.  If the participant could not judge 

the motion direction they were told to make their best possible judgment. 

 The experiment took place over 5 days. On each day the participant was presented 

with a random order of 6 blocks that represented all possible combinations of the 3 

contrast levels (2.8%, 22%, and 91%) and 2 sizes (.7 or 5 degrees).  On day 1, prior to 

experimental data collection, each participant completed an introduction program that 

presented 10 trials at maximum duration for each of the 6 blocks to introduce the stimuli, 

task, and procedure.   



82 

 

In the experiment, before each trial the message “Press a key to start next trial” 

was displayed on screen.  The participant initiated each trial by pressing any key on the 

keyboard causing the screen to go blank (set to the mean background luminance).  After a 

delay of 500 milliseconds a fixation point appears that flickered between white and black 

every 400 milliseconds for 1.6 seconds.  After which the display went blank for an 

additional 500 milliseconds before the stimuli appeared.  After the stimulus was 

presented the screen went blank and the participant entered their judgment by pressing 

the left or right arrow keys on the keyboard.  The program waited for the response and 

produced a high tone if the response was correct or a low tone if the response was 

incorrect. 

Each block had 150 trials.  After the 75
th

 trial the program prompted the 

participant to take a short break.  The participant could not resume the experimental trials 

for at least 10 seconds.  The participants were instructed to take as long as needed at this 

time to rest their eyes from any fatigue.  At the end of the block the participant is 

prompted to inform the experimenter and then take a brief break.  Each block took 

between 7-12 minutes depending on how long the participant rested during the intra-

block rest period and how fast they responded on each trial. 

Thresholds were derived by manipulating the duration of the stimulus using 2 

randomly interleaved staircases.  A 2/1 staircase tracked the 71% point and a 4/1 

estimated the 84% correct point.  The two thresholds were averaged to produce a final 

estimated threshold of 77.5%.  The range of possible durations was 500 milliseconds (60 
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frames) to 16.6 milliseconds (2 frames).  For each block the staircases were initialized at 

500 milliseconds.  The step sizes were adjusted for both staircases for each reversal in the 

following order --- 250ms (30 frames), 125ms (15 frames), 125ms(15 frames), 46.6ms (5 

frames), 46.6ms(5 frames), 25ms(3 frames), 25ms(3 frames), and 8.3ms(1 frame).  After 

the 6
th

 reversal the step size remained at 8.3ms (1 frame).   The final threshold for both 

staircases was the average of reversal points excluding the first reversal. 

Each observer completed 900 trials each day for a total of 4500 trials over the 

entire experiment. 

 

Results 

 

The results were analyzed in a 2 (age) x 5 (day) x 2 (size) x 3 (contrast) mixed 

design repeated measures ANOVA using Statsoft’s Statistica® statististical analysis 

program (See Appendix B for cell means).  Tukey HSD tests were used for all post-hoc 

analyses.  There was a main effect of age (F(1, 6)=14.772, p=0.009).   Younger 

participants were able to correctly judge the motion direction 65 milliseconds faster that 

the older group on average. There were significant main effects for day (F(4, 24)=14.465, 

p<0.001), size (F(1, 6)=140.99, p<0.001), and contrast (F(2, 12)=102.49, p<0.001).  A 

post hoc analysis for training day indicated indicates that there were significant 

differences between day 1 and days 3, 4, and 5 (p<0.05), day 2 and day 5 (p<0.05), as 
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well as day 3 and day 5 (p < 0.05).  On average participants increased their performance 

by 41 milliseconds from day 1 to day 5.  For the 5 degree size observers showed an 

increase in thresholds an average 48 milliseconds compared to the 0.7 degree size.  In 

contrast, the post hoc analysis revealed significant differences between 2.8% and both the 

22% and the 92% conditions (p<0.05).  The difference between the 2.8% and 22% 

contrast conditions was 81 milliseconds and the difference between the 2.8% and 92% 

contrast conditions was 77 milliseconds.  To summarize, participants showed learning 

over the training days, performed best in the large size (5.0 degree) condition, and had the 

greatest difficulty in the low-contrast condition (2.8%). 

 There was a significant 2-way interaction between day and age group  

(F(4, 24)=2.940, p=.041) (see Figure 26).  Younger observers showed no significant 

difference across days.  Older observers had significantly lower performance compared to 

younger observers on all days except for day 1 (p<0.05).  Older observers also showed 

increased performance across all conditions after day 1 (p<0.05).  The average 

improvement for the older group from day 1 to day 5 was an increase of 58 milliseconds.  

There was a significant 2-way interaction between size and age group (F(1, 6)=119.80, 

p<0.001) (see Figure 27).  Post-hoc analysis indicated that this interaction was the result 

of older observers having significantly lower performance in the small (0.7 degree) 

condition (p<0.05).  Younger observers showed no significant difference between the two 

size conditions.  Performance of the older group was reduced by 91 milliseconds in the 

0.7 degrees size compared to the 5.0 degree Gabor.  There was a significant 2-way 

interaction between contrast and age group (F(2, 12)=31.685, p<0.001)(see Figure 28).  A 
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Post-hoc test indicated that both older and younger observers had significantly (p<0.05) 

reduced performance in the low-contrast (2.8%) condition with the younger group 

performing significantly (p<0.05) better than the older group by 126 milliseconds.  There 

was a significant interaction between day and size (F(4, 24)=2.911, p=.043) (see Figure 

29).  Post hoc analysis indicated that performance for both sizes was significantly 

different at day one and at day 5 (p<0.05).  Significant improvements occurred for both 

sizes in performance from day 1 to day 5 (p<0.05).  There was a significant interaction 

between day and contrast level (F(8, 48)=3.691, p=.002)(see Figure 30).  For the high 

(92%) and medium (22%) contrast conditions there was no significant improvement from 

day 1 to day 5.  In the low contrast condition (2.8%), there was a significant (p<0.05) 

improvement from day 1 to day 5 by an average of 35 milliseconds.  There was a 

significant interaction between size and contrast (F(2, 12)=153.96, p<0.001) (see Figure 

31).  In this interaction, performance was significantly (p<0.05) worse for the small size 

(0.7 degree) at low-contrast (2.8%) than all other conditions.  On average performance in 

the small size at low-contrast (2.8%) condition was worse by 181 milliseconds compared 

to large size (5.0 degree) at low-contrast (2.8%) condition.   

 There was a significant 3-way interaction between size, contrast, and age group 

(F(2, 12)=31.603, p<0.001)(see Figure 32).  Post-hoc analysis suggests that this 

interaction was due to the significantly (p<0.05) lower performance of the older group 

and the younger group in the low-contrast (2.8%) small-size (0.7 degree) condition 

compared to all other conditions.  The older observers also showed significantly higher 

thresholds in the low-contrast (2.8%) small-size (0.7 degree) condition compared to the 
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younger group by an average of 232 milliseconds.  The last significant 3-way interaction 

was between day, size, and contrast (F(8, 48)=3.833, p=.001) (see Figure 33).  This 

interaction was due to a significant (p<0.5) reduction in threshold from days 1 to 5 (and 

intermediate days) at low-contrast (2.8%) for the small-size (0.7 degree) stimuli.  The 

overall reduction from day 1 to day 5 was 126 milliseconds.  In summary, the results 

suggest that this interaction was primarily due to learning that took place with small(0.7 

degree) low-contrast (2.8%) Gabor patches. 
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Figure 26.  The interaction between day and age in Experiment 4. 

 

Figure 27.  The interaction between size and age in Experiment 4. 
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Figure 28.  The interaction between contrast and age in Experiment 4. 

 

Figure 29.  The interaction between day and size in Experiment 4. 

 

Contrast * Age

F(2, 12)=31.685, p<0.001

92% 22% 2.8%

Contrast

0

50

100

150

200

250

T
h
re

s
h
o
ld

(m
illis

e
c
o
n
d
)

 Younger

 Older

Day * Size

F(4, 24)=2.911, p=0.0427

1 2 3 4 5

DAY

0

20

40

60

80

100

120

140

160

180

200

220

240

T
h
re

s
h
o
ld

 (m
illis

e
c
o
n
d
s
)

 5.0 degrees

 0.7 degrees



89 

 

  

Figure 30.  The interaction between day and contrast in Experiment 4. 

 

Figure 31.  The interaction between size and contrast in Experiment 4. 
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Figure 32.  The interaction between size, contrast, and age in Experiment 4. 

 

Figure 33.  The interaction between day, size, and contrast in Experiment 4. 
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Figure 34a.  The non-significant interaction of day, contrast, and age with 5.0 degree Gabor patches. 

 

Figure 34b.  The non-significant interaction of day, contrast, and age with 0.7 degree Gabor patches. 

 



92 

 

Discussion 

 

 The results of Experiment 4 indicate that there was a reduction in time needed to 

detect the motion direction of a moving Gabor in both age groups for small (0.7 degree) 

low-contrast (2.8%) stimuli (see Figure 34b).  While not statistically significant (F(8, 

48)=1.443, p=.203), the 4 way interaction of day, size, contrast, and age (see Figure 34a 

and 33b) indicated that there was significant improvement (using a Tukey test p<0.05) for 

older observers with small (0.7 degree) low-contrast (2.8%) stimuli from day 1 to day 5. 

There was no significant improvement for younger observers.  What was notable was that 

older observers began the experiment with thresholds near the maximum allowed (500 

milliseconds) in the small (0.7 degree) low-contrast (2.8%) condition.  This indicates that 

they may have initially needed more time than allowed to perceive the stimuli.  However, 

as the experiment proceeded thresholds decreased into a reliably measurable range 

indicating that the stimuli became perceivable and motion detection performance was 

improving.  Some participants commented towards the end of the experiment that they 

began to perceive the small low-contrast Gabor patches when previously they did not.  

This improvement may indicate that temporal processing of small low-contrast Gabor 

patches can be improved in persons over age 65. 

 It is possible that improvement in the small (0.7 degree) low-contrast (2.8%) for 

both younger and older observers is due to a reduction of internal noise.  All stimuli in 

Experiment 4 did not contain external noise.  According to the PTM model (Lu and 
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Dosher, 1999;  Lu, Chu, and Dosher, 2006) improvements in perceiving stimuli, such as 

the orientation of Gabor patches or  moving sine-wave gratings, depends on either 

stimulus enhancement (additive noise reduction) or external noise exclusion.  In the 

current experiment the only possible source of improvement would be from stimulus 

enhancement.  Through training both younger and older observers enhanced the 

perception of the small (0.7 degree) low-contrast (2.8%) Gabor patches.  This allowed the 

participants to perceive the stimuli at shorter durations.  However, confirming this with 

PTM analysis is not possible without the development of a modified model. A the version 

of the PTM used in Experiments 1-3 does not take into account temporal processing. 

 Overall, the significant results of Experiment 4 were primarily for the small (0.7 

degree) low-contrast (2.8%) Gabor patches.  This condition alone produced the main 

effect of day.  As shown in Figure 34, in the non-significant 4-way interaction there 

appears to be some improvement for older observers for large (5.0 degrees) high-

contrast(92%), for small(0.7 degree) low-contrast (2.8%), and possibly small(0.7 degree) 

high-contrast (92%) Gabor patches.  If the experiment had additional participants perhaps 

these improvements would have reached significance.  However, since learning did not 

occur in most conditions, Hypothesis 7 was not supported.  Of additional interest is that 

younger observers tended to do better  in the small size conditions at high (92%) and 

medium (22%) contrast compared to the matched large(5.0 degree) Gabor patches (see 

Figure 32).  This is in line with the findings of Taden et al. (2003) that college age 

observers experience center-surround suppressions and have more difficulty perceiving 
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the motion direction of large high-contrast Gabor patches.  However, this trend was not 

significant in the present study. 

The results of Betts et al. (2005) showed that older observers had better 

performance than younger observers in perceiving the motion direction of large high-

contrast Gabor patches due to reduced inhibitory mechanisms in the visual cortex.  In 

Experiment 4 we did not replicate the findings of Betts et al. (2005).  On day 1 of 

Experiment 4 older observers did not have better performance than the younger group for 

large (5.0 degree) high-contrast (92%) Gabor patches (see Figure 34a).  The exact reason 

for this inconsistency is unknown.  The stimuli and procedure in Experiment 4 were a 

replication of the conditions used in Betts et al (2005).   The only known difference was 

the mean luminance of the display.  Their luminance was 42.59 cd/m
2
 while ours was 

36.6 cd/m
2
.  This small difference seems unlikely to account for the observed differences 

between studies.  Another possible cause is population differences between older 

participants.  Our older participants undergo extensive preliminary testing to ensure that 

they have high functionality in vision, memory, and general intelligence (See Appendix 

A for demographic information).  The older participants in Betts et al. (2005) only had to 

pass tests for vision and to exclude the possibility of dementia.  It is possible that the 

older participants in Experiment 4 did not have significant losses in inhibition in the 

visual cortex due to very good overall health. 

 A goal of Experiment 4 was to assess if perceptual learning would increase 

inhibition in the visual cortex for older observers.  This could occur if perceptual learning 
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reduced internal noise and this reduction mediates inhibitory mechanisms in the visual 

cortex.  Evidence in support of this change would be a reduction of performance 

discriminating the motion direction in the large (5.0 degree) high-contrast (92%) Gabor 

patches as the experiment progressed from day 1 to day 5.  This reduction in performance 

could occur for both age groups, but it was expected to be stronger in older observers.  

This was because older observes are thought to have reduced inhibition in the visual 

cortex and therefore have greater potential for change.  However, a reduction in 

performance for large (5.0 degree) high-contrast (92%) Gabor patches was not found in 

either age group.  Reduction of additive internal noise has been found in studies that train 

observers to detect the orientation of Gabor patches (Lu & Dosher, 1998; Lu & Dosher, 

1999) or the motion direction of sine-wave gratings (Lu, Chu, & Dosher, 2006) by 

manipulating the level of contrast.  Experiment 4 used 3 levels of contrast (92%, 22%, 

and 2.8%) but manipulated duration.  Observers in Experiment 4 did improve their 

perception of motion direction of small (0.7 degree) low-contrast (2.8%) Gabor patches.  

