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Abstract 

The pupil is known to dilate in response to numerous cognitive processes, thereby making it a 

sensitive measure of cognitive effort.  While evidence from previous pupilometry studies demonstrates 

that the pupil dilates during memory encoding and retrieval, the present study aims to determine how 

pupil dilation reflects the amount of cognitive effort exerted at encoding and retrieval for correctly-

recognized and updated information.  Ten consenting, volunteer subjects from the University of Arizona 

completed a classic reconsolidation paradigm that spanned the course of one week, in which subjects 

were exposed to a total of 68 objects.  The paradigm included a directed-forgetting manipulation, in 

which subjects were instructed to remember or forget certain objects.  During encoding and retrieval, 

pupil diameter was measured using an SMI remote eye tracker.  Of these ten subjects, five subjects met 

procedural protocol and had sufficient data present for analysis.  One-way ANOVAs determined there 

was no significant difference at either encoding or retrieval between correctly-recognized and updated 

information, regardless of whether subjects were instructed to remember or forget an object at encoding.  
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Introduction 

Reconsolidation Paradigm 

Memories were originally thought to be fixed entities, but due to advances in the field of learning 

and memory, we now know that they can be converted to a malleable state when reactivated, where they 

can be updated to contain new information (Hupbach, Gomez, Hardt & Nadel, 2007).  This phenomenon 

is referred to as memory reconsolidation because the newly incorporated information only shows up as 

having altered the original memory after subsequent consolidation.   

The basic reconsolidation paradigm follows a multi-part approach, where subjects learn two sets 

of objects over two separate days, and are later tested on their memory of what day they learned each 

object.  In the first session, subjects learn 20 basic objects paired with associated sounds, followed by a 

recall test to assess encoding.  Forty-eight hours later on Day 2, subjects are assigned to either a Reminder 

or No-Reminder condition, with only the former receiving memory reactivation cues.  During the second 

session, subjects learn a new set of 28 basic objects following a different procedural design from Day 1, 

but with the same recall test to assess encoding at the end.  Another 48 hours later, subjects complete a 

recognition test containing all Day 1 and 2 objects, as well as 20 novel objects for which they must also 

provide confidence ratings.  The results of the recognition test are used to assess all subjects for evidence 

of accurate memory and memory updating. The latter is from intrusions, or Day 2 objects recalled as 

having been learned on Day 1.  The general results from this paradigm show significantly more intrusions 

from Day 2 into Day 1 than the reverse, confirming that the memory is being updated rather than the 

subject exhibiting confusion over which day they learned the object (e.g. source error confusion).   

Previously, this paradigm has been used to examine the effects of reconsolidation on memory and 

integration of new information.  I aim to understand this complex process further by examining the 

relative degrees of cognitive effort exerted across memory reconsolidation stages, specifically during 

encoding and retrieval.  Additionally, I will be applying a directed-forgetting manipulation on Day 2, 

where subjects are instructed to recall only half of the object stimuli, and to forget the remaining half.  

Prior studies show that Forget items are more likely to be reported as intrusions, while Remember items 
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tend to intrude only when associated with a spatial context reminder (Newman-Smith, Gómez, Nadel 

2014).  The directed forgetting protocol allows for manipulating the strength of the encoded information 

because Remember items are encoded more deeply than Forget items, and also provides further insight 

into the degree of cognitive effort required to encode or forget novel information. 

Pupillary Response as a Measure of Cognitive Effort 

The pupil changes in response to several cognitive processes, such as attention, emotions, arousal, 

decisions, and memory formation, which induce either constrictions or dilations dependent on signaling 

from noradrenergic and cholinergic pathways (Marnix et al. 2013).  At the origin of most noradrenergic 

pathways sits the locus coeruleus, which is involved in attention-control and top-down processing 

(Goldinger & Papesh 2012).  The locus coeruleus releases norepinephrine to inhibit the oculomotor 

complex, thus inducing pupil dilations referred to as Task Evoked Pupillary Reflexes (TEPRs) that occur 

independently of involuntary responses to arousal, stress, or changes in light (Alnaes et al., 2014, 

Goldinger & Papesh 2012).   

