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ABSTRACT
QUANTIFYING VARIABILITY IN OCULOMOTOR AND MANUAL CHOICE
RESPONSE TIMES
By Angelica Godinez
Response times (RTs) of various motor systems have traditionally been used to
characterize aspects of human performance (e.g., fatigue, disease states). However, the
properties and sensitivity of different motor systems to detect changes in neural states
across multiple timescales remain an open question. In this thesis, we attempt to
characterize the difference in sensitivity of the pursuit, saccadic, and manual systems to
detect changes in stimulus strength. In Experiment 1, we used a modified Yes-No task to
test the effects of contrast (5, 10, 20, 40, 80, 100%) on three pursuit, saccadic, and
manual RT’s for three observers. In Experiment 2, we used a 2-AFC task to test the
effects of luminance (0-10 d' above background noise) on saccadic and manual RT for
five observers. We observed: 1) saccadic RT are better correlated with changes in
stimulus strength, 2) manual responses are more variable, 3) trial-by-trial variability is
greater than variability across sessions, and 4) each pair of motor systems shows
significant shared variability. We conclude that oculomotor and manual responses have
different signal processing and RT characteristics, and may have different levels of utility
to detect physiological factors that affect performance (e.g., Dinges & Powell, 1985),
with the saccadic system being more sensitive to changes in stimulus strength and less
variable in the timing of the response.
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CHAPTER 1
INTRODUCTION
The purpose of this thesis is to quantify response time (RT) variability of various
motor systems (pursuit, saccadic, and manual) to changes in stimulus contrast
(Experiment 1) and luminance (Experiment 2), variability across multiple time scales,
and shared variability between each motor system. RT refers to the time between the
presentation of a stimulus and the initiation of a response. Quantifying the shared and
unshared variability of oculomotor and manual responses can provide insight into the
sensitivity of each motor system to varying changes in stimulus strength and ultimately
the utility of each system to detect physiological factors that impact human performance.
Motor behavior provides a straightforward means to measure various sensory and
motor factors that impact human performance. Indeed, motor RTs show changes related
to: sleep deprivation (Basner, Mollicone, & Dinges, 2011; Dinges & Powell, 1985;
Heaton, Maule, Maruta, Kryskow, & Ghajar, 2014; Lisper & Kjellberg, 1972), hypoxia
(Fowler & Prlic, 1995; Kobrick & Dusek, 1970; Kobrick, 1972), fatigue (Ting, Hwang,
Doong, & Jeng, 2008; Welford, 1980), vigilance (Buck, 1966), pharmacological toxicity
(Liguori, Gatto, & Robinson, 1998; Tzambazis & Stough, 2000), sympathetic nervous
system arousal (Rogers, Phan, Kennaway, & Dawson, 1998; Wilkinson & Houghton,
1982), autoimmune disease (Martin et al., 1992), hypotension (Duschek, Weisz, &
Schandry, 2003), neurodegenerative disease (Anderson & MacAskill, 2013; Garbutt et
al., 2008; Van Stockum, Macaskill, Myall, & Anderson, 2013), head impact trauma
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(Heitger et al., 2004; Hicks & Birren, 1970; Pearson, Armitage, Horner, & Carpenter,
2007), and space-motion sickness (Ratino, Repperger, Goodyear, Potor, & Rodriguez,
1988). In some cases, motor RT increases linearly with severity of the condition or
internal state (e.g., sleep deprivation, fatigue, hypotension, neurodegenerative disease,
head-impact trauma, and space-motion sickness), while in other cases, motor RT
decreases with severity of the condition or internal state (e.g., stimulants and arousal).
However, in terms of performance, RT is a factor of the Yerkes-Dodson law, in which
optimum performance is a function of arousal, where too little or not enough arousal
leads to poor performance (e.g., vigilance and sympathetic nervous system arousal).
Traditionally, motor RTs have been utilized as a metric for detection of such conditions
or states.
The motor systems queried by these tests often vary, and include manual button
press (Basner et al., 2011; Dinges & Powell, 1985; Wilkinson & Houghton, 1982),
saccadic (Pearson et al., 2007), and smooth pursuit (Liston & Stone, 2014) responses. In
addition to absolute RTs, many other properties of motor behavior may be useful
indicators of changes in neural states, including: RT variability (Kobrick & Dusek, 1970;
Kobrick, 1972; Lisper & Kjellberg, 1972), changes in saccadic peak velocity (Hikosaka,
Nakamura, & Nakahara, 2006; Miller, 2004; Uri, Linder, Moore, Pool, & Thornton,
1989), fixation duration (Abadi & Gowen, 2004), antisaccades (Garbutt et al., 2008),
baseline pupil size (Miller, 2004), and saccade gain (Garbutt et al., 2008). Across motor
systems (e.g., saccadic, smooth pursuit, manual), the properties (e.g., timing) and
sensitivity (e.g., accurate, low signal-to-noise ratio) of behavior to factors that impact
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human performance and ultimately provide insight into neural states remain an open
research area; if one is to use motor RT as a measurement of internal changes, which
system is best suited for the job?
The earliest RT studies show a strong effect of stimulus strength (Cattell, 1886;
Henmon, 1906; Jastrow, 1890) on motor RTs, shortening the time it takes to respond as
stimulus strength increases. However, the earliest RT studies measured either verbal
(Jastrow, 1890) or manual responses (Buck, 1966; Cattell, 1886). Oculomotor responses,
which have been tested more recently due to advances in eye-tracking techniques
(Yarbus, 1967) show effects of stimulus contrast (Beutter, Eckstein, & Stone, 2003;
Carpenter, 2004; Liston & Krauzlis, 2003; Masson, Mestre, Blin, & Pailhous, 1994;
Taylor, Carpenter, & Anderson, 2006; Wheeless, Cohen, & Boynton, 1967), luminance
(Bompas & Sumner, 2008; Kane, Wade, & Ma-Wyatt, 2011; Liston, Krukowski, &
Stone, 2013; Masson et al., 1994; Wheeless et al., 1967), target speed (Rashbass, 1961;
Robinson, 1964, 1965), and changes in target position (Kane et al., 2011). Similarly,
manual RTs show effects of contrast (Taylor et al., 2006), luminance (Bompas &
Sumner, 2008; Cattell, 1886; Kane et al., 2011), and changes in target position (Kane et
al., 2011). However, paired comparisons of various motor systems show manual RTs to
visual stimuli have longer latencies (Beutter et al., 2003; Bompas & Sumner, 2008; Kane
et al., 2011; Stone & Krauzlis, 2003) and take longer to modify compared to oculomotor
responses (Kane et al., 2011). Could this delay in RT potentially be advantageous in
detecting internal changes or simply a greater source of variability?