However, their improvement was in their ability to perceive the motion direction of 

Gabor patches at reduced durations.  When a reduction of additive internal noise results 

from perceptual training there is an enhancement of the stimulus.  It seems likely that for 

stimulus enhancement to occur the visual system must be challenged it to produce 

adaptation.  In Experiment 4 the small (0.7 degree) low-contrast (2.8%) Gabor patches 

were reported to be the most difficult stimuli to perceive by both age groups even at 

longer durations.  It seems likely that was the only condition in Experiment 4 challenging 

enough to produce a need for stimulus enhancement.  For the other five conditions the 
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stimuli was sufficiently detectable that stimulus enhancement was not necessary and 

temporal processing did not change as a result of training. 

 While Experiment 4 did not produce evidence that reduction of internal noise 

reduces inhibition in the visual system for older observers it did not rule out this 

possibility.  Both older and younger observers did improve performance when provided 

with a sufficiently challenging stimulus (small (0.7 degree) and low-contrast (2.8%)).  

This improvement may be due to a reduction of internal noise.  However, to show that 

there was also an increase in inhibition in the visual system an increase in center-

surround suppression would need to be observed.  This creates a conundrum --- center-

surround suppression is observed in large high-contrast Gabor patches, stimuli that are 

highly salient even though their motion direction may be miss-perceived.  The goal was 

to train the visual system to further enhance a stimulus that is already visible.  It seems 

that a possible approach to examine this issue is to train the observer on large low 

contrast stimuli.  Any stimulus enhancement that occurs may then enhance perception of 

the higher-contrast Gabor patches.  While Experiment 4 did have a large (5.0 degree) 

low-contrast (2.8%) stimulus the manipulation of duration did not challenge the 

observers’ vision in such a way to produce the necessary stimulus enhancement.   
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General Discussion 

 

 The aim of this investigation was to examine possible causes of decrements in the 

perception of motion for older observers.  Motion perception has been studied 

extensively in college age populations.  A small number of studies have found that 

motion sensitivity declines with age using sine-wave gratings (Sekuler, 1980; Snowden & 

Kavanaugh, 2006) and RDCs (Andersen & Atchley, 1995; Ball & Sekuler, 1986; 

Gilmore et al. 1992; Trick & Silverman, 1991).  In studies that have used RDCs, older 

observers have been found to have lower performance than younger observers when 

presented with noisy stimuli.  Recent psychological (Bennett et al., 2007; Betts et al 

2005) and neurophysiological (Hua et al., 2006; Leventhal et al., 2003; Schmolesky, 

Wang, Pu, and Leventhal, 2000; Yang et al., 2008) research has suggested that increased 

internal noise in the visual systems of older observers may be a contributing factor to 

motion perception decrements.  While decrements in the perception of motion for older 

observers are well documented, the exact cause of this decline unknown.   

 Lu and Dosher (1998, 1999) developed a psychophysical model that estimates 

perceptual inefficiency.  The PTM model estimates three types of inefficiency --- additive 

internal noise, tolerance to external noise, and internal multiplicative noise.   In college 

age populations, the PTM has been successfully used to model changes that occur in the 

three inefficiencies over the course of perceptual training (Lu & Dosher, 1998; Lu & 

Dosher, 1999; Lu & Dosher, 2004; Chu, & Dosher, 2006).  The three perceptual 
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inefficiencies represent conceptual mechanisms that account for performance differences 

in human visual behavior.  In addition, changes in these inefficiencies represent a 

possible mechanism for perceptual improvements through training. 

 The three perceptual inefficiencies modeled by the PTM are valuable tools that 

can be used to better understand age related differences in the perception of motion.  As 

mentioned above, additive internal noise, and possibly multiplicative internal noise, are 

potential sources of age related decrements in motion perception.  Tolerance to external 

noise has already been shown to be lower for older observers in RDC stimuli.  Applying 

the PTM to measures of perceptual differences between older and younger observers can 

provide insight into the causes of age related differences in perceptual efficiency.   

In the field of perceptual learning improving perception through training has been 

well documented in college age adults.  Far fewer studies have examined perceptual 

learning in older adults.  If older adults retain their ability to improve perception through 

training, this demonstrates that the human brain remains plastic at latter stages of 

development.  Although cortical plasticity in older adults has already been demonstrated 

in several areas including brightness and letter discrimination with masking (Ratcliff, 

Thapar, & McKoon, 2006), compressed speech (Peele & Wingfield, 2005), divided 

attention (Richards, Bennett, & Sekuler, 2006), texture discrimination (Andersen et al., 

under review), and motion discrimination (Ball & Sekuler, 1986) several issues have not 

been addressed.  First, the mechanism of improvement is not understood.  Using the PTM 

to model perceptual improvements in older will increase our understanding of what 
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mechanisms can improve and to what degree can performance improve.  Second, 

perceptual improvements found through training are usually limited to the specific 

stimuli used in training.  This is a practical consideration when designing perceptual 

training programs aimed at improving the capabilities of older persons in their day-to-day 

lives.  Improving our understanding of transfer of perceptual learning and how it is 

affected by age is an important step towards applying basic research on perceptual 

learning to reducing or eliminating perceptual decrements in the aging population. 

The present investigation examined 8 hypotheses regarding age related 

differences in the three perceptual inefficiencies, cortical plasticity, stimuli dependent 

learning, transfer of learning, and neural inhibition.   

The first hypothesis examined age related differences in additive internal noise. 

Hypothesis 1: Older observers will have higher baseline rates of additive internal 

noise compared to younger observers.  

This hypothesis was tested in Experiments 1, 2, and 3.  In order to estimate baseline 

levels of additive internal noise with the PTM, performance was assessed in low-noise 

conditions.  In low noise stimuli the factors that limit human performance are additive 

internal noise or multiplicative internal noise (multiplicative internal noise will be 

discussed later).  The PTM, and most other psychophysical models, approximate human 

performance by comparing humans to an ideal observer.  Additive internal noise as 

represented by the PTM is simply a value that raises the y-intercept of the TVC curve at 

low noise levels (see Figure 8).  Internal noise of neural systems may be based on factors 
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such as spontaneous neuronal firing.  For example, in monkeys and cats, internal noise 

occurs when cells in area V1 fire spontaneously or when orientation specific cells fire 

when presented with a non-optimal orientation.  These two sources of noise obscure the 

information that is needed to make a correct perception.  Both of these sources of neural 

noise have been found to increase with age in older primates and cats (Hua et al., 2006; 

Leventhal et al., 2003; Schmolesky, Wang, Pu, and Leventhal, 2000; Yang et al., 2008).  

The PTM does not directly replicate a neural mechanism but predicts human visual 

behavior with a computationally similar process.   

 Using the PTM, additive internal noise levels were found to be higher for the 

older group in Experiments 1, 2, and 3.  Experiment 1 used noise filtered sine-wave 

gratings to compare differences in performance between young and old age groups.  The 

results indicate that in the lower noise conditions the older group required higher levels of 

contrast than the younger group to perform at an average of 75% correct.  On day 1, the 

additive internal noise parameter (Nadd) was estimated at 0.0002 for the younger group 

and at .0037 for the older group.  Experiment 2 used RDCs to assess performance 

differences between older and younger observers.  On the first day, older observers had 

higher contrast thresholds than the younger group.  The PTM estimates for Nadd were 

0.0027 for the older group and 0.0011 for the younger group.  Experiment 3 tested 

younger observers with a pre and post-test using the stimuli from Experiments 1 and 2.  

With both types of stimuli, younger observers had better performance with low noise 

stimuli.  With sine-wave gratings the older group had a Nadd of 0.0052 and the younger 

group had 0.0002.  In the RDC group, older observers had a Nadd of 0.0156 and the 
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younger group had 0.0037.  The additive internal noise parameter (Nadd) is notably higher 

in all three experiments for older observers.  This provides strong evidence that additive 

internal noise increased with age and has a significant impact on motion direction 

judgments for older observers. 

Hypothesis 2 investigated age related differences in tolerating high noise stimuli. 

Hypothesis 2: Older observers will have lower baseline tolerance to external noise 

compared to younger observers. Lowered tolerance to external noise in RDCs for 

older observers may generalize to other stimuli types suggesting an overall 

reduction in tolerance to external noise. 

Previous research has found that motion detection and discrimination performance for 

older observers with RDCs was significantly affected by visual noise (Bennett et al, 

2007; Gilmore, Wenk, Naylor, and Stuve, 1992; Andersen & Atchley, 1995).  Based on 

this research it is reasonable to assume that older persons will have increased difficulty 

judging the direction of motion in noisy stimuli.  External noise tolerance is a parameter 

in the PTM that predicts human visual performance when visual noise is present in the 

stimuli.  In the absence of external noise, internal noise of the observer is the only factor 

that will result in less than optimal performance.  When external noise is added to the 

stimuli, performance will also depend on how well the observer can extract the signal 

information.  Lu and Dosher (1998, 1999) characterize external noise tolerance as a filter 

that separates signal from noise.  During perceptual learning the visual system learns to 

prioritize important signal information while disregarding noise.  Changes in external 
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noise tolerance in the PTM are characterized by an increase in the slope of the TvC 

function at a higher noise level (see Figure 9).  The relationship of the external noise 

tolerance parameter in the PTM (Next) to an existing neural mechanism in the primate 

visual system is less understood.  It is likely that changes (such as increased baseline rates 

of neural firing and wider tuning curves of directionally sensitive cells) may be an 

important factor in lowered noise tolerance among older observers.  The concept of 

filtering out important information from a stimulus implies that external noise tolerance 

occurs at a higher level in visual processing than primary visual cortex.  At the V1 level 

only basic stimulus attributes such as orientation, direction, and contrast are available.  

Thus, separating signal information when noise is present is likely to occur at a higher 

level. 

 Experiments 1, 2, and 3 tested Hypothesis 2 by presenting both older and younger 

observers with noisy stimuli, comparing performance at high noise levels, and by 

estimating the change in tolerance to external noise as a result of training.  The PTM did 

not estimate tolerance to external noise (Next ) on day 1.  Day 1 represents an individual 

participant’s baseline level of external noise tolerance.  Therefore Next was always equal 

to 1.  To test baseline levels of tolerance to external noise performance threshold 

differences between age groups on day 1 were used.  In addition, in Experiments 1 and 2, 

the change in tolerance to external noise (Ae) on day 2 was used to estimate baseline 

tolerance to external noise.  In Experiment 1, the thresholds found at higher noise levels 

for day 1 were similar between age groups, but on day 2 the younger group had an Ae of 

0.669 while the older group had an Ae value of 0.977.  In Experiment 2, older observers 
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had higher thresholds than the younger group at the higher noise levels.  The Ae score for 

the younger group on day 2 was 0.806 and for the older group the Ae score was 0.904.  

Experiment 3 only had pre and post-test days and therefore only estimated one Ae value 

on the post-test day.  This value was used to estimate total learning for Hypothesis 4b.  

However, performance at the higher noise levels was worse for older observers, as 

compared to younger observers, for both types of stimuli.  Experiments 1, 2, and 3 

provide evidence that older observers have lower performance in discriminating motion 

direction for high noise stimuli.  This age difference is likely due to a reduction in 

tolerance to external noise. 

 Hypothesis 3 tested baseline differences in internal multiplicative noise between 

age groups.   

Hypothesis 3: Older observers will have higher baseline rates of multiplicative 

noise compared to younger observers.  

There is evidence that age related decrements in the perception of motion are due to 

increases in internal noise (Betts et al., 2005, Hua et al., 2006; Leventhal et al., 2003; 

Schmolesky, Wang, Pu, and Leventhal, 2000; Yang et al., 2008).  These studies provide 

psychological and neurological evidence that internal noise increases with age but these 

studies do not indicate whether the change is due to changes in additive or multiplicative 

noise.  In Bennett et al.’s (2007) study, their multi-channel model (see Figure 4) 

incorporated a multiplicative noise parameter but it was held constant and not included in 

their fitting procedure.  Multiplicative internal noise has been suggested to be a factor in 
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processing in the retinal periphery under low light conditions (Barlowe, 1962; Lillywhite, 

1981). The effect of variations in multiplicative internal noise on performance is quite 

different than the effects of variations in additive internal noise.  While the effects of 

additive internal noise are seen at low noise levels and tolerance to external noise at high 

noise levels, the effects of multiplicative internal noise are seen at all noise levels.  

Multiplicative noise increases with signal strength.  In general, multiplicative internal 

noise will increase in proportion to the strength of the signal.  In the PTM increasing the 

multiplicative noise parameter (Nmul) increases the contrast needed to maintain a criterion 

level across all noise levels on a TvC plot (see Figure 11). 

 Estimating baseline levels of internal multiplicative noise was determined on day 

1 of Experiments 1, 2, and 3.  However, only extremely small differences were estimated 

in the Nmul parameter between older and younger groups for all three experiments.  In 

Experiment 1, the younger group had an Nmul of 0.9975 and the older group had an Nmul 

of 0.9980.  In Experiment 2, the younger group had an Nmul of 0.9968 and the older group 

had an Nmul of 0.9976.  In Experiment 3, for the sine-wave stimuli younger and older 

values for Nmul were 0.9979 and 0.9985 respectively.  For the RDC stimuli the younger 

group’s Nmul was 0.9982 and the older group’s value was 0.9989.  The baseline internal 

multiplicative noise parameter values are consistently higher on day 1 for the older group 

in all experiments giving some support for Hypothesis 3.  However, as will be discussed 

with Hypothesis 4c, there was no evidence of change in multiplicative noise as a result of 

training.  Because of the lack of change in multiplicative noise due to training a version 

of the PTM in which change in multiplicative noise (Am) was held at 1 was used and the 
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version that included a fit of Am was rejected.  With the lack of change in multiplicative 

noise and the lack of strong differences in Nmul on day 1 in Experiments 1, 2, and 3 

Hypothesis 3 is not supported. 

 Hypothesis 4 examined age related differences in learning rates for the three 

perceptual inefficiencies.   

Hypothesis 4: Older observers will have different learning rates than younger 

observers.  

a. The learning rate for additive internal noise reduction for older 

participants will differ from younger observers.  

b. The learning rate for increased tolerance to external noise for older 

participants will differ from younger observers.  

c. The learning rate for multiplicative internal noise reduction for older 

participants will differ from younger observers. 