TEPRs can result from increasing cognitive demand, as demonstrated by early studies in 

pupilometry.  For example, Hess and Polt first found that the pupil dilates from mental exertion during 

arithmetic problems, and consequently constricts following problem-solving (1964).  Building off this 

work, Beatty and Kahneman demonstrated that pupil diameter increases in response to cognitive demand 

by asking subjects to recall digit strings of increasing length (1966).  Beatty and Kahneman’s studies 

paved the way for greater exploration of TEPRs during complex memory tasks incorporating more 

demanding recognition criteria.  For instance, Otero, Weekes, and Hutton exhibited the “pupil old/new” 

effect by showing greater dilation during recognition tests for previously viewed stimuli compared to 

novel stimuli, as well as for objects that were more strongly encoded compared to those that were more 

weakly encoded (2011).          

More recent evidence from pharmacological studies demonstrates that neurons from the locus 

coeruleus fire throughout memory encoding, consolidation, and retrieval (Sara, 2009).  Since these firings 

induce a pupillary response, pupil diameter serves as a sensitive physiological measure by which to gauge 
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the amount of cognitive effort required at all these stages.  While the aforementioned studies have 

contributed to our understanding of pupillary response to memory load, they are restricted to short-term 

memory processes.  TEPRs associated with long-term memory processes, including reconsolidation, are 

much less explored.  In fact, based off my research, this marks the first reconsolidation study to use pupil 

dilation as dependent measure of cognitive effort during encoding and retrieval.  Additionally, this study 

is groundbreaking in its attempts to quantify cognitive effort while subjects are actively forgetting objects, 

thereby offering a more holistic perspective of memory processes. 

 

Predictions  

 Assuming memory strength at encoding is dictated by object importance, I predict greater pupil 

dilation for Remember objects compared to Forget objects (See Figure 1).  Due to the additional 

instruction to remember, subjects are more actively engaged during presentation of Remember objects, 

and exerting more cognitive effort to encode a strong memory.  If we assume that intrusions arise due to 

natural decay of memory over time, then we would expect the same cognitive effort for Remember items 

at encoding, regardless if they are later correctly recalled or intruded (see Figure 1) (Dalenberg & van 

Rijn).  The same could be said for Forget items, although they will reflect less pupil dilation when 

compared to Remember objects because subjects are not actively attending to them, therefore applying 

less cognitive effort to form a weaker memory.  This is supported by the theory of “value-directed 

remembering,” in which one selectively attends and recalls high value information, while ignoring low-

value information (Ariel & Castel 2014).  For our purposes, Remember objects are deemed “high value,” 

and Forget items are “low value.” 
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Figure 1. Predictions for pupil diameter at encoding of Day 2 Remember and Forget objects assuming 

that intrusions later arise from natural memory decay over time.  Diameters are equal within categories, 

reflecting equal encoding and cognitive effort. 

 

However, if we assume that intrusions arise due to defects at encoding, we would expect 

differences in pupil dilation at encoding within both remember and forget categories (See Figure 2).  

Presumably, intruded items would reflect less cognitive effort and pupil dilation because they are more 

weakly encoded, leading to their future incorrect recall.  Remember items that are to be correctly recalled 

would have the greatest pupil diameter at encoding because the most cognitive effort is being exerted to 

encode a strong memory.   
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Figure 2. Predictions for pupil diameter at encoding of Day 2 Remember and Forget objects assuming 

that intrusions later arise from defects occurring during encoding.  Diameter decrease linearly across 

groups, reflecting inadequate encoding for objects that will later be intruded. 

 

The strength of the memory at encoding will set the stage for the cognitive effort required at 

retrieval.  The stronger the memory, the less cognitive effort required to recall it; therefore, I predict the 

least amount of cognitive effort, and hence the smallest amount of pupil dilation, will be reflected in 

correctly recalled Remember objects.  On the opposite side of the spectrum, intruded Forget objects will 

reflect the greatest pupil dilation, because more cognitive effort is required to recall a weakly encoded 

memory.  By this view, intruded Forget objects will reflect the greatest amount of cognitive effort and 

largest pupil dilation (see Figure 3).  