3

Paired RT comparisons of various motor systems also show systematic
differences in their properties (e.g., Beutter et al., 2003; Bompas & Sumner, 2008; Kane
et al., 2011; Liston & Krauzlis, 2003; Masson et al., 1994), which suggests that although
there are shared neural processing stages (Beutter & Stone, 2000; Krauzlis & Adler,
2001; Krauzlis & Stone, 1999; Stone & Krauzlis, 2003), manual and oculomotor
responses may ultimately display different utility to detect internal changes. Indeed,
when stimulus strength is high, oculomotor and manual responses are correlated on a
trial-by-trial basis (Beutter & Stone, 2000; Krauzlis & Adler, 2001). However, when
stimulus strength is low, oculomotor and manual responses no longer share the same
trial-by-trial correlation (Beutter & Stone, 2000), which suggests that one of the two
systems may be more sensitive to small internal changes. Thus, the current literature
contains an emerging picture of the differences in signal processing mechanisms (Beutter
et al., 2003; Masson et al., 1994; Stone & Krauzlis, 2003), sensitivity to factors that
fluctuate across sessions (Rogers et al., 1998; Sahin, Wood, Plitnick, & Figueiro, 2014),
and underlying physiological circuits that contribute to RT variability (Flykt, 2005;
Jennings & Wood, 1977).
The goal of the present paper is to quantify across and within-session RT
variability, shared variability across motor systems, and the responsiveness of various
motor systems to detect changes in stimulus contrast and luminance. We used a large
range in stimulus contrast (5-100%) for Experiment 1 and a small range in stimulus
luminance (0-10 d' above the background noise) for Experiment 2. Documenting the RT
of various motor systems and the variability shared across systems can provide insight
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into the sensitivity of each motor system to varying changes in stimulus strength and the
utility of each system to detect internal factors that impact performance.
CHAPTER 2
EXPERIMENT 1
The first experiment tested the shared RT variance of the responses of manual and
two oculomotor systems (pursuit and saccadic) to changes in stimulus contrast (5, 10, 20,
40, 80, 100%) on a choice RT task. Our method required observers to make a saccade to
the stimulus, follow the stimulus in the appropriate direction (pursuit), and indicate the
direction of travel by either pressing the left or right button on the mouse. Observers
were instructed to respond as quickly and accurately as possible.
Method
Observers. Three adult observers provided informed consent (Appendix A) to
participate in the experiment (all three female, age range: 22-23 years). Observers were
required to have normal or corrected-to-normal 20/20 visual acuity. Each observer
completed a total of 23 sessions, the first three of which were training sessions. The data
used in the analysis were collected in the last 20 sessions, each of which consisted of 400
trials. The protocol used was approved by NASA Ames Research Center Human
Institutional Review Board (IRB) (Appendix B) and San José State University Human
IRB (Appendix C). Our methods adhered to the Helsinki Declaration.
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Hardware. Experiments 1 and 2 were executed using a Linux computer running
custom-built software that controlled the timing of the experiment, displayed the stimuli,
acquired eye-position data, and saved it to a disk. All display events were recorded in an
output data file, allowing precise (1 ms) registration with the eye-position data. Stimuli
were displayed on an EIZO FlexScan T966 monitor with 1024 × 768 resolution (40 cm
horizontal by 29.5 cm vertical), 60 Hz flicker rate, calibrated to have a maximum
luminance of 80.0 cd/m2, and gamma-corrected using a lookup table. The monitor was
47 cm from the observers, with a viewing angle of 46° horizontal by 34.8° vertical.
We sampled eye position at 240 Hz with a custom-built ISCAN eye tracker. The
eye-position traces were calibrated with six parameters (gain, offset, and cross-terms for
horizontal and vertical position) (Beutter & Stone, 1998) fit to the raw digital values for
fixations at nine screen locations, which yielded a sample precision of better than 0.3°
(SD of eye position during fixation of calibration points). In the offline analysis,
saccades were detected by taking the correlation between a saccade-shaped velocity
template and the horizontal eye velocity trace (Liston et al., 2013).
Stimulus. The independent variable in the stimulus was the level of contrast (5,
10, 20, 40, 80, 100%). The stimulus consisted of elongated contrast strips, which were
offset vertically and moved horizontally to the left if the stimulus was presented below
the fixation point or to the right if the stimulus was presented above the fixation point
(Liston & Krauzlis, 2003, 2005). To avoid prediction of stimulus onset (Luce, 1986;
Palmer, Huk, & Shadlen, 2005), fixation duration was drawn from a truncated
exponential distribution (200-5000 ms, M = 700 ms). As a psychophysical task, we used
6