Learning rates in perceptual learning represent the observer’s ability to improve 

performance with regard to a trained stimulus.  There is evidence for certain perceptual 

learning tasks that perceptual improvements occur because of changes in early visual 

areas (Andersen et al., under review; Karni & Sagi, 1993; Schwartz, Maquet, & Frith, 

2002; Walker et al., 2005; Yotsumoto, Watanabe & Sasaki, 2008; Yotsumoto et al., 

2009).  Changes at early visual areas are evidence of cortical plasticity of the visual 

system.  Learning rates that occur in perceptual training can be used to assess cortical 
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plasticity in older adults.  Finding interactions between the three perceptual 

inefficiencies, age, and learning rate will be useful in understanding what aspects of 

processing retain plasticity and are receptive to training. 

 Experiments 1, 2, and 3 estimated learning rates for reduction of additive internal 

noise, tolerance to external noise, and reduction of multiplicative noise.  In Experiment 1, 

the younger group did not show any reduction of additive internal noise after training 

(Aa(6) = 1.114) whereas the older group had a reduction of  67% (Aa(6) = 0.334).  In 

Experiment 2, the younger group reduced additive internal noise by 36% (Aa(6) = 0.637) 

and the older group by 31% (Aa(6) = 0.690) as a result of training.  In Experiment 3, for 

participants who were run in the sine-wave pre- and post-test conditions additive internal 

noise was reduced by 59% (Aa(2) = 0.411) for the younger group and by 99% for the older 

group (Aa(2) = 0.003).  With the RDC stimuli, the younger group had a reduction in 

additive internal noise by 11% (Aa(2) = 0.789) and the older group by 61% (Aa(2) = 0.387).  

Across experiments older participants experienced more additive internal noise reduction 

than younger observers (See Table 5 for a summary of PTM results).  This result supports 

Hypothesis 4a and suggests that perceptual training can be a useful tool for reducing age-

related increased in additive internal noise.  One possible reason for the increased 

learning rate in older participants is that they began with higher baseline rates of additive 

internal noise giving them more learning potential.  In this case younger observers might  
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have been closer to their asymptotic performance levels at the beginning of training or 

reached that level more quickly than older observers. 

 Increased tolerance to external noise after training was estimated in Experiments 

1, 2, and 3.  In Experiment 1, younger observers increased their tolerance to external 

noise after training by 58% (Aa(6) e= 0.415) and the older group by 29% (Ae(6) = 0.711).  

In Experiment 2, younger observers increased their tolerance by 30% (Ae(6) e= 0.695) and 

older observers by 28% (Ae(6) e= 0.717). A comparison of pre- and post-test performance, 

in Experiment 3, indicated that younger observers improved by 59% (Ae(2) e= 0.413) and 

the older group improved by 63% (Ae(2) e= 0.367) in the sine-wave group.  For the RDC 

group, younger participants increased tolerance by 23% (Ae(2) e= 0.766) and the older 

observers increased by 18% (Ae(2) e= 0.819).  Across experiments the younger observers, 

as compared to older observers, had a greater increase in tolerance to external noise after 

 

Younger 

 

Exp 1 

(sine) 

Exp 3 

(sine) 

Mean 

(sine) 

 

Exp 2 

(RDC) 

Exp3 

(RDC) 

Mean 

(RDC) 

 

Mean 

(younger) 

Nmul 0.9975 0.9979 0.9977 

 

0.9968 0.9982 0.9975 

 

0.9976 

Nadd 0.0002 0.0002 0.0002 

 

0.0011 0.0037 0.0024 

 

0.0013 

Aa(2)/(6) 1.1138 0.4114 0.7626 

 

0.6369 0.7889 0.7129 

 

0.7378 

Ae(2)/(6) 0.4153 0.4134 0.4143 

 

0.6945 0.7661 0.7303 

 

0.5723 

          

 

Older 

 

Exp 1 

(sine) 

Exp 3 

(sine) 

Mean 

(sine) 

 

Exp 2 

(RDC) 

Exp3 

(RDC) 

Mean 

(RDC) 

 

Mean  

(older) 

Nmul 0.9980 0.9985 0.9983 

 

0.9976 0.9989 0.9983 

 

0.9983 

Nadd 0.0037 0.0052 0.0044 

 

0.0027 0.0156 0.0091 

 

0.0068 

Aa(2)/(6) 0.3336 0.0028 0.1682 

 

0.6902 0.3873 0.5387 

 

0.3535 

Ae(2)/(6) 0.7105 0.3667 0.5386 

 

0.7165 0.8192 0.7678 

 

0.6532 

Table 5.  A summary of the PTM results from Experiments 1, 2, and 3. See Table 1 for terms. 
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training (See Table 5).  However, the magnitude of this result was not large.  Thus, the 

results do not provide support for Hypothesis 4b.   

 In Experiments 1, 2, and 3 two staircases were used to measure thresholds at 2 

criterion levels for every noise level on every day.  As described in the theory section, a 

reduction in the difference between thresholds at the two criterion levels after training 

would indicate that there was a reduction in multiplicative internal noise.  However, a 

change in the difference between criterion levels was not found after training indicating 

that multiplicative internal noise did not change.  After day 1 Nmul was held constant in 

for both age groups in all experiments.  The failure to find a change in multiplicative 

internal noise for younger observers replicates previous research that also found no 

change after training (Lu & Dosher, 1998; Lu & Dosher, 1999; Lu & Dosher, 2004; Lu, 

Chu, & Dosher, 2006).  The PTM has not been previously used to estimate internal 

multiplicative noise in older observers and changes due to training were a possibility.  

However, in Experiments 1, 2, and 3 there was no evidence to support Hypothesis 4c. 

 In general, the findings of Experiments 1, 2, and 3 indicate that cortical plasticity 

in persons over the age of 65 is well preserved.  In the case of additive internal noise the 

older observers improved more than the younger observers.  It is possible that a reduction 

in additive internal noise as estimated with the PTM reflects changes in neural 

mechanisms.  Leventhal et al. (2003) found that by introducing an inhibitory agent to 

cells in the visual cortex of senescent monkeys that the baseline firing rates were reduced 

and tuning curves were tightened.  The affected cells had response profiles similar to 
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cells in younger monkeys.  If this is equivalent to reducing additive internal noise, then 

this may be a possible mechanism that could be changing as a result of perceptual 

training.  In addition, although additive internal noise was reduced by a greater amount 

for older participants, the increased tolerance to external noise due to training occurred at 

a similar rate for the older and younger groups.  It is possible that this difference was due 

to additive internal noise reduction and increased tolerance to external noise being 

mediated by different neural mechanisms.   Evidence for separate mechanisms was the 

learning rate difference between older and younger groups for additive internal noise 

along with the lack of a difference for tolerance to external noise.  If the neuronal 

mechanisms were the same there would not have been learning rate differences for the 

two perceptual inefficiencies between the older and younger groups.  Older observers 

may have had a greater reduction of additive internal noise as a result of training because 

they began the study with a larger range for improvement.  There may not be a greater 

range for improvement of older observers with external noise reduction.   

 Hypothesis 5 examined differences in perceptual efficiency and learning between 

sine-wave gratings and RDC.  

Hypothesis 5: There will be age dependent differences between sine-wave grating 

and coherent motion stimuli in both baseline levels and learning rates for additive 

internal noise, tolerance to external noise, and internal multiplicative noise.  

As discussed in Experiment 2, sine-wave gratings and RDCs are both used to study 

motion perception but are rarely directly compared.  It is well established that both 
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moving sine-wave gratings and RDCs are processed by similar neural mechanisms in 

areas V1 and MT.  There is an important difference between these motion stimuli.  Sine-

wave gratings are assumed to be processed as a whole.  Sine-wave gratings present the 

observer with continuous and patterned stimuli.  Local motion vectors (dots) in RDCs do 

not make a continuous pattern.  RDCs require the detection and integration of local 

motion vectors.  Perceiving the motion direction in a field of dots may require additional 

processing and this integration may require a separate mechanism.  Comparing learning 

rates between sine-wave gratings and RDCs allows one to determine the transfer of 

training from one stimulus to another.   

 Hypothesis 5 was examined in Experiments 1 and 2.  Baseline additive internal 

noise levels were higher for younger observers with RDC stimuli (Nadd = 0.0011) than 

with sine-wave gratings (Nadd = 0.0002).  For older observers the opposite was true --- 

there was higher baseline additive internal noise with sine-wave gratings (Nadd = 0.0037) 

than RDCs (Nadd = 0.0027).   However, thresholds were higher in Experiment 2 for lower 

noise levels for older observers compared to younger observers.  For both experiments, 

when fitting the PTM to day 1 performance, other variables (e.g., β and γ) interact with 

the estimated baseline level of additive internal noise. This makes it difficult to compare 

age related baseline rates of additive internal noise across experimental stimuli.  

However, a comparison of threshold results between experiments for day 1 suggests that 

RDCs present a greater challenge to both age groups.  The age-related differences in 

learning rates for additive internal noise was greater for sine-wave gratings than for 

RDCs. With sine wave gratings younger observers had no reduction in additive internal 
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noise after training (Aa(6) = 1.114)  whereas the older group showed a large reduction 

(Aa(6) = 0.334) of 67%.  With RDCs the reduction of additive internal noise between 

groups was similar with the younger group having a reduction of 36% (Aa(6) = 0.637) and 

the older group showing a reduction of 31% (Aa(6) = 0.690).  Thus, training with sine-

wave gratings produced large changes in the performance of older observers but not in 

the performance of younger observers.  Younger observers may have been near optimal 

performance at the beginning of the study with sine-wave gratings, and as a result had 

little room to improve performance.  In contrast, older observers may have not been near 

optimal performance at the beginning of the study and thus had greater room to improve 

performance.  For the RDC stimuli, both age groups showed a similar reduction in 

additive internal noise.  This finding provides evidence that there may be additional 

processing constraints for RDCs.  The additional processing increased additive internal 

noise for the younger group and resulted in a greater potential range for learning.  For the 

older group, the additional processing requirements made the task more difficult and may 

have resulted in increased noise for the RDC stimuli as compared to the sine-wave 

grating stimuli.  In summary, these results provide evidence in support of Hypothesis 5. 

 Baseline tolerance to external noise was not estimated on day 1 in either 

Experiment 1 or 2.  Training day 2 results were used to compare age related effects and 

thresholds for different stimulus types and the estimated change in tolerance to external 

noise.  For the sine-wave stimuli the younger and older groups had similar thresholds on 

day 1 at high noise levels (i.e., no significant effect of age was found).  On day 2, 

tolerance to external noise for the younger group increased by 33% (Ae(2) = 0.669) 
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whereas for the older group the increase was only 2% (Ae(2) = 0.977).  With RDC stimuli 

younger observers had lower contrast thresholds than the older group on day 1 (see 

Figure 17).  The younger group also had an increase in tolerance to external noise of 19% 

(Ae(2) = 0.806) compared to the older group’s reduction of 10%(Ae(2) = 0.904).  Thus, the 

results suggest that the only age-related difference, prior to training, occurred for the 

baseline tolerance to external noise for RDCs.  However, considering the change in 

tolerance to external noise on training day 2, baseline external noise tolerance was lower 

for older participants in both cases.  The learning rates following training, for sine-wave 

gratings, indicated that younger participants had increased tolerance by 58% (Ae(6) = 

0.415) and the older participants had increased tolerance by 29% (Ae(6) = 0.711).  With 

RDC stimuli the younger observers increased by 30% (Ae(6) = 0.695)  whereas the older 

group increased by 28% (Ae(6) = 0.717).   The younger group’s results indicate a greater 

increase in external noise exclusion after training with sine-wave gratings compared to 

RDCs.  The overall increase in external noise tolerance, for older observers, was similar 

for both stimulus types.  Overall, the results suggest that the reduction of additive internal 

noise, for younger and older participants, was dependent on the type of motion stimulus.  

This finding supports Hypothesis 5. This may be due to RDCs requiring an additional 

processing that is not required for sine-wave gratings.   
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Hypothesis 6 examined whether transfer of learning between RDC’s and sine-

wave gratings was age dependent.   

Hypothesis 6: There will be age dependent differences in transfer of learning 

between sine-wave gratings and RDCs.  

Examining transfer of perceptual learning studies may provide evidence with regard to 

the cortical level that is altered by training. For example, in the Texture Discrimination 

Task used by Karni and Sagi (1993) and by Andersen et al. (under review) observers 

were trained at a specific location in the visual field.  When tested at another location in 

the visual field perceptual improvements that occurred at the trained location did not 

transfer to the untrained location.  This was evidence that perceptual learning for this task 

occurred at an early level in the visual cortex such as V1 or V2.  Moving sine-wave 

gratings and RDCs are described as using the similar cortical structures in areas V1 and 

MT.  However, RDCs are described as needing an addition integration process to produce 

the perception of global motion.  Transfer of learning between RDCs and sine-wave 

gratings is plausible if these two types of motion stimuli are processed by the same 

cortical mechanisms.  If transfer occurs, any age related interactions may indicate 

differences in cortical plasticity between the older and younger groups.  For example, 

lack of transfer for older participants, but not for younger participants, would indicate a 

limited degree of cortical plasticity in early cortex.  As another example, if transfer 

occurred for both age groups with sine-wave stimuli but only in younger participants for 

RDC stimuli, that might indicate limited plasticity in integrating local motion vectors. 
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This hypothesis was tested in Experiment 3.  This experiment required 

participants in Experiments 1 and 2 to derive thresholds in pre- and post-tests with the 

stimuli from the other experiment (See Experiment 3).  Reduction of additive internal 

noise and increased tolerance to external noise was found for both age groups with both 

stimuli (see Table 5).  This result indicates that transfer of learning occurred with sine-

wave gratings when trained with RDCs and for RDCs when trained with sine-wave 

gratings.  This finding provides evidence that sine-wave gratings and RDCs use the same 

cortical structures in visual cortex.  In addition, since transfer occurred for both age 

groups this is a positive result for older populations.  It indicates that transfer between 

motion stimuli remains intact in old age.  Clear transfer of learning occurred in both age 

groups and therefore Hypothesis 5 was not supported. 

Comparing learning for the pre and post-test thresholds in Experiment 3 with the 

learning rates for thresholds obtained in Experiments 1 and 2 indicate a greater amount of 

learning on the post-test in Experiment 3 for the participants tested on sine-wave grating 

stimuli than those who were trained on sine-wave gratings for 6 days in Experiment 1. 

This result indicates that training with RDC stimuli produced more transfer of learning to 

sine-wave gratings than training with sine-wave gratings and transfer of learning to 

RDCs.   These results suggest that training with RDCs is more effective overall in 

producing transfer of learning.   
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Hypotheses 7 and 8 are specific for Experiment 4 and will be discussed together.  

