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Can changes in eye movement scanning alter the age-related
deficit in recognition memory?
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Older adults typically exhibit poorer face recognition compared to younger adults. These
recognition differences may be due to underlying age-related changes in eye movement
scanning. We examined whether older adults’ recognition could be improved by yoking their
eye movements to those of younger adults. Participants studied younger and older faces,
under free viewing conditions (bases), through a gaze-contingent moving window (own), or
a moving window which replayed the eye movements of a base participant (yoked). During
the recognition test, participants freely viewed the faces with no viewing restrictions. Ownage recognition biases were observed for older adults in all viewing conditions, suggesting
that this effect occurs independently of scanning. Participants in the bases condition had the
highest recognition accuracy, and participants in the yoked condition were more accurate than
participants in the own condition. Among yoked participants, recognition did not depend on
age of the base participant. These results suggest that successful encoding for all participants
requires the bottom-up contribution of peripheral information, regardless of the locus of control
of the viewer. Although altering the pattern of eye movements did not increase recognition, the
amount of sampling of the face during encoding predicted subsequent recognition accuracy for
all participants. Increased sampling may confer some advantages for subsequent recognition,
particularly for people who have declining memory abilities.
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Introduction
Age-related impairments in face recognition have long been reported
in the literature (e.g., Ferris et al., 1980; Fulton and Bartlett, 1991;
Firestone et al., 2007). Compared to younger adults, older adults
are less accurate for recognizing younger faces, but show relatively
preserved recognition accuracy for older faces, an effect known
as the own-age recognition bias (e.g., Anastasi and Rhodes, 2005,
2006; Firestone et al., 2007). Additionally, older adults, relative to
younger adults, make more eye movement transitions between face
features when viewing faces, and this effect is more pronounced for
younger versus older faces (Firestone et al., 2007). These findings
suggest that age-related differences in recognition memory may be
a result of underlying age-related differences in viewing behavior,
such as might be measured by transition frequency.
Previous work has suggested that recognition memory may be
intimately linked to our eye movements (e.g., Walker-Smith et al.,
1977; Althoff and Cohen, 1999; Stacey et al., 2005). In particular, the
scanpath theory, as described by Noton and Stark (1971), purports
that the extent to which the pattern of eye movements enacted during learning are recapitulated during the test phase confers advantages to recognition. Indeed, when participants are restricted from
making eye movements, and instead must maintain central fixation,
recognition memory is impaired (Henderson et al., 2005). Given
this link between recognition and eye movements, it is possible that
recognition memory may be improved if older adults can be made
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to view faces in the same manner as younger adults. Specifically, for
older adults, recognition memory may improve for younger faces,
given that older adults, as noted above, show relatively preserved
memory for older faces. Similarly, if younger adults can be made to
view faces in the same manner as older adults, recognition memory
may become impaired, particularly for younger faces.
In the present study, we employed a novel eyetracking method to
explore whether altering the way in which older and younger adults
view faces could affect subsequent recognition for those faces. In
this method, the eye movements of a participant (i.e., base participant) are recorded as he/she freely views a face. The eye movements
of this base participant are then replayed to another participant
(i.e., yoked participant) as a restricted moving window through
which a portion of the face can be seen, while the display outside
of the moving window is black. As a result, yoked participants view
the face as if they were viewing it through another person’s eye
movements. Comparing recognition between participants in the
yoked and base conditions could address whether manipulating
eye movements can affect recognition. However, any differences
found between the yoked and base conditions could be attributed
to the absence of stimulus information available in the periphery
when viewing is restricted through a moving window. As such,
a third condition was employed in which participants (i.e., own
participants) viewed faces under gaze-contingent conditions (e.g.,
Reingold and Loschky, 2002; Maw and Pomplun, 2004): viewing
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is restricted to a moving window, similar to the yoked condition,
however these participants control the moving window with their
own eye movements. This would enable us to contrast recognition
for participants in free viewing (base) versus restricted viewing
(own) conditions to determine the influence of peripheral information on subsequent recognition. Recognition could then be
compared between the yoked and own conditions to investigate
whether altering eye movements can enhance recognition and/or
whether having control over one’s eye movements influences subsequent recognition. Therefore, older and younger adults studied
faces under one of three viewing conditions: free viewing (bases);
viewing through a gaze-contingent moving window (own); and
viewing through a moving window which replayed the pattern of
eye movements from either a younger or older base participant
(yoked). All participants were given a subsequent recognition test
in which faces were viewed without restriction.
This unique paradigm will enable us to determine whether having older adults view faces in the same manner as younger adults
can increase recognition for faces and, conversely, whether having
younger adults view faces in the same manner as older adults can
decrease recognition. In addition, by having participants view both
older and younger faces, we can, first, replicate the own-age bias in
face recognition for older adults (e.g., Anastasi and Rhodes, 2005;
Firestone et al., 2007), and second, determine whether this ownage bias is disrupted when older participants are yoked to younger
base participants, and/or whether an “own-age” bias (e.g., better
memory for older faces) emerges when younger participants are
yoked to older base participants.
However, altering the way in which someone views a face may
disrupt their ability to subsequently recognize the face. There
is evidence of individual differences in eye movement patterns,
suggesting that idiosyncratic scanning strategies may be adopted
during encoding (Castelhano and Henderson, 2008; Fletcher
et al., 2008; Foulsham and Underwood, 2008; Gareze et al., 2008;
Tatler et al., 2010). These idiosyncratic patterns may be critical
for subsequent recognition for that individual, and those benefits
to recognition may not be transferable to another viewer. Also,
having active control of one’s eye movements may be required for
accurate subsequent recognition. When a participant is yoked to
another’s eye movements, the moving window is under passive
control, and therefore, the participant loses some amount of active
control over the sequence and location of the eye movements.
Although there is evidence for a general advantage in memory
when engaging in active versus passive control of spatial exploration (see Péruch and Wilson, 2004 for review), it has not yet been