a slightly modified YES-NO task (Green & Swets, 1966), where each trial contained a
single stimulus drawn from two orthogonal parametric categories: horizontal motion
either "leftward" or "rightward" and location either "above" or "below" fixation. As a RT
task, this is classified as a choice RT (Luce, 1986; Welford, 1980) paradigm because our
stimulus required the observer to initiate one of two responses, either leftward or
rightward smooth pursuit, an upward or downward saccadic movement, and a manual
button press of either the left or right mouse button for each trial.
Procedure. Observers sat in front of the EIZO FlexScan T966 monitor on a bite
bar to keep the head relatively stable. On each trial, observers were instructed to fixate a
central cross for a randomized (200-5000 ms) duration (Luce, 1986; Palmer et al., 2005).
After fixation, the stimulus appeared either above the fixation point and moved rightward
or below the fixation point and moved leftward across the screen (see Figure 1).

Figure 1. Experiment 1 schematic diagram of one trial. Each screen image represents the
central portion (11.7° horizontal × 8° vertical) of the video monitor. The observer begins by
fixating (transparent red circle) a central fixation cross for a randomized duration. A long
horizontal strip then appears either above or below the fixation location, moving either
rightward (solid gray arrow) or leftward (Liston & Krauzlis, 2003, 2005). The observer then
makes a vertical saccade and horizontal smooth pursuit (transparent red arrow) to stabilize the
image of the moving strip on the fovea.

7

Observers were instructed to look at and follow the stimulus until it was no longer
visible, which required both a pursuit and saccadic response. Observers were also
instructed to make a manual button-press response using a generic computer mouse to
indicate the direction of the chosen stimulus. Lastly, observers were instructed to
respond to the stimulus as fast and accurately as possible.
Analysis. To quantify the effect of contrast on motor system latency we
performed a 2-way ANOVA on RT across contrast conditions (5, 10, 20, 40, 80, 100%)
for each motor system (pursuit, saccade, and manual). We then fit the contrast RT data
using a linear fit for each motor system and observer (see Figure 2), similar to other loglinear fits of contrast (Bartlett & Macleod, 1954; Carpenter, 2004; Hyman, 1953) or
probability (Hick, 1952). Each fitted line consists of an offset (T0) and a contrastdependent slope (k). Since the offset and rate of change were idiosyncratic and motor
system dependent, each observer was fitted with a different T0 and k per motor system.
𝑅𝑇 = 𝑇! − 𝑘 log!" 𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡

Equation (1)
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Figure 2. Effect of stimulus contrast on pursuit, saccadic, and manual latency. Each black
filled circle plots mean response time across twenty sessions as a function of stimulus contrast,
for one motor system, for one observer; error bars represent the standard deviation across
twenty sessions. Solid black lines plot the linear regression of latency as a function of log
contrast (Carpenter, 2004). Filled colored regions plot the across-session variability, averaged
across contrast conditions, for pursuit (blue), saccadic (red), and manual (gray) motor
responses. Each set of axes plot data from one observer.

Since our RT data were nonparametric, we used the median as a measure of
central tendency. This yielded a set of 20 measurements (one for each session) of median
RT for each motor system and observer. These measurements contained variability due
to across-session factors that were not explicitly controlled (e.g., circadian rhythm, sleep
quality, blood sugar, autonomic arousal, fatigue, etc.). To quantify across-session RT
variability, we performed a 2-way ANOVA on RT for motor system and contrast level
across all 20 sessions for each observer. We then correlated reciprocal latency with log
contrast level across all sessions for each motor system (Figure 3A-C). To quantify
shared variability across motor systems and sessions, we calculated the Pearson’s r values
for each pair of motor system and stimulus strength (Figure 3D-E).
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Figure 3. Correlation between stimulus strength and motor response time. Filled circles in A-C
plot individual measurements of reciprocal latency as a function of log stimulus strength for
smooth pursuit (A), saccades (B), and button-press (C) responses for one observer. Data for all
twenty sessions for one observer are shown, and the Pearson’s r value across all measurements is
inset. Each filled circle in D-F plots the Pearson’s r value for two motor systems for one
observer, averaged across all twenty sessions. Error bars represent the central 95% of the
distribution of across-session measurements.

To quantify within-session RT variability, we fit RT measurements as a function
of contrast with a linear regression, for each motor system and observer. We then
subtracted the expected RT for each contrast level from the measured values, to yield a
set of residual RT measurements, again due to within-session factors that were not
explicitly controlled (e.g., heart rate, blood sugar, attention modulations, boredom,
fatigue, motivation). We then correlated the set of residual measurements for each pair of
motor systems, for each of the 20 sessions across observers (see Figure 4).
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Figure 4. Within-session and across-session shared motor system variability. Horizontal lines
represent the average shared variability between pursuit and saccadic (blue), saccadic and manual
(red), and pursuit and manual (black) motor systems for all observers across-sessions
(unsaturated) and within-session (saturated). Error bars represent the standard deviation of a set
of boot-strapped medians per session for across-session (saturated) and across the means of 20
sessions for within-session (solid) squared correlations per observer.