Hypothesis 7 examined whether perceptual learning would occur with the stimuli used in 

Experiment 4.   

Hypothesis 7: Repeated exposure to a range of sizes and contrasts will improve 

overall direction discrimination of sinusoidal gratings for both older and younger 

observers.  

Hypothesis 8 examined whether center-surround antagonism could be increased through 

perceptual training.   

Hypothesis 8: Older observers’ performance in discriminating large high contrast 

sine-wave gratings will decrease as a result of training. If training reduces internal 

noise in older observers an increase in center-surround suppression may occur. 

In perceptual learning studies the expected outcome is that the participants will improve 

their ability to perceive the stimuli that is presented in the trained task.  Experiment 4 was 

designed to do the opposite --- older participants were expected to have lower 

performance after training.  This counter-intuitive design was inspired by the surprising 

results of the study by Betts et al. (2005).  They found that older observers outperformed 

younger observers at a direction discrimination task with large high-contrast Gabor 

patches.  Their explanation for this result was that older observers had lowered inhibition 

in their visual system causing a decrease in center-surround antagonism in older adults.  

Taden et al. (2003) demonstrated that college age observers had lower performance 

discriminating the direction of large high contrast Gabor patches compared to Gabor 
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patches of lower contrast or size.  They proposed that this effect was due to inhibitory 

processes in the visual system.  Older observers in the Betts et al. (2005) study performed 

better than the younger observers indicating that older observers have less center-

surround antagonism. 

Previous research has found that older mammalian organisms have increased 

internal noise in their visual system ( Hua et al., 2006; Leventhal et al., 2003; 

Schmolesky, Wang, Pu, and Leventhal, 2000; Yang et al., 2008). These findings have 

been used to suggest tha increased internal noise contributes to age related decrements in 

motion perception (Bennett et al., 2007).  Lu and Dosher (1998, 1999) have demonstrated 

by modeling human performance with the PTM that perceptual improvements are due in 

part to additive internal noise reduction.  If internal noise is modulated by inhibitory 

processes, as suggested by the work of Leventhal et al. (2003), it is plausible that 

perceptual learning can reduce internal noise by increasing inhibition.  

In Experiment 4, the conditions examined in the Betts et al. (2005) study were 

examined using a perceptual learning paradigm. The goal of the experiment was to train 

older participants with the stimuli used in the Betts et al. study and determine whether 

training with these stimuli would increase center-surround antagonism. This increase in 

center-surround antagonism should produce a reduction in performance for large high-

contrast Gabor patches.   

The results of Experiment 4 did not show learning in any condition except with 

small low-contrast Gabor patches (see Figure 33).  These results do not support 
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Hypothesis 7.  In addition, on the first day of training, the older group did not outperform 

the younger group on large high-contrast Gabor patches (see Figure 34a) and thus failed 

to replicate the results of the Betts et al. study.  Despite the failure to replicate, a 

reduction of performance in the older, and possibly younger, groups could still have 

occurred with large high-contrast Gabor patches due to increased inhibition after training.  

The failure to find reduced performance after training does not provide evidence in 

support of Hypothesis 8.  As reviewed in the discussion of Experiment 4, these results 

can be explained due to a design problem.  Perceptual learning studies have been shown 

to reduce additive internal noise with the PTM by training the participants with stimuli 

presented at the observer’s perceptual contrast threshold (Lu & Dosher, 1998; Lu & 

Dosher, 1999; Lu & Dosher, 2004; Lu, Chu, & Dosher, 2006).  The design used by Betts 

et al. (2005) and in Experiment 4 held contrast constant by block and manipulated the 

duration of the stimulus.  Therefore, Experiment 4 trained the stimuli at the participants’ 

temporal threshold.  The only condition that showed improvement after training with 

duration thresholds was the small low-contrast Gabor stimuli.  It is possible that the small 

low-contrast Gabor patches were the only stimuli used that were sufficiently difficult to 

engage the visual system to learn.  As the visual system learned to better detect this 

stimulus the duration thresholds were reduced. All other stimuli used in Experiment 4 

were easily visible and reducing the duration of the stimulus may not have initiated 

learning in the visual system.  Based on the results of Experiments 1, 2, and 3 there is 

additional evidence that perceptual training reduces additive internal noise in older 

observers.  As described in the discussion of Experiment 4, Hypothesis 8 could be 
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retested with a new design.  It is possible that training with stimuli that varied in contrast 

might alter internal noise and, as a result, change inhibition in the early cortical areas.  It 

is also possible that an increase in center-surround antagonism might be found if duration 

thresholds were assessed before and after contrast training.  This result would provide 

additional evidence that inhibition is related to internal noise and that inhibitory processes 

are affected by perceptual training. 
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Conclusion 

 

 The primary objective of this research was to assess age related differences in 

perceptual efficiency.  Understanding age-related differences in additive internal noise, 

tolerance to external noise and multiplicative internal noise increases our understanding 

of how these perceptual inefficiencies change over lifespan.  In addition, examining these 

efficiencies for motion processing allows one to better understand how motion processing 

changes with age.  A second goal of the present research was to investigate cortical 

plasticity of motion processing in older adults.  By comparing older and younger adults 

on perceptual learning one can assess the degree to which cortical plasticity is preserved.  

If learning rates differ between older and younger observers for these three perceptual 

inefficiencies then information is gained about the cortical processes that are affected by 

advancing age.  Finally, by comparing the transfer of learning between motion stimuli 

types with both older and younger participants one can determine how transfer of 

learning changes with age.   

 The present study found that older observers have increased additive internal 

noise, reduced tolerance to external noise, and no change in multiplicative noise. Using 

the PTM to estimate the magnitude of perceptual inefficiency among older adults 

supports the psychophysical findings of previous research and provides evidence of the 

factors responsible for age related decrements in motion perception.   Older observers 

were found to have lower baseline perceptual efficiency, but learning rates were similar 
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for older and younger observers in Experiments 1, 2, and 3.  This finding suggests that 

cortical plasticity in older adults is well preserved and improvements in motion 

perception occur with training.  In general, the learning rates for older observers were 

higher for additive internal noise reduction than increased tolerance external noise. This 

finding suggests that the cortical processes involved in additive noise reduction responds 

better to perceptual training than the process involved in filtering external noise.  This 

finding and similar results with younger observers provides evidence that additive 

internal noise and tolerance to external noise are processed by separate mechanisms.  

Transfer of learning was found between sine-wave gratings and RDC stimuli for both 

older and younger age groups.  Demonstrating that older observers transferred perceptual 

learning from one stimulus to another indicates that the visual system of older individuals 

maintains a sufficient degree of plasticity to allow generalization.  An interesting finding 

is that participants trained with RDCs and tested with sine-wave gratings had higher 

learning rates than those trained with sine-wave gratings.  This suggests that RDCs are 

more engaging to the visual system and produce more learning than sine-wave gratings. 

The perception of motion is a fundamental aspect of vision that affects many 

aspects of everyday life.  Understanding the causes of age related decline in motion 

perception is an important step in developing perceptual training interventions. If training 

improves motion processing for older observers this can result in increased health and 

well-being as well as overall improvement in quality of life. Studies have indicated that 

visual decrements may be responsible for increased fall rates among the elderly 

(Weerdesteyn, et al., 2005; Salgado et al., 1994; Lord, Dayhew, & Howland; 2002; 
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Garzia & Trick, 1992) and that falls are a frequent cause of death for older persons 

(Stevens, 2005). Loss of visual perception has also been shown to contribute to accident 

risk among individuals over the age of 65 (Andersen et al., 1999; Andersen & Enriquez, 

2006). Finally, studies have shown that the reduced mobility in the elderly caused by loss 

of visual function significantly reduce their quality of life (Charlton et al., 2006; Menz, 

Morris, & Lord, 2005; Wahl et al., 1999). If perceptual training for older adults can 

improve visual function there will be many benefits to those that receive such training.  

The present study provides important findings regarding changes in perceptual efficiency 

for motion perception in older adults.  Cortical plasticity was found to be well preserved 

in older adults indicating that perceptual training is an effective way to improve motion 

perception.  Additionally, transfer of learning in older adults demonstrates that perceptual 

learning can generalize to multiple stimuli.  This is an important step to develop 

perceptual training programs that will generalize to everyday situations and lead to 

improved quality of life. 
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Appendix A 

 

Participant Demographic Information 

 
Sub 

# 

Age 

Group Experiments SubjID Age 

Acuity 

L 

Acuity 

Rt  

Sensitivity 

L 

2 Younger 1,3 ZA 20  10/8  10/8 1.2 

3 Younger 1,3 CA 26  10/25  10/12 1.05 

5 Younger 1,3 AG 21  10/8  10/8 1.5 

6 Younger 1,3 IC 21  10/10  10/10  1.35 

7 Younger 1,3 SW 21   10/8  10/8 1.5 

8 Younger 1,3 JA 21  10/8  10/8 1.35 

        22 Younger 2,3 DF 21  10/10  10/8 1.5 

23 Younger 2,3 OU 21  10/8  10/8 1.2 

24 Younger 2,3 BS 23  10/8  10/8 1.5 

25 Younger 2,3 LS 25  10/10  10/8 1.35 

26 Younger 2,3 DG 21  10/8   10/8 1.35 

27 Younger 2,3 DA 21 10/8' 10/8' 1.05 

28 Younger 2,3 TK 21  10/8  10/10 1.35 

29 Younger 2,3 ML 19  10/8  10/8 1.35 

        5 Younger 4 AJ 21  20/16  20/20 1.35 

9 Younger 4 JS 22  10/8  10/8 1.5 

10 Younger 4 DH 21  10/8  10/8 1.5 

13 Younger 4 SW 20  10/8  10/8 1.65 

        11 Older 1,3 DA 81  20/25 20/25 1.35 

19 Older 1,3 JC 89  10/12  10/20 1.35 

15 Older 1,3 EC 82  10/20  10/15 1.05 

17 Older 1,3 GS 66  10/8  10/10 1.35 

12 Older 1,3 DH 65  10/12   10/10  1.5 

14 Older 1,3 MK 73 20/25' 20/20 1.35 

16 Older 1,3 QM 63 60 16 1.65 

18 Older 1,3 SM 83  10/15  10/20 1.05 

        31 Older 2,3 SB 68 20 20 1.65 

34 Older 2,3 MB3 76 40 80 1.35 

35 Older 2,3 KB 68 20 20 1.65 

39 Older 2,3 BC 66  10/10  10/20 1.2 

40 Older 2,3 BM 66  20/20  20/20  1.35 

        6 Older 4 JS 69  10/20  10/20 1.05 

11 Older 4 RM 68 25 25 1.65 

12 Older 4 CM 61 25 50 1.65 

16 Older 4 YD 69  10/10  10/10 1.35 
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Participant Demographic Information 

 

 

 
Sub 

# Sensitivity Rt 

Sensitivity 

Both Process Spd Dvd Att Select Att 

Digit Symbol 

Coding 

2 1.2 1.35 17 17 130 112 

3 1.2 1.35 17 17 87 109 

5 1.5 1.65 17 17 37 84 

6 1.35 1.65 17 17 80 79 

7 1.65 1.65 17 180 47 95 

8 1.35 1.5 17 17 47 82 

       22 1.65 1.65 17 17 60 110 

23 1.35 1.65 17 23 47 93 

24 1.5 1.65 17 17 57 71 

25 1.35 1.5 17 17 23 89 

26 1.5 1.5 17 17 97 66 

27 1.35 1.35 23 173 110 131 

28 1.35 1.5 17 23 50 94 

29 1.35 1.65 17 17 64 90 

       5 1.35 1.5 17 17 33 95 

9 1.5 1.65 17 17 50 66 

10 1.35 1.65 17 17 43 93 

13 1.65 1.65 17 17 76 91 

       11 1.35 1.35 17 110 153 79 

19 1.35 1.5 17 203 500 43 

15 1.35 1.35 17 180 434 54 

17 1.35 1.35 17 50 280 76 

12 1.35 1.65 17 33 130 70 

14 1.35 1.65 17 127 257 70 

16 1.8 1.95 20 33 253 42 

18 1.05 1.35 

   

42 

       31 1.65 1.95 17 197 257 76 

34 1.35 1.5 33 27 267 56 

35 1.65 1.95 17 37 163 60 

39 1.2 1.35 17 27 110 76 

40 1.5 1.35 17 180 330 97 

       6 1.2 1.35 17 137 307 61 

11 1.65 1.65 17 17 144 46 

12 1.35 1.65 17 17 83 87 

16 1.35 1.5 17 193 280 59 
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Participant Demographic Information 

 

 

 
Sub 

# Digit Symbol Copy 

Matrix 

Reasoning 

Digit Span 

Forward Digit Span Backward 

2 133 18 7 7 

3 129 21 7 5 

5 132 12 7 5 

6 133 14 8 4 

7 133 22 7 5 

8 122 16 10 7 

     22 133 23 10 7 

23 133 23 13 7 

24 109 18 9 5 

25 133 23 9 6 

26 133 22 10 8 

27 96 18 9 5 

28 132 22 12 8 

29 132 23 13 11 

     5 133 18 12 12 

9 132 16 14 10 

10 127 17 10 7 

13 132 18 11 8 

     11 133 19 13 10 

19 64 10 12 6 

15 58 5 12 5 

17 94 18 15 10 

12 106 18 9 8 

14 94 19 13 5 

16 109 20 11 8 

18 63 13 13 9 

     31 133 17 9 6 

34 119 9 10 8 

35 96 10 12 7 

39 119 22 13 7 

40 133 9 8 6 

     6 99 14 15 9 

11 78 6 11 7 

12 119 18 11 8 

16 100 4 7 5 
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Participant Demographic Information 

 

 

 
Sub 

# Block Design Letter-Number K-BIT  

2 57 10 22 

3 54 9 17 

5 35 11 15 

6 36 9 21 

7 45 8 17 

8 45 8 24 

    22 46 9 24 

23 37 11 24 

24 64 6 18 

25 68 10 26 

26 62 10 32 

27 33 7 21 

28 47 13 22 

29 51 18 14 

    5 63 15 28 

9 56 12 31 

10 35 9 26 

13 57 10 30 

    11 53 13 33 

19 29 9 28 

15 37 6 25 

17 30 14 31 

12 55 10 23 

14 33 11 28 

16 43 13 30 

18 31 8 29 

    31 26 11 33 

34 16 11 30 

35 25 11 30 

39 43 11 29 

40 26 10 23 

    6 16 11 34 

11 32 13 20 

12 60 11 36 

16 20 9 28 
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Appendix B 

Experimental Cell Means and Standard Deviations 

 Experiment 1 

 