demonstrated whether active control over one’s eye movements is
critical for subsequent recognition. The current study will compare the effect of active (own) versus passive (yoked) control of
eye movements on face recognition, thereby contributing to the
literature regarding whether memory advantages occur for all
forms of active control.
Altogether, the current study will use a unique eyetracking
paradigm to determine the extent to which manipulations to eye
movements can alter face recognition memory. In particular, the
current study examines whether manipulations to eye movements
can improve memory for older adults, and whether the own-age
recognition bias that is typically observed for older adults can be
eliminated. Finally, this work will determine whether active versus
passive control over the sequence and location of eye movements
is critical for subsequent memory.

Materials and methods
Participants

Twelve younger and 12 older adults participated in the bases
condition in which faces were freely viewed. In the yoked condition, 24 younger and 24 older participants were yoked to the eye
movements of the younger bases, and 24 younger and 24 older
participants were yoked to the eye movements of the older bases;
therefore, two younger and two older participants were yoked
to each base participant. Finally, 24 younger and 24 older adults
participated in the own condition in which faces were studied
under a gaze-contingent procedure (see Table 1 for demographic
information of participants in the three viewing conditions). All
participants were recruited from the Rotman Research Institute
subject pool, and had normal or corrected-to-normal vision. All
participants provided informed written consent and received monetary compensation. Approval for this study was obtained from
the Baycrest Ethics Review Board.
Demographics across conditions (bases, yoked, own)

To examine any differences in demographic characteristics between
younger and older participants across the different viewing conditions, analyses of variance (ANOVA) were conducted with the
between-subject factors of age group (younger, older) and viewing
condition (bases, yoked, own) for the measures of participant age,
years of education, and Extended Range Vocabulary Test (ERVT)
scores. For brevity, only significant results will be reported here (see
Table 1 for relevant mean values and standard errors). As expected,
there was a significant main effect of age group for participant age
[F(1,162) = 2127.35, p < 0.001]. Moreover, as previously found