To quantify across-session RT variability, we measured median RT for each
session and motor system. This yielded a set of 180 measurements (3 observers x 3
motor systems x 20 sessions). Since our RT data did not follow a Gaussian distribution,
we calculated across-session RT variability by subtracting the 25th from the 75th
percentile and taking the mean. To quantify within-session RT variability, we used the
50th percentile value of the set of medians, collapsing across all 20 sessions for each
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motor system and observer. To quantify shared RT variability between motor systems,
we calculated Pearson’s r for each pair of motor systems (see Figure 4).
Results and Discussion
First, we measured the median RT for each of the three motor systems, for each
observer. Consistent with well-known values for the timing of smooth pursuit (125-180
ms; (Rashbass, 1961; Robinson, 1964)), saccadic (200-250 ms; (Rashbass, 1961;
Robinson, 1965)), and manual button-press responses (350-450 ms; (Welford, 1980)), we
observed an average RT of 157 ms for the pursuit system, 210 ms for the saccadic
system, and 400 ms for the manual button-press system (see Table 1), collapsing across
all values of stimulus contrast.
Table 1
Across and within-session variability in motor RT for Experiment 1
Experiment 1
Saccades (ms)
median

Manual (ms)

across-

within-

session

session

median

Pursuit (ms)

across-

within-

session

session

median

across-

within-

session

session

Observer 1

181

5

17

434

21

59

152

5

17

Observer 2

208

8

24

395

20

49

152

8

24

Observer 3

239

7

24

373

10

62

167

11

25

We then plotted median RT as a function of stimulus contrast for each motor
system and observer across sessions, as shown in Figure 2. Using a two-way repeatedmeasures ANOVA, we observed a significant main effect of stimulus contrast F(5,10) =
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130.50, p<0.0001 and motor system F(2,4) = 55.51, p= 0.0012 on RT, as well as a
significant interaction between contrast and motor system F(5,10) = 19.60, p<0.0001 on
RT, indicating that contrast-RT functions for the three motor systems do not share the
same slope. Thus, we fit a two-parameter linear function (Carpenter, 2004; Hick, 1952;
Hyman, 1953) to contrast-RT data for each observer, for each motor system, shown as
solid lines in Figure 2. Using the multiple independent measurements of across-session
variability offered by our six contrast levels, we observed that the across-session RT
variability in manual button-press response is larger (M = 17, SD range = 10-20 ms) than
either pursuit (M = 8, SD range: 5-11 ms) or saccadic responses (M = 7, SD range: 5-8
ms) across sessions F(2,8) = 5.88, p= 0.038, suggesting that the timing in the manual
system is more variable compared to the timing in the pursuit or saccadic system.
Effects of contrast on RT. To quantify the effect of stimulus strength on motor
RT we correlated reciprocal RT with log contrast level (Carpenter, 1981). For each
motor system, we plotted reciprocal latency for each session as a function of log contrast
and quantified Pearson's r (see Figure 3A-C), yielding a set of 180 correlation strengths
(3 subjects x 3 motor systems x 20 sessions). For all observers, saccadic response timing
was more strongly correlated with stimulus strength (Observer 1: r =0.72; Observer 2: r
=0.68; Observer 3: r =0.55; all p <0.001) than either pursuit (Observer 1: r =0.47;
Observer 2: r =0.37; Observer 3: r =0.16, all p <0.001) or manual button-press timing
(Observer 1: r =0.19; Observer 2: r =0.18; Observer 3: r=0.15, all p <0.001). Indeed,
saccadic RT decreased as stimulus contrast increased. Thus, this horizontally-moving,
vertically-offset stimulus provoked saccadic responses with a tighter correlation to
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stimulus contrast than pursuit or manual responses F(2,8) = 15.87, p= 0.004, suggesting
that saccadic RT is more sensitive to changes in stimulus strength.
Shared variability across motor systems. To assess whether shared acrosssession factors (e.g., circadian fluctuation, sleep quality, autonomic arousal, blood sugar,
etc.) influence these motor systems in parallel, we quantified the pairwise correlations
between median latency measurements for each set of motor systems. This measurement
quantifies the strength of factors that change on timescales longer than an individual
session. Thus, we observed an average across-session variance of (r2=0.22), with
saccades and manual button-press responses sharing 22% of the variance t(107) = 11.17,
p< 0.0001, (r2=0.15) with pursuit and saccades sharing 15% of the variance t(107) =
15.64, p< 1.0001, and (r2=0.05) with pursuit and manual button-press responses sharing
5% of the variance t(107) = 7.56, p< 0.0001. Each pair of motor systems showed
significant shared variability across multiple timescales. Thus, the relative strength of
across-session correlations to changes in stimulus contrast may be useful to understand
how factors that change on a longer timescale (e.g., fatigue, heart rate, circadian rhythm,
etc.) impact perceptual and motor performance.
Variability within and across-sessions. To assess trial-by-trial RT variability
within an individual session, we fit the reciprocal RT measurements for each motor
system with a linear function of log contrast (e.g., Carpenter, 1981; Eq. 1). These
residuals quantify RT variability that cannot be accounted for by the stimulus, and which
may be due to any number of factors that fluctuate on timescales of one hour or less (e.g.,
heart rate, blood pressure, fatigue). Thus, we made these measurements to compare the
14