Experiment 1 Cell Means - Younger Group 

Age Day Noise (stDev) Mean StDev 

Y 1 0.00 0.053 0.017 

Y 1 0.03 0.056 0.014 

Y 1 0.08 0.160 0.083 

Y 1 0.13 0.321 0.150 

Y 1 0.22 0.482 0.210 

Y 1 0.33 0.459 0.133 

Y 2 0.00 0.049 0.012 

Y 2 0.03 0.049 0.005 

Y 2 0.08 0.141 0.089 

Y 2 0.13 0.191 0.114 

Y 2 0.22 0.272 0.134 

Y 2 0.33 0.445 0.169 

Y 3 0.00 0.051 0.010 

Y 3 0.03 0.054 0.014 

Y 3 0.08 0.090 0.022 

Y 3 0.13 0.161 0.061 

Y 3 0.22 0.354 0.152 

Y 3 0.33 0.385 0.141 

Y 4 0.00 0.060 0.019 

Y 4 0.03 0.047 0.004 

Y 4 0.08 0.082 0.031 

Y 4 0.13 0.161 0.061 

Y 4 0.22 0.256 0.091 

Y 4 0.33 0.360 0.197 

Y 5 0.00 0.062 0.029 

Y 5 0.03 0.046 0.005 

Y 5 0.08 0.071 0.010 

Y 5 0.13 0.118 0.034 

Y 5 0.22 0.257 0.107 

Y 5 0.33 0.315 0.124 

Y 6 0.00 0.062 0.015 

Y 6 0.03 0.047 0.004 

Y 6 0.08 0.079 0.016 

Y 6 0.13 0.121 0.033 

Y 6 0.22 0.221 0.052 

Y 6 0.33 0.323 0.090 

 



135 

 

 

 

 Experiment 1 

 

Experiment 1 Cell Means - Older Group 

Age Day Noise (stDev) Mean StDev 

O 1 0.00 0.092 0.081 

O 1 0.03 0.110 0.093 

O 1 0.08 0.142 0.075 

O 1 0.13 0.228 0.084 

O 1 0.22 0.371 0.096 

O 1 0.33 0.513 0.244 

O 2 0.00 0.066 0.041 

O 2 0.03 0.090 0.065 

O 2 0.08 0.123 0.064 

O 2 0.13 0.212 0.109 

O 2 0.22 0.380 0.149 

O 2 0.33 0.499 0.184 

O 3 0.00 0.082 0.053 

O 3 0.03 0.069 0.045 

O 3 0.08 0.115 0.055 

O 3 0.13 0.200 0.080 

O 3 0.22 0.338 0.125 

O 3 0.33 0.475 0.202 

O 4 0.00 0.076 0.056 

O 4 0.03 0.080 0.057 

O 4 0.08 0.098 0.042 

O 4 0.13 0.175 0.083 

O 4 0.22 0.347 0.110 

O 4 0.33 0.471 0.168 

O 5 0.00 0.061 0.032 

O 5 0.03 0.079 0.060 

O 5 0.08 0.105 0.050 

O 5 0.13 0.160 0.070 

O 5 0.22 0.262 0.087 

O 5 0.33 0.446 0.175 

O 6 0.00 0.061 0.025 

O 6 0.03 0.065 0.023 

O 6 0.08 0.095 0.038 

O 6 0.13 0.162 0.074 

O 6 0.22 0.249 0.119 

O 6 0.33 0.401 0.137 
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Experiment 2 

Experiment 2 Cell Means - Younger Group 

     Age Day Noise (contrast range) Mean StDev 

Y 1 0.00 0.116 0.041 

Y 1 0.20 0.154 0.037 

Y 1 0.40 0.301 0.114 

Y 1 0.60 0.368 0.136 

Y 1 0.80 0.439 0.160 

Y 1 1.00 0.478 0.126 

Y 2 0.00 0.107 0.020 

Y 2 0.20 0.137 0.019 

Y 2 0.40 0.212 0.052 

Y 2 0.60 0.307 0.063 

Y 2 0.80 0.390 0.136 

Y 2 1.00 0.451 0.143 

Y 3 0.00 0.106 0.015 

Y 3 0.20 0.136 0.016 

Y 3 0.40 0.209 0.030 

Y 3 0.60 0.294 0.077 

Y 3 0.80 0.369 0.094 

Y 3 1.00 0.431 0.128 

Y 4 0.00 0.104 0.017 

Y 4 0.20 0.130 0.018 

Y 4 0.40 0.211 0.048 

Y 4 0.60 0.288 0.095 

Y 4 0.80 0.347 0.094 

Y 4 1.00 0.432 0.120 

Y 5 0.00 0.109 0.015 

Y 5 0.20 0.127 0.019 

Y 5 0.40 0.211 0.025 

Y 5 0.60 0.282 0.063 

Y 5 0.80 0.363 0.093 

Y 5 1.00 0.443 0.134 

Y 6 0.00 0.102 0.012 

Y 6 0.20 0.128 0.019 

Y 6 0.40 0.191 0.034 

Y 6 0.60 0.280 0.078 

Y 6 0.80 0.344 0.079 

Y 6 1.00 0.422 0.093 
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Experiment 2 

Experiment 2 Cell Means - Older Group 

     Age Day Noise (contrast range) Mean StDev 

O 1 0.00 0.239 0.092 

O 1 0.20 0.233 0.105 

O 1 0.40 0.416 0.296 

O 1 0.60 0.501 0.203 

O 1 0.80 0.579 0.190 

O 1 1.00 0.693 0.192 

O 2 0.00 0.286 0.191 

O 2 0.20 0.231 0.093 

O 2 0.40 0.338 0.146 

O 2 0.60 0.479 0.146 

O 2 0.80 0.588 0.139 

O 2 1.00 0.653 0.145 

O 3 0.00 0.269 0.182 

O 3 0.20 0.227 0.088 

O 3 0.40 0.306 0.172 

O 3 0.60 0.407 0.204 

O 3 0.80 0.525 0.213 

O 3 1.00 0.689 0.210 

O 4 0.00 0.225 0.112 

O 4 0.20 0.237 0.124 

O 4 0.40 0.310 0.206 

O 4 0.60 0.404 0.175 

O 4 0.80 0.509 0.226 

O 4 1.00 0.635 0.170 

O 5 0.00 0.241 0.120 

O 5 0.20 0.257 0.161 

O 5 0.40 0.332 0.214 

O 5 0.60 0.430 0.232 

O 5 0.80 0.475 0.147 

O 5 1.00 0.622 0.167 

O 6 0.00 0.209 0.125 

O 6 0.20 0.211 0.092 

O 6 0.40 0.324 0.205 

O 6 0.60 0.396 0.090 

O 6 0.80 0.525 0.212 

O 6 1.00 0.578 0.124 
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Experiment 3 

Experiment 3 Cell Means - Younger Group 

Age Group Day Noise (StDev) Mean StDev 

Y RDC 1 0 0.123 0.022 

Y RDC 1 0.058 0.158 0.019 

Y RDC 1 0.115 0.270 0.052 

Y RDC 1 0.173 0.361 0.081 

Y RDC 1 0.231 0.496 0.107 

Y RDC 1 0.288 0.596 0.067 

Y RDC 2 0 0.111 0.024 

Y RDC 2 0.058 0.128 0.030 

Y RDC 2 0.115 0.228 0.042 

Y RDC 2 0.173 0.296 0.049 

Y RDC 2 0.231 0.374 0.056 

Y RDC 2 0.288 0.469 0.077 

Y Sine-Wave 1 0.00 0.083 0.064 

Y Sine-Wave 1 0.03 0.071 0.056 

Y Sine-Wave 1 0.08 0.295 0.242 

Y Sine-Wave 1 0.13 0.354 0.174 

Y Sine-Wave 1 0.22 0.568 0.275 

Y Sine-Wave 1 0.33 0.594 0.253 

Y Sine-Wave 2 0.00 0.066 0.018 

Y Sine-Wave 2 0.03 0.052 0.012 

Y Sine-Wave 2 0.08 0.097 0.066 

Y Sine-Wave 2 0.13 0.150 0.080 

Y Sine-Wave 2 0.22 0.301 0.204 

Y Sine-Wave 2 0.33 0.418 0.157 
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Experiment 3 

Experiment 3 Cell Means - Older Group 

Age Group Day Noise (StDev) Mean StDev 

O RDC 1 0 0.366 0.228 

O RDC 1 0.058 0.326 0.198 

O RDC 1 0.115 0.373 0.138 

O RDC 1 0.173 0.519 0.197 

O RDC 1 0.231 0.604 0.147 

O RDC 1 0.288 0.696 0.170 

O RDC 2 0 0.249 0.151 

O RDC 2 0.058 0.241 0.128 

O RDC 2 0.115 0.335 0.140 

O RDC 2 0.173 0.431 0.125 

O RDC 2 0.231 0.518 0.134 

O RDC 2 0.288 0.601 0.180 

O Sine-Wave 1 0.00 0.304 0.355 

O Sine-Wave 1 0.03 0.255 0.361 

O Sine-Wave 1 0.08 0.354 0.336 

O Sine-Wave 1 0.13 0.399 0.314 

O Sine-Wave 1 0.22 0.608 0.309 

O Sine-Wave 1 0.33 0.703 0.271 

O Sine-Wave 2 0.00 0.056 0.014 

O Sine-Wave 2 0.03 0.063 0.036 

O Sine-Wave 2 0.08 0.176 0.175 

O Sine-Wave 2 0.13 0.166 0.101 

O Sine-Wave 2 0.22 0.336 0.217 

O Sine-Wave 2 0.33 0.470 0.245 
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Experiment 4 

Experiment 4 Cell Means - Younger Group 

Age Day Size (degree) Contrast (%) Mean StDev 

Y 1 5.0 92.0 94.21 14.70 

Y 1 5.0 22.0 88.51 19.33 

Y 1 5.0 2.8 71.49 13.31 

Y 1 0.7 92.0 52.00 12.61 

Y 1 0.7 22.0 52.23 7.64 

Y 1 0.7 2.8 190.10 107.02 

Y 2 5.0 92.0 80.72 11.95 

Y 2 5.0 22.0 87.72 23.64 

Y 2 5.0 2.8 59.85 10.44 

Y 2 0.7 92.0 45.21 1.40 

Y 2 0.7 22.0 51.59 8.09 

Y 2 0.7 2.8 123.89 36.49 

Y 3 5.0 92.0 80.77 16.70 

Y 3 5.0 22.0 84.05 22.00 

Y 3 5.0 2.8 55.38 7.63 

Y 3 0.7 92.0 43.68 6.37 

Y 3 0.7 22.0 47.12 4.18 

Y 3 0.7 2.8 157.62 53.14 

Y 4 5.0 92.0 76.88 18.00 

Y 4 5.0 22.0 80.63 23.16 

Y 4 5.0 2.8 59.23 4.03 

Y 4 0.7 92.0 46.38 6.14 

Y 4 0.7 22.0 51.10 6.63 

Y 4 0.7 2.8 117.24 24.33 

Y 5 5.0 92.0 73.21 26.25 

Y 5 5.0 22.0 70.10 20.58 

Y 5 5.0 2.8 56.56 8.55 

Y 5 0.7 92.0 42.26 4.40 

Y 5 0.7 22.0 45.94 3.61 

Y 5 0.7 2.8 109.04 32.27 
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Experiment 4 

Experiment 4 Cell Means - Older Group 

Age Day Size (degree) Contrast (%) Mean StDev 

O 1 5.0 92.0 142.65 59.40 

O 1 5.0 22.0 97.75 35.49 

O 1 5.0 2.8 109.52 46.56 

O 1 0.7 92.0 132.42 42.86 

O 1 0.7 22.0 105.53 31.57 

O 1 0.7 2.8 444.39 47.73 

O 2 5.0 92.0 118.82 47.10 

O 2 5.0 22.0 101.07 37.38 

O 2 5.0 2.8 83.87 22.12 

O 2 0.7 92.0 98.21 27.65 

O 2 0.7 22.0 99.40 24.69 

O 2 0.7 2.8 434.39 52.21 

O 3 5.0 92.0 115.16 48.01 

O 3 5.0 22.0 107.51 42.71 

O 3 5.0 2.8 68.34 15.30 

O 3 0.7 92.0 125.66 58.37 

O 3 0.7 22.0 89.97 20.05 

O 3 0.7 2.8 374.59 80.57 

O 4 5.0 92.0 106.05 41.25 

O 4 5.0 22.0 111.55 42.76 

O 4 5.0 2.8 70.01 31.60 

O 4 0.7 92.0 85.70 18.73 

O 4 0.7 22.0 90.31 32.87 

O 4 0.7 2.8 333.87 106.90 

O 5 5.0 92.0 81.58 24.62 

O 5 5.0 22.0 95.10 38.02 

O 5 5.0 2.8 67.87 8.86 

O 5 0.7 92.0 85.80 19.64 

O 5 0.7 22.0 83.02 16.85 

O 5 0.7 2.8 272.57 98.90 
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Appendix C 

PTM Modeling Results 

Experiment 1 

Experiment 1 PTM Values - Younger Participants 

 

AG_5 CA_3 IC_6 JA_8 PS_1 

 

No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am 

Beta 0.68268 0.68268 1.35116 1.35116 0.79736 0.79736 1.03503 1.03503 1.48613 1.48613 

gamma 2.39688 2.39688 2.29581 2.29581 2.77877 2.77877 3.74669 3.74669 1.98471 1.98471 

Nmul 0.99846 0.99846 0.99681 0.99681 1 1 0.99723 0.99723 0.9967 0.9967 

Nadd 0.00022 0.00022 0.00145 0.00145 0.00051 0.00051 2.E-05 2.E-05 0.00605 0.00605 

ratio (1) 0.7544 0.7544 0.83135 0.83135 0.92989 0.92989 1.0826 1.0826 1.15955 1.15955 

adj. R2 (1) 0.85335 0.85335 0.98503 0.98503 0.93198 0.93198 0.67111 0.67111 0.97996 0.97996 