 

 
Figure 3. Predictions at retrieval for Day 2 Forget and Remember objects.  Diameter increases linearly 

across categories, reflecting more cognitive effort to recall more weakly encoded information, and less 

required for strongly encoded information. 
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A total of ten subjects were recruited from general psychology courses at the University of 

Arizona to participate for course credit.  All subjects provided informed consent according to the UA’s 

IRB approval process and were fully debriefed at the study’s closure.  Subjects completed a vision 

questionnaire adapted from the manual How to Conduct Eyetracking Studies assessing vision states and 

various defects; such as if they have normal or corrected vision, nearsightedness or farsightedness, 

glaucoma, cataracts, permanent pupil dilation, or if they require any other assistive means to see a 

computer screen.  Only three subjects from the original pool meet all criteria and had complete data, with 

seven being discarded for having incomplete data or failing to follow study protocol (e.g. not looking at 

computer screen, reviewing objects outside of study).  However, for the purposes of this initial draft, only 

subjects who failed to follow study protocol were omitted, and the five remaining subjects were analyzed 

excluding the missing data. 

Stimuli and Materials 

Over the course of the experiment, subjects saw a total of sixty-eight images of common man-

made objects.  Additionally on Day 1, subjects heard 20 sounds, each associated with an individual 

object.  To control for extraneous cognitive and tonic pupillary responses, all images were non-emotional, 

grayscale, had dimensions of 1280 x 720, and equalized for luminance using the SHINE toolbox for 

MATLAB (Experiment 1 values: RMSE: 4.214611e+00, SSIM: 9.760918e-01, background lum: 170).  

Table I displays the object lists according to each day.   
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Table 1  

Object Lists 

Set 1 Set 2  Set 2  Novel Objects 
Airplane Balloon Bandaid Ambulance 
Alarm clock Blowdryer Chime Ball 
Apple Calculator Comb Bowling ball 
Arrow Chair Dice Camera 
Car Cup Key Cork 
Coins Drill Scissors Golf club 
Cymbals Feather Socks Gong 
Door Flashlight Sponge Noisemaker 
Drum Flower Stapler Nutcracker 
Fan Paintbrush Sunglasses Pot 
Frying pan Soda Teabag Spray can 
Hands Spoon Tennisball Spring 
Guitar Toothbrush Watch Telephone 
Leaf blower Whistle Water bottle Tissues 
Matchstick   Train 
Saw   Trash can 
Smokedetector   Typewriter 
Teakettle   Vacuum 
Toilet   Washing machine 
Zipper   Whip 

 

Table 1.  Objects presented for each day.  Set 1 consisted of 20 objects learned on Day 1; Set 2 consisted 

of 28 novel objects, 14 of which subjects were instructed to remember, and 14 of which they were told to 

forget according to which version they were assigned on Day 2; Set 3 consisted of 20 novel stimuli and 

the 48 images presented from Sets 1 and 2 as well. 

 

Research Design and Procedure 

The experiment follows the aforementioned basic reconsolidation paradigm, modified with a 

directed forgetting manipulation and procedural differences to account for the capture of eye tracking 

information.  The overall goal was to collect pupil data during stages of encoding and retrieval across all 

days as an indication of the amount of cognitive effort required across these stages.  As a multi-part 

experiment, the study spanned three days over the course of a week, with sessions always occurring at the 

same time of day.  At the start of each session, subjects were dark-adapted in a windowless room with the 
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lights turned off for 20 minutes prior to starting the experiment.  Dark-adaptation serves to inhibit the 

parasympathetic nervous system, under which the pupil can still observably dilate in response to cognitive 

demands (Goldinger & Papesh 2012).  Then, at the start of each day’s experimental protocol, eye 

movements were calibrated and validated by the SMI RED eye tracking software. 

On Day 1, subjects learned 20 objects that were first presented in pseudo-randomized pairs 

(displayed in Table 2) for 3000 ms, then individually for 5000 ms. Each image was paired with an 

associated sound for the duration of the 5000 ms (see Figure 1 for example).  For instance, the word 

“hands,” was paired with the sound of clapping.  All groups of objects (each of the 10 pairings and the 

individual images) were followed by a fixation cross shown for 2000 ms.  Subjects were presented with 

three separate pseudo-randomized sets of pairings (see Table 2), which were separated by a distraction 

test.  The distraction tests consisted of nine slides, all containing a random distribution of two different 

shapes, one of which subjects were instructed to count (see Figure 2 for example).  Subjects reported the 

number of shapes by typing in responses using the eye tracker’s keyboard when prompted.  At the end of 

the third trial, subjects completed a free recall test to ensure encoding, and to determine which objects 

were strongly learned and which were not.  Eye recordings were taken during object presentation, not 

during the recall test.  