relative strength of factors that may influence the timing of motor responses on various
timescales (e.g., days or weeks versus minutes or hours). Using Wilcoxon Rank-Sum
test, we observed that across-session variance is significantly smaller than within-session
variance W(9, 9) = 45, p < 0.0001. We conclude that shared variability that influences
the timing of motor responses on a trial-by-trial basis has a larger effect than shared
variability that influences motor responses across sessions, although both are significant.
Experiment 1 required a left-right, and above-below decision on the part of the
observer (e.g., a YES-NO task) with stimulus strength that varied over a large range (5%
to 100%), making stimulus contrast the largest factor contributing to RT, especially
compared to residual variability (see Figure 2). To facilitate measurement of potential
internal noise contributions to RT, we used a two-alternative forced-choice (2-AFC)
luminance discrimination task (Experiment 2) with stimulus strength that varied over a
much smaller range (0-10 d’ units above the background noise).
CHAPTER 3
EXPERIMENT 2
Experiment 1 demonstrated that with a high range of stimulus contrast, changes in
stimulus strength only accounted for a portion of the RT variability. Thus, we used a
smaller range of stimulus luminance values in Experiment 2 to facilitate measurement of
potential internal noise contributions. The proposed analysis was performed on data
previously collected to quantify noise in RT (Liston & Stone, 2013). We used the data to
quantify internal noise and shared variance in RT of the saccadic and manual motor
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systems to changes in stimulus luminance. We used a small range of stimulus luminance
values (0-10 d' above the background noise) on a 2-AFC RT task. Our stimuli required
observers to make a saccade to the brighter of the two stimuli and indicate the chosen
stimulus by pressing either the left or right mouse button. Observers were instructed to
respond as rapidly and accurately as possible. The hardware used in Experiment 2 was
the same as the one used for Experiment 1.
Method
Observers. Five adult observers provided informed consent (Appendix A) to
participate in the experiment (one male, four females, age range: 23-25 years). Observers
were required to have normal or corrected-to-normal, 20/20 visual acuity. Each observer
completed a total of 20 sessions, each consisting of 400 trials, although we discarded a
session from the data analysis due to missing oculomotor in that session. The protocol
used was approved by NASA Ames Research Center Human IRB (Appendix D) and San
José State University Human IRB (Appendix E). Our methods adhered to the Helsinki
Declaration.
Stimulus. The stimuli consisted of two Gaussian-blurred (σ = 1 pixel) disks of
diameter 0.6° framed by a black bounding box (Liston & Stone, 2008, 2013) and
presented 6° to the left and right of the fixation point. The stimuli were presented on a
background of Gaussian pixel noise (37.6 ± 8.2 cd/m2). To avoid prediction of stimulus
onset (Luce, 1986; Palmer et al., 2005), fixation duration was drawn from a truncated
exponential distribution (200-5000 ms, M = 700 ms). We used a 2-AFC task, in which
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observers were required to make a saccade to the chosen stimulus and a button-press
response to indicate the chosen stimulus. To ensure a consistent response threshold on
the tradeoff between speed and accuracy, we used an auditory reinforcement tone (1001000 Hz) that incorporated RT (i.e., the size of the reward decreased as latency
increased) and accuracy (i.e., only correct trials were rewarded) on individual trials
(Liston & Stone, 2008, 2013; Liston & Krauzlis, 2005). For correct trials, auditory tone
and monetary reward were contingent upon RT with the tone and monetary reward
decreasing as latency increased.
Procedure. Observers sat in front of the EIZO FlexScan T966 monitor on a bite
bar to keep the head relatively stable. On each trial, observers were instructed to fixate a
central cross for a randomized duration (700-5000 ms). After the randomized duration,
the fixation disappeared and the stimulus was presented 6° to the left and right of the
fixation point. Observers were instructed to make a saccade to the brighter of the two
disks and to make a manual button-press response to indicate the chosen stimulus (Liston
& Stone, 2008). Thus, this stimulus required a saccadic and manual choice on each trial.
Analysis. Since our RT data were non-parametric, we used the median as a
measure of central tendency. To quantify the effect of luminance on saccadic and manual
button-press latency, we correlated reciprocal RT with stimulus strength for each session.
This yielded a set of 20 correlation measurements for each motor system and observer.
To quantify shared RT between motor systems, we correlated saccadic and manual RT
across sessions and observers.
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To quantify across-session RT variability, we measured median RT for each
session and motor system. This yielded a set of 200 measurements (5 observers x 2
motor systems x 20 sessions). Since our RT data did not follow a Gaussian distribution,
we calculated across-session RT variability by subtracting the 25th from the 75th
percentile and taking the mean.
To quantify within-session RT variability, we used the 50th percentile value of
the set of medians, collapsing across 20 sessions for each motor system and observer. To
quantify shared RT variability between motor systems, we calculated Pearson’s r for
saccadic and manual RT with stimulus strength and for saccadic and manual RT.
Results and Discussion
We first measured the median RT for saccadic and manual button-press
responses, for each observer, and quantified the across-session variability. Consistent
with RTs for Experiment 1 and previous RT measurements, we observed a median RT of
240 ms for saccades and 412 ms for manual responses (see Table 2). These
measurements correspond with 200 ms for saccades and 400 ms for manual RTs in
Experiment 1.
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Table 2
Across and within-session variability in motor RT for Experiment 2
Experiment 2
Saccades (ms)
median