 
                    

Am(2) 1 0.028 1 1.0032 1 0.03554 1 0.00803 1 0.79876 

Aa(2) 1.25507 1.68854 0.9765 0.97019 0.15563 0.21159 0.55467 0.74987 1.0354 1.17862 

Ae(2) 0.52377 0.72398 1 1 0.45575 0.63047 0.64453 0.89038 0.89123 0.99993 

ratio(2) 0.76548 0.76548 1.01859 1.01859 1.09308 1.09308 0.89074 0.89074 0.94569 0.94569 

adj. R2 (2) 0.82208 0.76278 0.90943 0.90985 0.77387 0.69849 0.75217 0.66956 0.96448 0.95264 

 

                    

Am(3) 1 0.70251 1 0.99225 1 0.00407 1 0.00148 1 0.96002 

Aa(3) 1.37373 1.63277 1.31331 1.33214 0.1424 0.1928 0.56464 0.76104 1.42679 1.47196 

Ae(3) 0.84984 0.9979 0.99155 0.9965 0.5195 0.719 0.40645 0.5615 0.97439 0.99967 

ratio(3) 0.84443 0.84443 0.92541 0.92541 0.90167 0.90167 0.86339 0.86339 1.00524 1.00524 

adj. R2 (3) 0.93176 0.90902 0.9504 0.93387 0.74931 0.66574 0.79695 0.72927 0.97303 0.96403 

 
                    

Am(4) 1 0.78571 1 0.02408 1 0.00119 1 0.0076 1 0.63632 

Aa(4) 1.22556 1.39787 1.46545 1.97896 0.20046 0.27176 2.79145 3.6856 1.76738 2.159 

Ae(4) 0.88513 0.99994 0.51638 0.71303 0.31837 0.44063 0.33277 0.45963 0.82209 0.99181 

ratio(4) 1.01961 1.01961 0.97731 0.97731 0.95694 0.95694 0.86926 0.86926 0.94559 0.94559 

adj. R2 (4) 0.82871 0.77162 0.71087 0.6145 0.95015 0.93354 0.84337 0.79116 0.87771 0.83695 

 

                    

Am(5) 1 0.02649 1 0.02749 1 0.00806 1 0.00749 1 0.49942 

Aa(5) 1.05118 1.43723 1.55417 2.09922 0.19 0.25743 1.44261 1.94976 1.0194 1.29718 

Ae(5) 0.67567 0.93391 0.57126 0.78875 4.E-01 5.E-01 0.25768 0.35602 0.77999 0.98915 

ratio(5) 0.91553 0.91553 0.85668 0.85668 1.0455 1.0455 0.94874 0.94874 0.79428 0.79428 

adj. R2 (5) 0.87669 0.83559 0.93205 0.9094 0.95254 0.93673 0.87607 0.83476 0.98013 0.97351 

 
                    

Am(6) 1 0.01237 1 0.48632 1 0.00145 1 0.00333 1 0.81123 

Aa(6) 0.96583 1.30647 2.53761 3.23589 0.22994 0.31176 1.69024 2.27494 1.37844 1.5603 

Ae(6) 0.63555 0.87868 0.78362 0.99806 0.33411 0.46241 0.30914 0.42709 0.89557 0.99852 

ratio(6) 0.75841 0.75841 0.8365 0.8365 0.85174 0.85174 1.04763 1.04763 0.84311 0.84311 

adj. R2 (6) 0.87669 0.83559 0.93205 0.9094 0.95254 0.93673 0.87607 0.83476 0.98013 0.97351 

 

                    

Ratio Diff  0.00401 0.00401 0.00516 0.00516 -0.0782 -0.0782 -0.035 -0.035 -0.3164 -0.3164 

Mean Adj R2 0.86488 0.82799 0.9033 0.87701 0.88506 0.85053 0.80262 0.7551 0.95924 0.94677 
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Experiment 1 

Experiment 1 PTM Values - Younger Participants (cont…) 

 
SW_7 ZA_2 Group_Average 

 
No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am 

Beta 0.92154 0.92154 0.85211 0.85211 1.00061 1.00061 

gamma 3.61181 3.61181 3.18134 3.18134 3.00219 3.00219 

Nmul 0.99773 0.99773 0.99777 0.99777 0.99746 0.99746 

Nadd 9.E-06 9.E-06 6.E-05 6.E-05 2.E-04 0.00015 

ratio (1) 1.15057 1.15057 1.01471 1.01471 0.92598 0.92598 

adj. R2 (1) 0.50785 0.50785 0.18664 0.18664 0.77352 0.77352 

 

            

Am(2) 1 1.00227 1 0.01367 1 0.0089 

Aa(2) 1.19643 1.19624 1.91096 2.6908 0.74277 1.00344 

Ae(2) 1 1 0.49529 0.6842 0.66922 0.92463 

ratio(2) 1.06369 1.06369 1.05321 1.05321 0.98768 0.98768 

adj. R2 (2) 0.81657 0.81664 0.82229 0.76306 0.94516 0.92689 

 
            

Am(3) 1 0.05328 1 0.008 1 0.0113 

Aa(3) 0.97291 1.31289 0.86851 1.17523 0.83125 1.12374 

Ae(3) 0.71547 0.98773 0.32937 0.45503 0.62848 0.86832 

ratio(3) 0.77271 0.77271 1.77998 1.77998 0.87993 0.87993 

adj. R2 (3) 0.61013 0.48017 0.90576 0.87434 0.89097 0.85462 

 

            

Am(4) 1 0.09263 1 0.21573 1 0.01907 

Aa(4) 1.39925 1.88911 1.14123 1.54782 1.10552 1.49833 

Ae(4) 0.45079 0.62104 0.45281 0.61539 0.5098 0.70427 

ratio(4) 0.74464 0.74464 1.19619 1.19619 0.92876 0.92876 

adj. R2 (4) 0.87382 0.83177 0.78021 0.70695 0.93747 0.91663 

 
            

Am(5) 1 0.00063 1 0.01494 1 0.00738 

Aa(5) 1.04107 1.41136 5.21509 7.16215 1.09478 1.48245 

Ae(5) 0.22476 0.31059 0.48849 0.67484 0.43103 0.59553 

ratio(5) 0.94929 0.94929 0.93502 0.93502 0.92144 0.92144 

adj. R2 (5) 0.85523 0.80698 0.63649 0.51531 0.89559 0.86078 

 

            

Am(6) 1 0.00222 1 0.0069 1 0.00756 

Aa(6) 1.19423 1.61489 1.39564 1.8794 1.11381 1.48222 

Ae(6) 0.21809 0.30138 0.26698 0.36898 0.4153 0.57393 

ratio(6) 0.8967 0.8967 0.93211 0.93211 0.85781 0.85781 

adj. R2 (6) 0.85523 0.80698 0.63649 0.51531 0.89559 0.86078 

 
            

Ratio Diff  -0.2539 -0.2539 -0.0826 -0.0826 -0.0682 -0.0682 

Mean Adj R2 0.75314 0.7084 0.66131 0.5936 0.88972 0.86554 
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Experiment 1 

Experiment 1 PTM Values - Older Participants 

 
CE_15 DA_11 DH_12 JC_19 MK_14 

 

 
No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am 

Beta 0.6698 0.6698 1.8186 1.8186 1.3090 1.3090 1.1445 1.1445 0.5603 0.5603 

gamma 2.3846 2.3846 3.2187 3.2187 2.1994 2.1994 2.7275 2.7275 1.8464 1.8464 

Nmul 0.9979 0.9979 0.9938 0.9938 0.9969 0.9969 0.9971 0.9971 0.9989 0.9989 

Nadd 0.0014 0.0014 0.0094 0.0094 0.0024 0.0024 0.0003 0.0003 0.0029 0.0029 

ratio (1) 0.8961 0.8961 1.1354 1.1354 0.7592 0.7592 0.7913 0.7913 0.8562 0.8562 

adj. R2 (1) 0.9881 0.9881 0.1682 0.1682 0.9811 0.9811 0.6586 0.6586 0.9666 0.9666 

 

                    

Am(2) 1.0000 0.7874 1.0000 1.0062 1.0000 1.0032 1.0000 0.7405 1.0000 1.0011 

Aa(2) 1.9228 2.2048 0.0315 0.0315 0.7907 0.7879 0.9027 1.0636 3.2113 3.2054 

Ae(2) 0.8859 0.9998 1.0000 1.0000 1.0000 1.0000 0.8542 0.9855 1.0000 1.0000 

ratio(2) 0.8815 0.8815 0.9577 0.9577 0.8469 0.8469 0.9053 0.9053 0.6087 0.6087 

adj. R2 (2) 0.9501 0.9334 0.7750 0.7758 0.9820 0.9822 0.9036 0.8715 0.9002 0.9004 

 
                    

Am(3) 1.0000 0.4257 1.0000 0.6714 1.0000 0.5050 1.0000 0.7065 1.0000 1.0011 

Aa(3) 2.2037 2.8591 0.0361 0.0437 0.9364 1.1899 1.1250 1.3348 0.3549 0.3539 

Ae(3) 0.7580 0.9837 0.8249 0.9799 0.7890 0.9988 0.8516 0.9977 1.0000 1.0000 

ratio(3) 0.7338 0.7338 0.9677 0.9677 0.8942 0.8942 0.8497 0.8497 0.7686 0.7686 

adj. R2 (3) 0.7653 0.6871 0.8514 0.8019 0.9671 0.9562 0.7087 0.6116 0.9160 0.9162 

 

                    

Am(4) 1.0000 0.0793 1.0000 0.0124 1.0000 0.7846 1.0000 0.9013 1.0000 0.7803 

Aa(4) 3.4620 4.6748 0.0236 0.0318 1.0336 1.1879 0.8972 0.9665 0.3269 0.3762 

Ae(4) 0.6916 0.9537 0.6451 0.8892 0.8849 0.9998 0.9327 0.9910 0.8818 0.9990 

ratio(4) 0.8288 0.8288 0.9834 0.9834 1.0366 1.0366 0.8220 0.8220 1.0063 1.0063 

adj. R2 (4) 0.8734 0.8312 0.8687 0.8249 0.9656 0.9541 0.8780 0.8373 0.9740 0.9654 

 
                    

Am(5) 1.0000 0.2577 1.0000 0.2090 1.0000 0.7546 1.0000 0.8338 1.0000 0.0294 

Aa(5) 0.7739 1.0306 0.0267 0.0355 0.9182 1.0683 0.9400 1.0619 0.3601 0.4872 

Ae(5) 0.7390 0.9975 0.7064 0.9588 0.8725 1.0000 0.9072 0.9999 0.6457 0.8927 

ratio(5) 0.7744 0.7744 0.8343 0.8343 0.7999 0.7999 0.8745 0.8745 0.9038 0.9038 

adj. R2 (5) 0.9651 0.9535 0.8467 0.7956 0.9145 0.8860 0.9155 0.8874 0.9936 0.9914 

 

                    

Am(6) 1.0000 0.0074 1.0000 0.5547 1.0000 0.3808 1.0000 0.0460 1.0000 0.0334 

Aa(6) 1.0063 1.3606 0.1287 0.1605 0.9755 1.2740 0.7874 1.0633 0.3672 0.4969 

Ae(6) 0.5179 0.7158 0.7815 0.9714 0.7495 0.9841 0.7073 0.9763 0.6533 0.9031 

ratio(6) 0.7338 0.7338 1.3887 1.3887 0.9361 0.9361 0.9975 0.9975 0.9510 0.9510 

adj. R2 (6) 0.9651 0.9535 0.8467 0.7956 0.9145 0.8860 0.9155 0.8874 0.9936 0.9914 

 
                    

Ratio Diff  -0.1623 -0.1623 0.2533 0.2533 0.1769 0.1769 0.2061 0.2061 0.0948 0.0948 

Mean Adj R2 0.9179 0.8911 0.7261 0.6937 0.9541 0.9409 0.8300 0.7923 0.9573 0.9552 
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Experiment 1 

Experiment 1 PTM Values - Older Participants (cont…) 

 
MQ_16 MQ_16 MS_18 SG_17 Group_Average 

 
No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am 

Beta 1.7388 1.7388 1.7388 1.7388 0.3137 0.3137 0.4458 0.4458 0.8075 0.8075 

gamma 2.7839 2.7839 2.7839 2.7839 1.3337 1.3337 2.0109 2.0109 2.2504 2.2504 

Nmul 0.9954 0.9954 0.9954 0.9954 0.9823 0.9823 0.9991 0.9991 0.9980 0.9980 

Nadd 0.0006 0.0006 0.0006 0.0006 0.0392 0.0392 0.0004 0.0004 0.0037 0.0037 

ratio (1) 0.9047 0.9047 0.9047 0.9047 0.9729 0.9729 1.1202 1.1202 0.8792 0.8792 

adj. R2 (1) 0.7643 0.7643 0.7643 0.7643 0.9085 0.9085 0.8843 0.8843 0.9939 0.9939 

 

                    

Am(2) 1.0000 1.0046 1.0000 1.0046 1.0000 0.3441 1.0000 1.0009 1.0000 0.9640 

Aa(2) 0.9684 0.9605 0.9684 0.9605 0.6644 0.8637 0.9441 0.9447 0.5101 0.5245 

Ae(2) 1.0000 1.0000 1.0000 1.0000 0.7601 0.9986 1.0000 1.0000 0.9768 0.9998 

ratio(2) 0.7089 0.7089 0.7089 0.7089 0.6608 0.6608 0.8929 0.8929 0.7479 0.7479 

adj. R2 (2) 0.7904 0.7922 0.7904 0.7922 0.6980 0.5973 0.9640 0.9641 0.9876 0.9834 

 
                    

Am(3) 1.0000 1.0046 1.0000 1.0046 1.0000 0.8610 1.0000 0.7628 1.0000 0.8248 

Aa(3) 0.9119 0.9096 0.9119 0.9096 0.4809 0.5273 4.1172 4.7553 0.5077 0.5703 

Ae(3) 1.0000 1.0000 1.0000 1.0000 0.9227 0.9996 0.8743 0.9989 0.9018 0.9989 

ratio(3) 0.8399 0.8399 0.8399 0.8399 0.6749 0.6749 0.8083 0.8083 0.7372 0.7372 

adj. R2 (3) 0.8304 0.8323 0.8304 0.8323 0.9742 0.9656 0.9326 0.9102 0.9931 0.9908 