Table 2 

Trial Pairs for Day 1 

Set 1- Trial 1 Set 1- Trial 2 Set 1-Trial 3 
Apple Frying pan Alarm clock Leaf blower Saw Fan 
Drum Door Coins Zipper Smokedetector Guitar 
Leaf blower Cymbals Fan Car Apple Leaf blower 
Coins Hands Drum Smokedetector Cymbals Arrow 
Airplane Alarm clock Matchstick Apple Frying pan Door 
Guitar Saw Hands Guitar Alarm clock Car 
Car Teakettle Arrow Teakettle Hands Drum 
Smokedetector Arrow Door Saw Coins Matchstick 
Toilet Zipper Cymbals Airplane Teakettle Toilet 
Matchstick Fan Frying pan Toilet Airplane Zipper 
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Table 2. Pseudo-randomized object pairings for Day I arranged by trial and position on screen. 

 

Pair and Single-Item Presentation Sequence on Day 1 

Figure 4.   Timeline for Set 1 presentation of paired and individual objects. 

 

     
Distraction Test Slides 

Figure 5. Sample distraction slides shown between presentation blocks of object lists.  Subjects were 

instructed to count one shape in the first set of distracters (diamonds or stars) and then the other shape in 

the next round (circles or triangles).  Nine slides were shown for each test. 

 

Forty-eight hours later on Day 2, subjects returned to the same room with the same experimenter, 

which acted to remind the subject of the previous session by reactivating the spatial context (Hupbach, 

Hardt, Gómez & Nadel, 2008).  At the start of this session, subjects also heard 10 pseudo-randomized 

sounds from Day 1, which reactivated memory by reminding subjects of the previous object list, thereby 

inducing inter-item context.  Then, with the memory reactivated in its malleable state, subjects learned 28 

new objects, half of which they were instructed to remember, and the other half of which they are 

instructed to forget.  The set of Remember items depended on the version assigned to the subject (see 
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Table I) and was signified by a consequent image containing a string of asterisks, ‘*****’ lasting for 

2000 ms.  The object stimuli were shown for 5000 ms, with fixation crosses between lasting for 2000 ms.  

Subjects saw the object list three times in random order, with each blocks of trials separated by a 

distraction test where subjects were instructed to count shapes differing from those seen on Day 1.  A free 

recall test was completed at the end of the second session as well.  Again, eye recordings were taken 

during object presentation, not during the recall test.  

Another 48 hours later on Day 3, subjects again returned to the same room with the same 

experimenter to perform a recognition test.  They were presented with all of the previous images from 

Day 1 and Day 2, as well as 20 novel images in random order for 5000 ms each.  After each image, 

subjects were asked what day they learned each object and to provide confidence ratings.  

 

Stimuli Across the Experiment 

Figure 6.  Sample images across the experiment.  Panel A displays an example of a pairing seen on Day 

1; Panel B reflects an individual object stimulus; Panel C shows the fixation cross displayed between 

stimuli; and Panel D displays the remember cue for Day 2 Remember objects. 

A B 

C D 
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Pupillary Measures and Analysis 

The SMI RED portable eye tracker was used to program experiments, as well as to gather and 

analyze data.  Experiments were created and run using SMI’s Experiment Center, while data were 

organized and collected with the SMI BeGaze program.  We circumscribed “areas of interest” 

encompassing only the object using the AOI Editor feature, and then analyzed for total fixation duration, 

average pupil diameter, minimum pupil diameter, and maximum pupil diameter.   We utilized the Scan 

Replay feature to analyze subjects’ responses to the recognition test and confidence ratings.   

Results 

Data for Set 2 objects were split into two categories: correctly recognized or Set 2 objects 

intruded into Day 1 memories.  Within these categories, average pupil diameter was compared between 

Remember and Forget objects using paired t tests.  Individual and averaged data are displayed in Tables 

3-5 and in Figure 4. We include individual subject data in the appendix because there were so few of them 

and to provide information about individual differences. 