Manual (ms)

across-

within-

session

session

median

across-

within-

session

session

Observer 1

227

7

41

474

9

69

Observer 2

235

3

24

387

11

45

Observer 3

230

6

36

386

10

56

Observer 4

245

5

34

401

13

83

Observer 5

266

16

45

414

24

74

Effects of luminance on RT. To quantify the effect of luminance on saccadic
and manual button-press latency, we correlated reciprocal RT with stimulus strength
(Carpenter, 1981). For each motor system, we plotted reciprocal latency as a function of
stimulus strength and quantified Pearson's r (see Figure 5), yielding a set of 200
correlation strengths (5 observers x 2 motor systems x 20 sessions) for each observer.
Across observers, saccades were better correlated with the stimulus (r= 0.18, paired t-test,
p<0.0001), decreasing RT as luminance strength increased, compared to manual buttonpress responses (r= 0.13, paired t-test, p<0.05). Thus, our low-luminance stimulus
provoked saccadic responses that were better correlated with changes in stimulus strength
than manual button-press responses, suggesting that saccadic RT is more sensitive to Just
Noticeable Differences (JND) in stimulus strength as compared to manual RT.
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Figure 5. Shared across-session variability between stimulus strength and RT. Filled circles in
the top-panel plot shared variability between stimulus strength and saccade response, signal
strength and manual response, and saccadic and manual responses. Error bars represent the SEM
across observers. Bottom panels compare the correlations between the physical stimulus strength
and the motor response time and the response time of both motor systems. Across the signal
strength range of these stimuli, saccades and manual response times are better correlated with
each other than with stimulus strength.