 

                    

Am(4) 1.0000 1.0046 1.0000 1.0046 1.0000 0.6545 1.0000 0.8703 1.0000 0.7908 

Aa(4) 1.3773 1.3717 1.3773 1.3717 0.6289 0.7567 1.2919 1.4185 0.5135 0.5878 

Ae(4) 1.0000 1.0000 1.0000 1.0000 0.8260 0.9837 0.9246 0.9999 0.8861 0.9984 

ratio(4) 1.0007 1.0007 1.0007 1.0007 0.8546 0.8546 0.9960 0.9960 0.8877 0.8877 

adj. R2 (4) 0.6337 0.6358 0.6337 0.6358 0.9068 0.8757 0.9817 0.9756 0.9753 0.9670 

 
                    

Am(5) 1.0000 0.6762 1.0000 0.6762 1.0000 0.6025 1.0000 0.7180 1.0000 0.5005 

Aa(5) 0.9965 1.1961 0.9965 1.1961 0.6567 0.8038 1.5796 1.8741 0.4063 0.5173 

Ae(5) 0.8360 0.9917 0.8360 0.9917 0.7952 0.9664 0.8536 0.9957 0.7788 0.9879 

ratio(5) 0.8620 0.8620 0.8620 0.8620 0.7068 0.7068 0.7723 0.7723 0.7648 0.7648 

adj. R2 (5) 0.9213 0.8951 0.9213 0.8951 0.9282 0.9043 0.9535 0.9379 0.9710 0.9613 

 

                    

Am(6) 1.0000 0.9723 1.0000 0.9723 1.0000 0.2954 1.0000 0.7222 1.0000 0.0221 

Aa(6) 1.0383 1.0617 1.0383 1.0617 0.3588 0.4698 1.4708 1.7408 0.3336 0.4511 

Ae(6) 0.9823 1.0000 0.9823 1.0000 0.7328 0.9728 0.8589 0.9999 0.7105 0.9818 

ratio(6) 0.9270 0.9270 0.9270 0.9270 0.8602 0.8602 0.7945 0.7945 0.8984 0.8984 

adj. R2 (6) 0.9213 0.8951 0.9213 0.8951 0.9282 0.9043 0.9535 0.9379 0.9710 0.9613 

 
                    

Ratio Diff  0.0223 0.0223 0.0223 0.0223 -0.1127 -0.1127 -0.3257 -0.3257 0.0193 0.0193 

Mean Adj R2 0.8102 0.8024 0.8102 0.8024 0.8907 0.8593 0.9449 0.9350 0.9820 0.9763 

 

  



146 

 

 

 

Experiment 2 

Experiment 2 PTM Values - Younger Participants 

 
BS_24 DA_27 DF_22 DG_26 LS_25 

 
No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am 

Beta 1.181 1.181 0.887 0.887 0.749 0.749 0.820 0.820 2.221 2.221 

gamma 3.176 3.176 2.825 2.825 3.908 3.908 2.703 2.703 5.590 5.590 

Nmul 0.996 0.996 0.997 0.997 0.998 0.998 0.997 0.997 0.995 0.995 

Nadd 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 1.E-04 1.E-04 

ratio (1) 0.929 0.929 0.858 0.858 0.962 0.962 0.926 0.926 1.004 1.004 

adj. R2 (1) 0.878 0.878 0.969 0.969 0.600 0.600 0.906 0.906 0.975 0.975 

 

                    

Am(2) 1.000 0.932 1.000 0.017 1.000 0.011 1.000 0.018 1.000 6.E-05 

Aa(2) 1.451 1.529 1.210 1.636 0.141 0.191 0.952 1.286 0.200 0.268 

Ae(2) 0.958 1.000 0.660 0.911 0.643 0.889 0.673 0.929 0.658 0.908 

ratio(2) 0.873 0.873 0.751 0.751 0.964 0.964 0.993 0.993 0.804 0.804 

adj. R2 (2) 0.991 0.988 0.985 0.979 0.811 0.748 0.953 0.937 0.792 0.722 

 
                    

Am(3) 1.000 0.538 1.000 0.492 1.000 0.005 1.000 0.452 1.000 0.083 

Aa(3) 1.132 1.426 1.242 1.582 0.042 0.056 1.700 2.185 1.036 1.394 

Ae(3) 0.799 1.000 0.785 0.998 0.441 0.610 0.771 0.993 0.400 0.550 

ratio(3) 0.792 0.792 0.800 0.800 0.748 0.748 0.765 0.765 0.724 0.724 

adj. R2 (3) 0.976 0.968 0.912 0.882 0.823 0.764 0.918 0.891 0.961 0.948 

 

                    

Am(4) 1.000 0.674 1.000 0.886 1.000 0.027 1.000 0.049 1.000 0.557 

Aa(4) 0.999 1.205 2.283 2.477 0.141 0.190 0.560 0.757 0.699 0.874 

Ae(4) 0.829 0.984 0.924 0.990 0.534 0.738 0.636 0.878 0.531 0.659 

ratio(4) 0.850 0.850 0.921 0.921 0.735 0.735 0.765 0.765 0.838 0.838 

adj. R2 (4) 0.934 0.912 0.856 0.808 0.797 0.730 0.882 0.843 0.784 0.712 

 
                    

Am(5) 1.000 1.004 1.000 0.407 1.000 0.005 1.000 0.334 1.000 0.006 

Aa(5) 2.721 2.718 1.626 2.116 0.038 0.052 1.064 1.397 0.854 1.153 

Ae(5) 1.000 1.000 0.739 0.963 0.463 0.640 0.751 0.998 0.405 0.559 

ratio(5) 0.961 0.961 0.841 0.841 0.692 0.692 0.837 0.837 0.935 0.935 

adj. R2 (5) 0.730 0.732 0.706 0.609 0.869 0.825 0.955 0.939 0.830 0.773 

 

                    

Am(6) 1.000 0.354 1.000 0.698 1.000 0.004 1.000 0.050 1.000 0.017 

Aa(6) 1.598 2.093 1.055 1.259 0.034 0.046 0.759 1.025 1.189 1.604 

Ae(6) 0.754 0.996 0.850 0.999 0.412 0.570 0.671 0.927 0.501 0.691 

ratio(6) 0.693 0.693 0.789 0.789 0.883 0.883 0.949 0.949 0.779 0.779 

adj. R2 (6) 0.730 0.732 0.706 0.609 0.869 0.825 0.955 0.939 0.830 0.773 

 
                    

Ratio Diff  -0.236 -0.236 -0.069 -0.069 -0.079 -0.079 0.022 0.022 -0.225 -0.225 

Mean Adj R2 0.873 0.868 0.856 0.809 0.795 0.749 0.928 0.909 0.862 0.817 

 

  



147 

 

 

 

Experiment 2 

Experiment 2 PTM Values - Younger Participants (cont…) 

 
ML_29 OU_23 TK_28 Group_Average 

 
No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am 

Beta 2.221 2.221 0.924 0.924 0.520 0.520 1.007 1.007 

gamma 5.590 5.590 3.483 3.483 1.845 1.845 3.208 3.208 

Nmul 0.995 0.995 0.997 0.997 0.998 0.998 0.997 0.997 

Nadd 1.E-04 1.E-04 2.E-04 2.E-04 0.005 0.005 0.001 0.001 

ratio (1) 1.004 1.004 0.717 0.717 0.793 0.793 0.832 0.832 

adj. R2 (1) 0.975 0.975 0.541 0.541 0.980 0.980 0.960 0.960 

 

                

Am(2) 1.000 6.E-05 1.000 0.494 1.000 1.002 1.000 0.565 

Aa(2) 0.200 0.268 1.315 1.676 2.080 2.074 0.741 0.927 

Ae(2) 0.658 0.908 0.781 0.993 1.000 1.000 0.806 0.999 

ratio(2) 0.804 0.804 0.690 0.690 0.781 0.781 0.812 0.812 

adj. R2 (2) 0.792 0.722 0.715 0.620 0.950 0.951 0.971 0.962 

 
                

Am(3) 1.000 0.083 1.000 0.099 1.000 1.002 1.000 0.504 

Aa(3) 1.036 1.394 1.179 1.590 1.144 1.140 0.731 0.932 

Ae(3) 0.400 0.550 0.721 0.992 1.000 1.000 0.751 0.951 

ratio(3) 0.724 0.724 0.915 0.915 0.822 0.822 0.772 0.772 

adj. R2 (3) 0.961 0.948 0.855 0.807 0.950 0.950 0.980 0.973 

 

                

Am(4) 1.000 0.557 1.000 0.028 1.000 0.746 1.000 0.117 

Aa(4) 0.699 0.874 0.836 1.129 1.505 1.762 0.685 0.924 

Ae(4) 0.531 0.659 0.618 0.853 0.866 0.997 0.727 0.999 

ratio(4) 0.838 0.838 0.639 0.639 0.999 0.999 0.809 0.809 

adj. R2 (4) 0.784 0.712 0.965 0.953 0.784 0.712 0.976 0.968 

 
                

Am(5) 1.000 0.006 1.000 0.035 1.000 0.865 1.000 0.305 

Aa(5) 0.854 1.153 1.184 1.604 1.251 1.376 0.774 1.023 

Ae(5) 0.405 0.559 0.563 0.777 0.884 0.959 0.747 0.999 

ratio(5) 0.935 0.935 0.936 0.936 0.901 0.901 0.838 0.838 

adj. R2 (5) 0.830 0.773 0.914 0.886 0.972 0.962 0.964 0.951 

 

                

Am(6) 1.000 0.017 1.000 0.011 1.000 0.989 1.000 0.043 

Aa(6) 1.189 1.604 1.291 1.740 1.175 1.186 0.637 0.860 

Ae(6) 0.501 0.691 0.446 0.616 0.969 0.975 0.694 0.958 

ratio(6) 0.779 0.779 0.880 0.880 0.899 0.899 0.832 0.832 

adj. R2 (6) 0.830 0.773 0.914 0.886 0.972 0.962 0.964 0.951 

 
                

Ratio Diff  -0.225 -0.225 0.163 0.163 0.106 0.106 0.001 0.001 

Mean Adj R2 0.862 0.817 0.817 0.782 0.935 0.919 0.969 0.961 
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Experiment 2 

Experiment 2 PTM Values - Older Participants 

 
BC_39 KB_35 MB_34 MM_32 SB_31 

 
No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am 

Beta 0.269 0.269 0.581 0.581 0.954 0.954 0.341 0.341 0.456 0.456 

gamma 1.354 1.354 4.151 4.151 6.348 6.348 1.740 1.740 1.543 1.543 

Nmul 0.941 0.941 1.000 1.000 0.998 0.998 1.000 1.000 0.989 0.989 

Nadd 0.022 0.022 0.003 0.003 0.000 0.000 0.005 0.005 0.025 0.025 

ratio (1) 0.835 0.835 0.713 0.713 0.907 0.907 0.795 0.795 0.917 0.917 

adj. R2 (1) 0.871 0.871 0.906 0.906 -0.366 -0.366 0.942 0.942 0.976 0.976 

 

                    

Am(2) 1.000 0.937 1.000 0.633 1.000 0.032 1.000 0.871 1.000 1.012 

Aa(2) 1.279 1.331 3.308 4.053 2.437 3.297 1.499 1.643 1.084 1.063 

Ae(2) 0.961 0.995 0.822 0.994 0.497 0.687 0.922 0.997 1.000 1.000 

ratio(2) 0.865 0.865 0.901 0.901 0.837 0.837 0.878 0.878 0.839 0.839 

adj. R2 (2) 0.885 0.847 0.709 0.612 0.727 0.636 0.961 0.948 0.951 0.957 

 
                    

Am(3) 1.000 1.063 1.000 0.999 1.000 0.100 1.000 0.861 1.000 0.974 

Aa(3) 0.861 0.780 2.705 2.706 2.077 2.819 1.217 1.342 0.839 0.856 

Ae(3) 1.000 1.000 0.983 0.984 0.160 0.220 0.918 0.998 0.966 0.982 

ratio(3) 0.817 0.817 0.961 0.961 0.894 0.894 1.006 1.006 0.766 0.766 

adj. R2 (3) 0.944 0.959 0.804 0.739 0.561 0.415 0.922 0.896 0.876 0.834 

 

                    

Am(4) 1.000 0.957 1.000 0.976 1.000 0.001 1.000 0.427 1.000 0.660 

Aa(4) 1.098 1.128 1.501 1.530 0.200 0.270 1.048 1.360 0.988 1.191 

Ae(4) 0.969 0.993 0.981 0.996 0.182 0.252 0.763 0.991 0.838 0.999 

ratio(4) 0.750 0.750 0.958 0.958 0.798 0.798 1.010 1.010 0.854 0.854 

adj. R2 (4) 0.991 0.988 0.937 0.917 0.633 0.511 0.909 0.878 0.936 0.915 

 
                    

Am(5) 1.000 0.473 1.000 0.969 1.000 0.003 1.000 0.352 1.000 1.011 

Aa(5) 1.466 1.809 3.139 3.221 0.320 0.433 1.068 1.405 1.118 1.108 

Ae(5) 0.795 0.989 0.949 0.968 0.238 0.330 0.736 0.975 0.977 0.970 

ratio(5) 0.888 0.888 1.027 1.027 0.880 0.880 0.879 0.879 0.804 0.804 

adj. R2 (5) 0.607 0.476 0.595 0.459 0.500 0.333 0.989 0.985 0.964 0.952 

 

                    

Am(6) 1.000 0.712 1.000 0.488 1.000 0.004 1.000 0.408 1.000 0.996 

Aa(6) 1.265 1.461 1.195 1.528 0.095 0.128 0.748 0.973 0.737 0.739 

Ae(6) 0.868 0.996 0.775 0.988 0.182 0.251 0.764 0.997 0.997 0.999 

ratio(6) 0.780 0.780 0.744 0.744 0.935 0.935 0.735 0.735 0.871 0.871 

adj. R2 (6) 0.607 0.476 0.595 0.459 0.500 0.333 0.989 0.985 0.964 0.952 

 
                    

Ratio Diff  -0.055 -0.055 0.031 0.031 0.028 0.028 -0.061 -0.061 -0.046 -0.046 

Mean Adj R2 0.818 0.770 0.758 0.682 0.426 0.311 0.952 0.939 0.944 0.931 
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Experiment 2 