Table 3 

Mean Pupil Dilation at encoding for Set 1 and Set 2 Objects 

Mean Pupil Dilation Remember Forget 

Day 1 encoding 4.29 N/A 

Day 2 encoding 4.45 4.33 
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Table 4 

Mean Pupil Dilation at Day 2 encoding as a function of recognition on Day 3 (upper panel) and at 
recognition on Day 3 (lower panel). Standard Error of the Mean is in parentheses. 

 Pupil Dilation at Day 2 encoding as a function of recognition on Day 3 (SEM) 

 Associated with Day 1 

Learning 

Associated with Day 2 

Learning 

Recognized as New 

Set 1 Objects 4.28 (.37) 4.41 (.40) 4.98 (0) 

Set 2 Remember 

Objects 

4.60 (.36) 4.31 (.38) N/A 

Set 2 Forget Objects 4.14 (.42) 4.52 (.39) 3.65 (.32) 

 Mean Pupil Dilation at recognition on Day 3 (SEM) 

 Associated with Day 1 

Learning 

Associated with Day 2 

Learning 

Recognized as New 

Set 1 Objects 4.52 (.60) 5.41 (.39) 5.8 (0) 

Set 2 Remember 

Objects 

4.65 (.62) 4.63 (.61) N/A 

Set 2 Forget Objects 4.58 (.56) 4.93 (.63) 3.32 (.11) 

 

Table 5 

Mean number of items associated with learning on Day 1, Day 2 or recognized as new. Standard Error of 

the Mean is in parentheses.  

 Mean Number of Objects Recognized (SEM) 

 Associated with Day 1 

Learning 

Associated with Day 2 

Learning 

Recognized as New 

Set 1 Objects 18.4 (.68) 0.4 (.24) 0.2 (.2) 

Set 2 Remember 

Objects 

1.8 (.66) 12.2 (.66) 0 (0) 

Set 2 Forget Objects 3.4 (.93) 8.6 (2.18) 2 (.56) 
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Figure 7. Percent recognition reflecting the unidirectional updating of Day 2 learning into Day 1 memory 

(reflected in higher intrusions for Set 2 objects and a greater tendency to identify Set 2 objects as new). 

Set 1 objects were not attributed to Day 2 learning reflected in nonexistent levels of intrusions, source 

errors and Day 1 objects identified as new. 

We performed one-way ANOVA to assess differences between correctly recalled and intruded 

objects within Remember and Forget categories (CR versus IR and CF versus IF), as well as between 

correctly recalled Remember and Forget objects (CR versus CF), and intruded Remember and Forget 

items (IR versus IF).  We used this analysis comparing average diameter at both encoding and retrieval.  

At encoding, there was no significant difference between CR and IR (F(1,3)=1.62, p=.293), between CF 

and IF (F(1,3)=1.45, p=.315), between CR and CF (F(1,3)=.074, p=.803), nor between IR and IF 

(F(1,3)=2.58, p=.206).  At retrieval, there was no significant difference between CR and IR 

(F(1,4)=1.267, p=.55), between CR and CF (F(1,4)=0.46, p=.55), nor between IR and IF (F(1,4)=2.04, 

p=.24).  However, at retrieval, there is a marginally significant difference between CF and IF 

(F(1,4)=9.976, p=.051) 

Discussion 

Combining behavioral tendencies with a physiological measure, especially one as sensitive as 

pupil dilation, provides profound insight into the neurocognitive processes underlying memory 
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reconsolidation.  Here, we successfully updated subjects’ memory using a classic reconsolidation 

paradigm, while also controlling the strength of this memory with a directed forgetting manipulation to 

gauge the amount of cognitive effort required to correctly or incorrectly recall reconsolidation 

information.  

Behavioral results reflected in recognition performance maintain the unidirectional trend of Day 2 

updating into Day 1 memory that is typically seen in the reconsolidation paradigm (Figure 4).  

Physiological results, however, do not fully support predictions, most likely due to the lack of statistical 

power associated with the small sample size.  I predicted encoding would either be the same for objects 

within Remember and Forget categories (Figure 1), or that less cognitive effort at encoding for certain 

objects would lead to them being intruded later, as reflected by smaller pupil diameter (Figure 2).  