Shared variability across motor systems. Although the timing of saccadic
responses are better correlated with the stimulus, when the JND is closer to not being
detected (difference between the two disks is not noticeable), saccadic and manual
button-press responses are better correlated with each-other (r = 0.35, paired t-test
p>0.05) than either individual system with the stimulus, indicating shared internal noise
contributing to RT variability. Thus, the use of a task with a restricted range of stimulus
strength facilitated measurement of this shared internal noise, which would not have been
salient with only Experiment 1.
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Variability Within and Across-sessions. Consistent with Experiment 1, we
observed that the across-session RT variability in manual button-press response (M = 13
ms, SD = 6 ms) is larger than the corresponding variability for saccadic response (M = 7
ms, SD = 5 ms) W(5,5) = 19, p= 0.095. However, the difference in manual and saccadic
RT is not significant and may be due to the restricted range of stimulus strength. Lastly,
the trial-by-trial variability in a session for saccadic and manual responses is greater than
variability across all sessions W(10,10) = 55.5, p< 0.0001, suggesting that changes on a
trial-by-trial variability is greater than aggregated variability across all sessions.
CHAPTER 4
GENERAL DISCUSSION
Interest in motor RTs arose from the difference in recorded timing of stellar
transits in the astronomy community. F. W. Bessel noticed that his timing of when a star
crossed the hairline of his telescope was consistently different compared to the timming
recorded by a visiting astronomer, with his timing always slightly sooner than the timing
of the visiting scholar (Welford, 1980). Intrigued by the difference, he conducted an
experiment on the accuracy of the timing and came up with what he called, personal
equation, which can be referred to as idiosyncratic differences in the timing of responses
between two people. Since then, research in motor RTs has increased and is becoming an
objective measurement of changes in neural states (Basner et al., 2011; Dinges & Powell,
1985; Liston & Stone, 2014; Pearson et al., 2007).
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Building on RT research pioneered by Helmholtz and Dodge, researchers began
to quantify the inverse relationship between response time and changes in stimulus
strength (Carpenter, 1981; Cattell, 1886; Piéron, 1927), which for stimuli with a high
range in contrast or luminance, RT predictably decreases as stimulus strength increases
(Carpenter, 1981; Cattell, 1886; Piéron, 1927) and vice versa. However, interest in the
predictability of neural states using RTs fell off and picked up only after the application
of information theory to choice RT paradigms (Hicks & Birren, 1970; Hyman, 1953),
which again became a quantifiable measurement of neural states (Carpenter, 1981; Luce,
1986; Welford, 1980).
Traditionally, RT studies used either verbal (Jastrow, 1890; Masson et al., 1994)
or manual responses (Basner et al., 2011; Cattell, 1886; Dinges & Powell, 1985; Piéron,
1927; Wilkinson & Houghton, 1982). However, as oculomotor measurements became
more precise (Yarbus, 1967), interest in oculomotor RTs increased (Carpenter, 1981;
Diefendorf & Dodge, 1908). The advancement of better optical tools allowed for the
measurement of other properties of motor behavior that may be useful indicators of
changes in neural states (e.g., response time variability, changes in saccadic peak
velocity, fixation duration). However, across motor systems, the properties and
sensitivity to detect changes in neural states and ultimately serve as a reliable metric for
detection and prediction remains a topic of debate. The data in this paper demonstrate
that 1) saccadic RTs are better correlated with changes in stimulus strength, 2) manual
responses show more variability compared to oculomotor responses, 3) across-session
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variance for all motor systems is smaller than trial-by-trial variability, and 4) shared
variability between oculomotor and manual responses indicate shared neural processes.
Effect of Stimulus Strength
Our data demonstrate that the timing of saccadic responses are better correlated
with changes in stimulus strength as compared to pursuit and manual responses. This
holds to be true for the stimuli in Experiment 1, which has a large range in stimulus
contrast (5-100%) and for Experiment 2, which has a small range in stimulus luminance
(0-10 d’ above the background). The correlation between stimulus strength and saccadic
RT cannot only be attributed to the general speed of the saccadic system because the
pursuit system is indeed faster. However, there is a speed-accuracy tradeoff in the
response between the saccadic and pursuit systems (Liston & Krauzlis, 2003, 2005).
Indeed, it has been shown that the pursuit system employs a faster response to the chosen
stimulus, but can often be wrong. In cases when the pursuit system is wrong, it makes a
corrective turn-around motion and selects the same target as the saccadic response
(Liston & Krauzlis, 2003). Thus, between the two oculomotor systems, though not the
fastest to respond, the saccadic system is the most accurate.
The difference in the oculomotor and manual RTs is a bit more elusive. The
difference in timing between the motor systems cannot be accounted for only by nerve
distance and conduction (Carpenter, 1999; Helmholtz, 1850). Though it seems
reasonable that the manual system should take longer to respond to visual stimuli because
the nerves travel farther, that is not the case. There is a speed-accuracy tradeoff between
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the saccadic and manual systems that may be driving this difference (Beutter et al.,
2003). Correcting a mistake made by poor planning in the manual system can be a lot
more costly than a mistake in the oculomotor system. Take, for instance, batting a curve
ball, if the batter programmed the manual response before realizing that the ball’s
trajectory is curved, reprogramming the response is lengthy (~400 ms) and costly (might
not hit the ball). However, in this case, the saccadic system is both faster and better
correlated with stimulus strength. Our results suggest that the oculomotor system, in
particular the saccadic system, is more sensitive to changes in stimulus strength
compared to the pursuit and manual systems.
Motor System Variability
Variability in the timing across motor systems and within a single system has
been an area of interest since Helmholtz measured nerve conduction (Helmholtz, 1850)
and subsequent research showed that nerve conduction is only a small portion of the
timing in RT (Carpenter, 1981, 1999). Hence, most of the time it takes to respond to a
stimulus is occupied by central processes (Carpenter, 1999; Welford, 1980). In some
cases, the response within a motor system is more variable. If one is to use the RT of one
motor system to measure internal changes, how much variability should that system
have?
Our data show that variability in manual responses is larger than variability in
either of the two oculomotor systems. Since the sensory input for oculomotor and
manual systems is the same and nerve conduction is not the reason why manual responses
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take longer and are more variable, a difference in the decision-making mechanism might
be responsible for the observed difference. Most of the time taken by the saccadic system
to respond to a stimulus is occupied up by higher-level structures (Carpenter, 1999)
involved in processes determining what is most relevant and important. The manual
system, having to program a more complex response, receives input and inhibition from
more structures. Thus, there are two ways of thinking about the variability in the timing
of the manual motor system. One is that the difference could be due to a greater
sensitivity to factors that fluctuate across sessions (e.g., fatigue, circadian factors, sleep
deprivation, sympathetic system arousal). The second is simply more variability in the
timing of the motor response due to the number of structures involved in programming
and executing the command, which suggests greater noise in general.
Consider using the responses of one of the motor system to detect changes in
fatigue (Jastrow, 1888; Ting et al., 2008; Welford, 1980), sleep deprivation (Basner et al.,
2011; Dinges & Powell, 1985; Heaton et al., 2014; Lisper & Kjellberg, 1972), or brain
injuries (Heitger et al., 2004). On the one hand, the relatively high within and acrosssession variability of manual button-press responses may impede detection of small RT
changes related to neural states or brain injury. On the other hand, the relatively large
across-session variability may be related to meaningful performance fluctuations (e.g.,
fatigue) that may have changed across sessions, but will obscure changes in RT related to
traumatic brain injuries, for example. Considering the two scenarios and taking into
account that both oculomotor systems are better correlated with changes in the stimulus,
the manual system’s variability seems to be due to fluctuating noise not to meaningful
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changes. In this case, a system with greater inhibition and command from higher-level
structures seem to obscure the internal changes we are interested in measuring.
Variability Across Multiple Timescales
It has been reported that under some conditions, RT and RT variability increase
with the severity of the condition (Kobrick & Dusek, 1970; Kobrick, 1972). Thus, RT
variability across multiple timescales (e.g., hour, day, weeks) can give insight to the
severity, condition, or even progression of neural states. However, it is not clear whether
the difference can be measured in an individual session (hour) or across-sessions
(months). For our data, responses across all motor systems show greater variability
within the course of a session than across all sessions. For all motor systems, the median
RT for a particular observer tends to be very stable compared to trial-by-trial variability.
This observation poses the question, why is variability within a session greater than
variability across sessions?
Previous discussions of within-session variability have noted this “gratuitous
randomization” inherent in RT as potentially conferring evolutionary advantages
(Carpenter, 1981, 1999). For detection of changes in performance, however, the median
RT provides a stable summary metric, although the within-session RT variability may
also be useful, especially in the context of Carpenter’s LATER model, in which a
decision signal rises as a response to incoming sensory evidence until a threshold is
achieved and a response initiated (Carpenter, 1999). However, the rate of rise in
response to sensory information fluctuates from trial-to-trial in a manner that cannot be
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accounted for by nerve conduction or synaptic delay (Carpenter, 1999), suggesting that
the "gratuitous randomization" serves as an internal process that randomizes the response.
Thus, a single session may be enough to give insight to the immediate internal state while
multiple sessions may show stability/ instability, or progression.
Shared Neural Noise
Lastly, RT correlations between all pairs of motor systems show shared internal
noise. This finding is not surprising for the oculomotor systems (Liston & Krauzlis,
2003; Liston & Stone, 2013). However, the shared internal noise between manual
button-press and saccadic responses was only apparent with the stimulus with a low
range in luminance values, which was likely measuring internal variability impacting the
timing of both motor systems in conjunction. Indeed, shared neural noise between
oculomotor and manual responses, despite their differences in response timing, have only
recently been documented (Beutter et al., 2003; Liston & Krauzlis, 2003, 2005; Stone &
Krauzlis, 2003).
Thus, a stimulus with a large range in strength such as contrast in Experiment 1, is
likely measuring variability in the sensory input stage. However, a stimulus with low
detectability such as the stimulus in Experiment 2, is likely measuring variability in the
response preparation or the decision stage. Our data demonstrates that under conditions
where stimulus strength is low, saccadic and manual button-press responses are better
correlated with each other than either one with the stimulus (Beutter et al., 2003),
suggesting a shared process that influences the response preparation or decision stage.
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Furthermore, we observed significant positive correlations among all three motor systems
across sessions for one observer indicating that under some behavioral conditions, shared
across-session variability contributes to the timing of all three motor systems.
In summary, the saccadic system is more tightly correlated with changes in
stimulus strength as compared to the pursuit and manual systems, suggesting that it is
more sensitive to stimulus properties. In addition, our stimulus produced manual
responses with greater variability than the either oculomotor systems, suggesting that the
manual system is noisier and more variable. Also, trial-by-trial variability is greater than
variability across sessions for all motor systems, indicating that all three motor systems
show “gratuitous randomization” in responding to a stimulus. Lastly, shared variability
within pairs of motor systems suggests shared neural processes and noise. Taking into
consideration the data presented in this thesis, the motor system best suited for the
detection of changes to internal states is the saccadic system. The saccadic system is
better correlated with changes in stimulus strength, more predictable, and less variable as
compared to the pursuit and manual RT systems.
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Appendix A
NASA Ames Minimal Risk Consent Form