Exp. 2 PTM Values - Older Participants (cont…) 

 
BM_40 Group_Average 

 
No_Am Fit_Am No_Am Fit_Am 

Beta 1.108 1.108 0.750 0.750 

gamma 3.608 3.608 3.240 3.240 

Nmul 0.997 0.997 0.998 0.998 

Nadd 0.005 0.005 0.003 0.003 

ratio (1) 0.770 0.770 0.784 0.784 

adj. R2 (1) 0.675 0.675 0.943 0.943 

 

        

Am(2) 1.000 1.003 1.000 0.838 

Aa(2) 0.440 0.440 1.436 1.605 

Ae(2) 1.000 1.000 0.904 0.995 

ratio(2) 0.706 0.706 0.814 0.814 

adj. R2 (2) 0.848 0.849 0.949 0.932 

 
        

Am(3) 1.000 1.003 1.000 0.697 

Aa(3) 0.579 0.582 1.242 1.485 

Ae(3) 1.000 1.000 0.830 0.976 

ratio(3) 0.796 0.796 0.869 0.869 

adj. R2 (3) 0.838 0.839 0.910 0.880 

 

        

Am(4) 1.000 1.003 1.000 0.442 

Aa(4) 0.389 0.388 0.877 1.132 

Ae(4) 1.000 1.000 0.772 0.997 

ratio(4) 0.790 0.790 0.840 0.840 

adj. R2 (4) 0.766 0.767 0.972 0.962 

 
        

Am(5) 1.000 1.003 1.000 0.556 

Aa(5) 0.461 0.461 1.178 1.477 

Ae(5) 1.000 1.000 0.757 0.941 

ratio(5) 0.804 0.804 0.888 0.888 

adj. R2 (5) 0.814 0.814 0.973 0.963 

 

        

Am(6) 1.000 1.003 1.000 0.057 

Aa(6) 0.572 0.572 0.690 0.932 

Ae(6) 1.000 1.000 0.716 0.989 

ratio(6) 0.879 0.879 0.807 0.807 

adj. R2 (6) 0.814 0.814 0.973 0.963 

 
        

Ratio Diff  0.109 0.109 0.023 0.023 

Mean Adj R2 0.793 0.793 0.953 0.941 
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Experiment 3 

Exp. 3 PTM Values - Sine-wave - Younger Participants 

 
BS_24 DA_27 DF_22 DG_26 LS_25 

 
No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am 

Beta 0.267 0.267 0.593 0.593 0.548 0.548 0.960 0.960 0.623 0.623 

gamma 1.324 1.324 3.377 3.377 3.420 3.420 2.991 2.991 2.784 2.784 

Nmul 0.920 0.920 0.999 0.999 0.999 0.999 0.998 0.998 0.999 0.999 

Nadd 0.004 0.004 0.000 0.000 0.001 0.001 0.000 0.000 1.E-04 1.E-04 

ratio (1) 0.915 0.915 1.649 1.649 1.181 1.181 1.050 1.050 0.939 0.939 

adj. R2 (1) 0.958 0.958 0.719 0.719 0.701 0.701 0.821 0.821 0.554 0.554 

Am(2) 1.000 1.015 1.000 0.001 1.000 0.003 1.000 0.960 1.000 2.E-03 

Aa(2) 0.784 0.776 0.156 0.212 0.018 0.024 4.476 4.659 1.158 1.559 

Ae(2) 0.998 0.990 0.263 0.364 0.235 0.325 0.970 0.995 0.199 0.275 

ratio(2) 1.054 1.054 0.954 0.954 0.717 0.717 1.523 1.523 0.824 0.824 

adj. R2 (2) 0.773 0.697 0.847 0.796 0.720 0.627 0.882 0.843 0.633 0.511 

Ratio Diff  0.139 0.139 -0.694 -0.694 -0.464 -0.464 0.473 0.473 -0.115 -0.115 

Mean Adj R2 0.865 0.827 0.783 0.758 0.711 0.664 0.852 0.832 0.594 0.533 

           

           Exp. 3 PTM Values - Sine-wave - Younger Participants (cont…) 

  

 

ML_29 OU_23 TK_28 Group_Average 

  

 

No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am 

  Beta 1.585 1.585 1.681 1.681 1.452 1.452 0.842 0.842 

  gamma 3.131 3.131 9.071 9.071 2.752 2.752 3.195 3.195 

  Nmul 0.996 0.996 0.998 0.998 1.000 1.000 0.998 0.998 
  Nadd 3.E-04 3.E-04 7.E-10 7.E-10 0.001 0.001 0.000 0.000 
  ratio (1) 0.782 0.782 0.844 0.844 0.844 0.844 0.997 0.997 

  adj. R2 (1) 0.759 0.759 -0.150 -0.150 0.727 0.727 0.870 0.870 

  Am(2) 1.000 8.E-03 1.000 0.000 1.000 0.033 1.000 0.008 
  Aa(2) 1.118 1.509 16.056 21.412 0.884 1.197 0.411 0.552 
  Ae(2) 0.440 0.607 0.023 0.032 0.539 0.745 0.413 0.571 

  ratio(2) 0.850 0.850 0.752 0.752 0.992 0.992 0.930 0.930 

  adj. R2 (2) 0.950 0.933 0.397 0.247 0.867 0.823 0.887 0.850 
  Ratio Diff  0.068 0.068 -0.092 -0.092 0.148 0.148 -0.067 -0.067 
  Mean Adj R2 0.854 0.846 0.123 0.048 0.797 0.775 0.878 0.860 
   

  



151 

 

 

 

Experiment 3 

Exp. 3 PTM Values - Sine-wave - Older Participants 

 
BC_39 BM_40 KB_35 MB_34 MM_32 

 
No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am 

Beta 0.450 0.450 0.670 0.670 0.689 0.689 0.933 0.933 0.574 0.574 

gamma 2.423 2.423 2.143 2.143 4.507 4.507 9.918 9.918 1.707 1.707 

Nmul 0.999 0.999 0.998 0.998 0.998 0.998 0.996 0.996 0.999 0.999 

Nadd 0.009 0.009 0.002 0.002 0.000 0.000 0.298 0.298 0.003 0.003 

ratio (1) 1.144 1.144 0.648 0.648 0.606 0.606 1.023 1.023 0.876 0.876 

adj. R2 (1) 0.280 0.280 0.978 0.978 0.916 0.916 -1.219 -1.219 0.973 0.973 

Am(2) 1.000 0.084 1.000 0.014 1.000 0.001 1.000 0.000 1.000 0.087 

Aa(2) 0.010 0.013 0.344 0.465 0.043 0.058 0.000 0.000 0.895 1.208 

Ae(2) 0.677 0.933 0.496 0.686 0.557 0.769 0.003 0.004 0.721 0.995 

ratio(2) 0.786 0.786 0.897 0.897 0.935 0.935 0.867 0.867 0.959 0.959 

adj. R2 (2) 0.806 0.742 0.918 0.891 0.887 0.849 0.466 0.466 0.974 0.966 

Ratio Diff  -0.357 -0.357 0.249 0.249 0.329 0.329 -0.156 -0.156 0.082 0.082 

Mean Adj R2 0.543 0.511 0.948 0.935 0.902 0.883 -0.376 -0.376 0.973 0.969 

           

           Exp. 3 PTM Values - Sine-wave - Older Participants (cont…) 

    

 

SB_31 Group_Average 

     

 

No_Am Fit_Am No_Am Fit_Am 

      Beta 1.139 1.139 0.811 0.811 

      gamma 1.815 1.815 3.614 3.614 

      Nmul 0.998 0.998 0.999 0.999 
      Nadd 0.007 0.007 0.005 0.005 
      ratio (1) 0.859 0.859 0.872 0.872 

      adj. R2 (1) 0.999 0.999 0.939 0.939 

      Am(2) 1.000 0.040 1.000 0.003 
      Aa(2) 1.062 1.435 0.003 0.004 
      Ae(2) 0.553 0.764 0.367 0.507 

      ratio(2) 1.103 1.103 0.852 0.852 

      adj. R2 (2) 0.957 0.943 0.886 0.848 
      Ratio Diff  0.244 0.244 -0.020 -0.020 
      Mean Adj R2 0.978 0.971 0.912 0.893 
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Experiment 3 

Exp. 3 PTM Values - RDC - Younger Participants 

 
AG_5 CA_3 IC_6 JA_8 PS_1 

 
No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am 

Beta 0.547 0.547 0.386 0.386 0.649 0.649 0.609 0.609 0.630 0.630 

gamma 2.103 2.103 1.610 1.610 2.646 2.646 1.931 1.931 2.021 2.021 

Nmul 0.998 0.998 0.999 0.999 0.998 0.998 1.000 1.000 0.998 0.998 

Nadd 0.005 0.005 0.007 0.007 0.003 0.003 0.006 0.006 7.E-03 7.E-03 

ratio (1) 0.733 0.733 0.865 0.865 1.019 1.019 0.929 0.929 0.821 0.821 

adj. R2 (1) 0.944 0.944 0.883 0.883 0.974 0.974 0.727 0.727 0.845 0.845 

Am(2) 1.000 0.740 1.000 0.639 1.000 0.236 1.000 0.462 1.000 9.E-01 

Aa(2) 0.843 0.988 1.093 1.336 0.590 0.786 0.940 1.209 0.505 0.560 

Ae(2) 0.866 1.000 0.826 0.997 0.738 1.000 0.756 0.972 0.912 0.996 

ratio(2) 0.924 0.924 0.994 0.994 0.949 0.949 0.709 0.709 0.811 0.811 

adj. R2 (2) 0.979 0.971 0.972 0.962 0.959 0.946 0.750 0.667 0.980 0.973 

Ratio Diff  0.191 0.191 0.128 0.128 -0.070 -0.070 -0.220 -0.220 -0.010 -0.010 

Mean Adj R2 0.961 0.958 0.927 0.923 0.967 0.960 0.738 0.697 0.913 0.909 

           

           
Exp. 3 PTM Values - RDC - Younger Participants (cont…) 

    

 
SW_7 ZA_2 Group_Average 

    

 
No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am 

    Beta 0.533 0.533 0.775 0.775 0.609 0.609 
    gamma 2.065 2.065 2.811 2.811 2.209 2.209 
    Nmul 0.998 0.998 0.997 0.997 0.998 0.998 

    Nadd 3.E-03 3.E-03 1.E-03 1.E-03 0.004 0.004 

    ratio (1) 0.653 0.653 0.989 0.989 0.837 0.837 
    adj. R2 (1) 0.879 0.879 0.609 0.609 0.995 0.995 
    Am(2) 1.000 4.E-07 1.000 0.042 1.000 0.421 

    Aa(2) 1.351 1.828 0.404 0.546 0.789 1.023 

    Ae(2) 0.622 0.859 0.657 0.908 0.766 0.996 
    ratio(2) 0.771 0.771 0.988 0.988 0.869 0.869 
    adj. R2 (2) 0.914 0.914 0.887 0.850 0.993 0.991 

    Ratio Diff  0.118 0.118 -0.001 -0.001 0.031 0.031 

    Mean Adj R2 0.897 0.897 0.748 0.729 0.994 0.993 
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Experiment 3 

Exp. 3 PTM Values - RDC - Older Participants 

 
CE_15 DA_11 DH_12 JC_19 MK_14 

 
No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am 

Beta 0.892 0.892 1.079 1.079 0.261 0.261 0.491 0.491 0.946 0.946 

gamma 5.901 5.901 3.588 3.588 1.373 1.373 2.984 2.984 3.426 3.426 

Nmul 0.998 0.998 0.997 0.997 0.868 0.868 0.998 0.998 0.997 0.997 

Nadd 0.023 0.023 0.009 0.009 0.018 0.018 0.015 0.015 0.003 0.003 

ratio (1) 0.885 0.885 0.772 0.772 0.787 0.787 0.807 0.807 0.877 0.877 

adj. R2 (1) -0.533 -0.533 0.533 0.533 0.965 0.965 0.627 0.627 0.847 0.847 

Am(2) 1.000 0.505 1.000 0.055 1.000 0.579 1.000 0.387 1.000 0.015 

Aa(2) 0.296 0.377 0.206 0.279 0.949 1.101 0.099 0.130 0.168 0.230 

Ae(2) 0.788 0.998 0.710 0.979 0.833 0.976 0.596 0.781 0.576 0.796 

ratio(2) 0.869 0.869 0.927 0.927 0.908 0.908 0.864 0.864 0.817 0.817 

adj. R2 (2) 0.800 0.733 0.884 0.846 0.950 0.933 0.903 0.871 0.854 0.805 

Ratio Diff  -0.016 -0.016 0.155 0.155 0.121 0.121 0.057 0.057 -0.060 -0.060 

Mean Adj R2 0.133 0.100 0.709 0.689 0.957 0.949 0.765 0.749 0.851 0.826 

           

           Exp. 3 PTM Values - RDC - Older Participants (cont…) 

  

 

MQ_16 MS_18 SG_17 Group_Average 

  

 

No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am No_Am Fit_Am 

  Beta 0.414 0.414 0.117 0.117 0.277 0.277 0.641 0.641 

  gamma 1.589 1.589 0.515 0.515 1.711 1.711 2.790 2.790 

  Nmul 0.998 0.998 0.981 0.981 0.845 0.845 0.999 0.999 
  Nadd 0.015 0.015 0.292 0.292 0.009 0.009 0.016 0.016 
  ratio (1) 0.925 0.925 1.032 1.032 0.700 0.700 0.842 0.842 

  adj. R2 (1) 0.985 0.985 -0.678 -0.678 0.847 0.847 0.950 0.950 

  Am(2) 1.000 1.002 1.000 1.020 1.000 1.136 1.000 0.615 
  Aa(2) 0.882 0.878 0.859 0.845 1.482 1.229 0.387 0.477 
  Ae(2) 1.000 1.000 1.000 1.000 1.000 0.994 0.819 0.998 

  ratio(2) 0.906 0.906 0.993 0.993 0.953 0.953 0.885 0.885 

  adj. R2 (2) 0.955 0.955 0.538 0.554 0.921 0.903 0.996 0.995 
  Ratio Diff  -0.019 -0.019 -0.039 -0.039 0.253 0.253 0.043 0.043 
  Mean Adj R2 0.970 0.970 -0.070 -0.062 0.884 0.875 0.973 0.972 
   

 

 