Table 1 | Participant age ranges, mean (SE) age, years of education, and ERVT scores for younger and older participants across the different viewing
conditions.
Younger participant

Older participants

Bases (n = 12)

Yoked (n = 48)

Own (n = 24)

Bases (n = 12)

Yoked (n = 48)

Own (n = 24)

22.75 (1.68)

23.02 (0.84)

23.29 (1.19)

69.50 (1.68)

71.02 (0.84)

73.83 (1.19)

19–30

19–30

19–28

60–79

60–88

61–85

Years of education

16.25 (0.79)

16.29 (0.39)

16.42 (0.56)

15.83 (0.79)

15.42 (0.39)

15.65 (0.56)

ERVT score

18.81 (2.95)

14.42 (1.47)

15.68 (2.08)

27.44 (2.95)

28.11 (1.47)

27.65 (2.08)

Participant age
Participant age range
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(e.g., Rahhal et al., 2002), older adults had significantly higher
ERVT scores (M = 27.7, SE = 1.30) than younger adults [M = 16.3,
SE = 1.30; F(1,162) = 38.74, p < 0.001].
Demographics within the yoked condition

Analyses of variance were conducted on participant demographics
solely within the yoked condition using the between-subject factors of yoked age group (younger, older) and base age (younger,
older). For brevity, only significant results will be reported here
(see Table 2 for relevant mean values and standard errors). Older
yoked participants had a higher mean age than younger yoked
participants [M = 71.0, SE = 0.82 and M = 23.0, SE = 0.82, respectively; F(1,92) = 1717.35, p < 0.001]. Moreover, participants yoked
to younger bases were significantly older than participants yoked
to older bases [M = 48.2, SE = 0.82 and M = 45.9, SE = 0.82,
respectively; F(1,92) = 4.06, p = 0.05]. A marginally significant
interaction between yoked age group and base age [F(1,92) = 3.64,
p = 0.06] revealed that older adults yoked to younger bases were
older than their older counterparts who were yoked to older bases
[t(92) = 2.77, p = 0.01], whereas the age of younger participants did
not significantly differ between the base age groups [t(92) = 0.08,
p = 0.94].
Older participants had a higher mean ERVT score (M = 28.1,
SE = 1.35) than younger participants [M = 14.4, SE = 1.35;
F(1,92) = 51.11, p < 0.001]. In addition, participants yoked to
younger bases had marginally lower ERVT scores (M = 19.6,
SE = 1.35) than participants yoked to older bases [M = 23.0,
SE = 1.35; F(1,92) = 3.13, p = 0.08].
Apparatus

Stimuli were presented on a 19-inch Dell M991 monitor
(1024 × 768 pixels, corresponding to a visual angle of approximately
32.3° × 25.4°) from a distance of 24 inches. An SR Research Ltd,
EyeLink II system collected eye movement data with a temporal
resolution of 2 ms. Eye tracking was highly accurate: if the error
at any calibration point was greater than 1° or if the mean error
for all nine calibration points was greater than 0.5°, the calibration
was repeated.
Stimuli and design

The stimuli were the same as those used in Firestone et al. (2007),
and consisted of 48 female and 48 male non-famous faces
(480 × 480 pixels, corresponding to a visual angle of approximately
16.5° × 16.5°) that were placed against a uniform black background,
such that only the face and hair were visible. Half of the female and
half of the male faces were younger faces (under the age of 35) and
the remaining halves were older faces (over the age of 55) as judged
by two independent raters.