Ames Research Center

CATEGORY II – HUMAN RESEARCH
MINIMAL RISK

To the Research Participant: Please read this consent form and the attached protocol and/or subject instructions carefully. Make
sure all your questions have been answered to your satisfaction before signing.

CONSENT
A.

I agree to participate in the
protocol or subject instructions. I understand that I am employed by
_______________________.

research experiment as described in the attached
_who can be contacted at

B.

I understand that my participation could cause me minimal risk*, inconvenience, or discomfort.
The purpose and procedures have been explained to me and I understand the risks and discomforts as described in the attached
research protocol.

C. To my knowledge, I have no medical conditions, including pregnancy, that will prevent my participation in this study.
I understand that if my medical status should change while I am a participant in the research experiment there may be unforeseeable
risks to me (or the embryo or fetus if applicable). I agree to notify the Principal Investigator (PI) or medical monitor of any known
changes in my condition for safety purposes.

D.

My consent to participate has been freely given. I may withdraw my consent, and thereby withdraw from
the study at any time without penalty or loss of benefits to which I am entitled. I understand that the PI may request my
withdrawal or the study may be terminated for any reason. I agree to follow procedures for orderly and safe termination.

E.

I am not releasing NASA or any other organization or person from liability for any injury arising as a result of my
participationinthisstudy. I will be contacted by the PI if an unusual or abnormal (anomalous) finding is detected during
this study.

F. In the event of injury or illness resulting from this study and calling for immediate action or attention, NASA will provide, or
cause to be provided, the necessary emergency treatment. If I am eligible for and receive workers’ compensation benefits while
participating in this study, I cannot sue my employer because the law makes workers’ compensation my only remedy against my
employer. I may have other remedies against other persons or organizations, depending on the circumstances of the injury. The
United States Government will pay for any claims of injury or loss of life to the extent required by the Federal Employees
Compensation Act or the Federal Tort Claims Act.

G.

I hereby agree that all records collected by NASA in the course of this study are available to the research study
investigators, support staff, and any duly authorized research review committee. I grant NASA permission to reproduce and
publish all records, notes, or data collected from my participation, provided there will be no association of my name with the
collected data and that confidentiality is maintained, unless specifically waived by me. All stated precautions will be taken to
protect anonymity, but there is a small risk that some or all of the participants' data could become identifiable.

H.

I have had an opportunity to ask questions and have received satisfactory answers to all my questions. I understand that
the Pl for the study is the person responsible for this activity and that any questions regarding the research will be addressed to
him/her during the course of the study. I have read the above agreement, the attached protocol and/or subject instructions prior to
signing this form and I understand the contents.

•

Minimal Risk means that the probability and magnitude of harm or discomfort anticipated in the research are not greater, in and
of themselves, than those ordinarily encountered in daily life or during the performance of routine physical or psychological
e x a m i n a t i o n s or tests.
Signature of Research Participant
Date
Signature of Principal Investigator
Date

Printed/Typed Name of Research
Participant

Printed/Typed Name of Principal Investigator

Telephone Number of Research
Participant

Telephone Number of Principal Investigator

Address

Subject Signature: Authorization for Videotaping

City, Sate, Zip Code
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Appendix B
NASA Ames Research Center IRB Approval Experiment 1
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Appendix C
San Jose Staté University IRB Approval Experiment 1
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Appendix D
NASA Ames Research Center IRB Approval Experiment 2
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Appendix E
San José State University IRB Approval Experiment 2
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