Numerically, results are consistent with the latter prediction concerning Forget objects, but statistically, 

there is no difference at encoding for any object type.  At retrieval, I expected greater pupil diameter for 

forget items because they were weakly encoded, and therefore require more cognitive effort to be 

recalled.  Again, there was no significant difference amongst objects, nor did data match the predictive 

trend (Figure 3).   

While the results collected so far do not hold enough statistical power to be significant, they 

demonstrate important trends that pave the way for future research.  For a start, we observe a trend of 

greater pupil diameter at retrieval than encoding, suggesting more cognitive effort is required to recall 

information than to form a new memory, as supported by an overall mean pupil diameter of 4.36 mm at 

encoding compared to 4.73 mm at retrieval.  In addition, there is a trend for greater pupil diameter for 

correctly recalled versus intruded information, suggesting more cognitive effort is required to execute 

correct versus incorrect recall, as displayed in Table 4 where correctly recalled forget items had an 

average pupil diameter of 4.93 mm versus 4.58 mm for intruded recalled items during retrieval.   

However, this trend is only marginally significant within Forget objects (p=.051), and there is no 

statistically significant difference in Remember objects between correctly recalled and intruded items 
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during retrieval (p=.342).  Additionally, at retrieval for Set 1 objects, we observe a numerically greater 

trend for pupil diameter when committing source error (5.41 mm) when compared to correctly recalling 

information (4.52 mm).  This refutes the previous theory of more cognitive effort required to execute 

correct recall compared to incorrect recall, although it is important to note the distinction between source 

error and intrusions; different cognitive processes could be involved for intrusions which have been 

updated into an older memory versus source errors where subjects attribute an older memory to a newer 

one. This is something that will need to be examined more closely in future studies. 

As for strongly encoded information (remember items) versus weakly encoded information 

(forget items), we observe greater pupil diameter, and therefore more cognitive effort, for the former at 

encoding.  Though not a statistically significant finding, this is supported numerically by results displayed 

in Table 4, and an average pupil diameter of 4.46 mm at encoding of remember items versus 4.33 mm for 

forget items.  This makes sense; as more mental effort is required to make a memory of attended objects 

than incidentally attended objects.  When comparing these categories at retrieval, we observe the greatest 

pupil diameter for correctly recalled forget items, which is expected because more cognitive effort is 

required to recall information about something one was not deliberately attended to during encoding; this 

is supported by results displayed in Table 4, and an average pupil diameter of 4.76 mm for Forget items 

versus an average diameter of 4.64 mm for Remember items during retrieval.  On the opposite side of the 

spectrum, we also observe the smallest diameter for intruded forget items at encoding: 4.14 mm, as 

displayed in Table 4, which may be because the mental capacities are not available to accurately recall 

information one was not deliberately attending to, therefore resulting in incorrect recall. 

Thus far, the data are inconclusive due to the small sample size producing minimal statistical 

power, as well as problems arising from missing data.  Incomplete data most likely resulted from 

improper subject positioning relative to the eye tracker, with the subject likely outside of the optimum 20 

degree angle and ~50 cm distance range.  This is a likely occurrence during and following distraction 

tests, where subjects respond freely to how many shapes they counted using the eye tracker’s keyboard, 
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and often need to move closer to the illuminated computer screen to see its digits in the dark.   To correct 

for these problems without employing a chin rest, we designed Experiment 2, which follows the same 

reconsolidation paradigm and overall procedural design, with minor modifications.  In this updated 

version, subjects will instead orally respond to distraction test questions to lessen excess movement.  

Additional calibration and validation measures will be taken after each distraction test as well to account 

for any movement that may occur.  These features only function when the subject is in the correct 

orientation relative to the eye tracker, and therefore will offer relative control of subject positioning 

throughout the experiment. 

We will add a blank grey screen with luminance matching that of the stimulus background 

between fixation crosses and objects, as a way to bring subjects’ pupils back to baseline.  This opens the 

door for a new form of analysis using pupil dilation ratios, or PDRs, which was borrowed by a similar 

study conducted by Heaver and Hutton (2011).  PDRs refer to the quotient of the maximum pupil dilation 

during stimulus fixation divided by the maximum pupil dilation at baseline.  This will provide a phasic 

representation of results, or how the pupil is actually dilating (or constricting) upon object presentation 

during encoding and retrieval, which is not well-interpreted using only mean pupil diameter.   We also 

plan to perform a trial-by-trial analysis to explore any significant findings during encoding from a new 

direction.  
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Appendix 

Table 8  

Correct Remember Items on Day 3, learned on Day 2  

Subject 
ID 

Version Number of 
Items 

Average Pupil 
Diameter (mm) 

Minimum Pupil 
Diameter (mm) 

Maximum 
Pupil Diameter 

(mm) 

Total 
Fixation 
Duration 

(ms) 
P03 1 12 4.854 4.521 5.046 3908.667 
P08  2 14 3.343 3.152 3.583 12878.556 
P10 2 11 4.745 4.37 5.073 10064.545 
P11 1 10 5.146 4.797 5.433 7566.6 
P12 1 12 4.854 4.521 5.046 398.667 
AVG  11.4 4.310647619 3.976571429 4.635333333 7649.6236 
SEM  0.7483314774 0.37634868 0.3657890074 0.3504509159 2071.869513 
 

Table 3 displays the average pupil data and fixation duration for each subject.  Averages were collected 

from data across all Day 2 Remember objects that subjects correctly recognized as being from Day 2 as 

reflected in their performance on the Day 3 recognition test. 

 

 

Table 9 

Correct Forget Items on Day 3, learned on Day 2 

Subject 
ID 

Version Number of 
Items 

Average Pupil 
Diameter 

(mm) 

Minimum 
Pupil Diameter 

(mm) 

Maximum 
Pupil Diameter 

(mm) 

Total Fixation 
Duration (ms) 

P03 1 10 3.58 3.02 4.077 5773.225 
P08  2 0     
P10 2 11 4.717 4.394 5.009 11549.455 
P11 1 6 5.177 4.806 5.478 7487 
P12 1 10 4.585 4.33 4.844 2695.2 
AVG  7.4 4.51475 4.1375 4.852 6876.22 
SEM  2.03960781 0.3364239327 0.3871419852 0.2911491599 1846.386195 
 

Table 4 displays the average pupil data and fixation duration for each subject.  Averages were collected 

from data across all Day 2 Forget objects that subjects correctly recognized as being from Day 2 as 

reflected in their performance on the Day 3 recognition test. 
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Table 10  

Intrusion Remember Items on Day 3, learned on Day 2 

Suject 
ID 

Version Number of 
Items 

Average Pupil 
Diameter (mm) 

Minimum Pupil 
Diameter (mm) 

Maximum 
Pupil 

Diameter 
(mm) 

Total 
Fixation 
Duration 

(ms) 
P03 1 4 3.579 3.192 4.042 7339.75 
P08  2 0     
P10 2 1 4.659666667 4.366666667 5 10796 
P11 1 2 5.237 4.95 5.45 6306 
P12 1 2 4.921 4.617 5.117 4570.5 
AVG  1.8 4.599166667 4.281416667 4.90225 7253.0625 
SEM  0.663324958 0.3599546654 0.3822865508 0.3021772038 1311.900333 

 

Table 5 displays the average pupil data and fixation duration for each subject.  Averages were collected 

from data across all Day 2 Remember objects that subjects incorrectly recognized as being from Day 1 as 

reflected in their performance on the Day 3 recognition test. 

 

Table 11 

Intrusion Forget Items on Day 3, learned on Day 2 

Suject 
ID 

Version Number of 
Items 

Average Pupil 
Diameter (mm) 

Minimum Pupil 
Diameter (mm) 

Maximum 
Pupil Diameter 

(mm) 

Total 
Fixation 
Duration 

(ms) 
P03 1 2 2.999 2.717 3.5 4847.5 
P08  2 7 3.276 3.086 3.471 12474.571 
P10 2 2 4.788166667 4.366666667 5.2 9311.5 
P11 1 3 5.08 4.739 5.289 7786.333 
P12 1 3 4.558 4.194 4.761 4022.333 
AVG  3.4 4.140233333 3.820533333 4.4442 7688.4474 
SEM  0.9273618495 0.419929801 0.389784878 0.4014918928 1533.985615 
 

Table 6 displays the average pupil data and fixation duration for each subject.  Averages were collected 

from data across all Day 2 Forget objects that subjects incorrectly recognized as being from Day 1 as 

reflected in their performance on the Day 3 recognition test. 

 

 

 