Participants viewed 24 faces (six younger female, six younger
male, six older female, six older male) in one study block. In a
subsequent recognition test, participants were shown 48 faces, 24
of which were previously studied and 24 were novel. The order of
the faces within the study and test blocks was randomized, and
faces were viewed equally often as studied/novel across participants.
Participants in the base condition freely viewed the faces in
the study block. Participants in the yoked and own conditions
viewed the faces during the study block through a moving window
(160 × 160 pixels, corresponding to a visual angle of approximately
5.7° × 5.7°); the display outside the moving window was black. For
participants in the yoked condition, the path of the moving window
was not under active control but “replayed” the eye movements of
one of the base participants. For participants in the own condition,
the moving window was gaze-contingent and therefore under active
control (Figure 1). The moving window was centered with respect
to viewer fixation. In the recognition test block, all participants
viewed the test faces with no viewing constraints.
Procedure

Participants completed the ERVT prior to the start of the experiment. During the study block, 24 faces were presented singly at
the center of the screen for 7 s each, in random order. To ensure
that all participants were engaged in studying the faces, participants were instructed to judge the face’s age on a scale from 1 to 5
(1 = 21–30, 2 = 31–40, 3 = 41–50, 4 = 51–60, 5 = 61–70) and the
quality of the photo on a scale from 1 to 5 (1 = poor, 3 = medium,
5 = good). Judgments were made following removal of the face from
the screen. Participants in the yoked condition were told that their
view of the face would be restricted to a moving window that would
not be under their control, and were instructed to follow this moving window as closely as possible. Participants in the own condition
were informed that their view of the face would be restricted to a
window that would move as they moved their eyes. A short break
was given between the study and test block.
During the recognition test block, all participants were shown
48 faces singly in the center of the screen up to 7 s each, in random
order, with no viewing constraints. Participants were instructed to
make an old/new recognition judgment via a button press as quickly
and as accurately as possible. Each face remained on the screen until
the participant made a button press response.
Analyses

A repeated-measures ANOVA using the between-subject factor of
age group (younger, older) and the within-subject factor of face
age (younger, older) was conducted on the judgments of face age
and picture quality to ensure encoding of the faces during the
study block. The same analysis was conducted, with the additional

Table 2 | Mean (SE) participant age and age ranges for younger and older participants yoked to younger and older base participants.
Younger participant

Participant age
Participant age range
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Older participant

Younger base (n = 24)

Older base (n = 24)

Younger base (n = 24)

Older base (n = 24)

23.08 (1.16)

22.96 (1.16)

73.29 (1.16)

68.75 (1.16)

19–30

19–28

60–88

60–84
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Figure 1 | Display sequence in the study block. Base participants freely
viewed the face (fixations are represented by the gray circles); yoked
participants were restricted in viewing to a moving window which replayed the

between-subject factor of viewing condition (bases, yoked, own), on
the total number of fixations made to the face, and the total number
of transitions made between facial features during the study block
for participants in all viewing conditions. A transition occurred
when successive fixations were not within the same region of the
face; that is when an eye movement is made from one face feature
to another. Regions were defined for each of the face features (the
eyes, nose, mouth) and one region was defined for the rest of the
area on the face. These analyses were done to determine whether
the current findings replicate those of our previous work (Firestone
et al., 2007), in which older participants made significantly more
fixations and transitions than younger participants during the study
block, and older participants made marginally more transitions
when viewing younger compared to older faces, an effect which
was not found for the younger participants (Firestone et al., 2007).
Corrected accuracy was calculated using d’ scores, a standardized
score of normal quantile transformed hit rate (studied faces called
“old”) minus normal quantile transformed false alarm rate (novel
faces called “old”). Hit and false alarm rates are also reported in
Tables 4 and 5. Repeated-measures ANOVAs were conducted on
d′ scores using the between-subject factors of age group (younger,
older) and viewing condition (bases, yoked, own), and the withinsubject factor of face age (younger, older). Within the yoked condition, repeated-measures ANOVAs were conducted on the same
measures using the between-subject factors of yoked age group
(younger, older) and base age (younger, older), and the withinsubject factor of face age (younger, older).
As previously noted, older participants who were yoked to a
younger base were significantly older than older participants who
were yoked to an older base. As such, a repeated-measures ANOVA
was conducted on d′ scores, using the between-subject factor of base
age (younger, older), the within-subject factor of face age (younger,
older), and the continuous variable of age of the yoked participant. We
centered the continuous variable around 50 years since the average age
of yoked participants was about 50 years (actual mean = 47.02 years).
To address the possibility that yoked participants had poorer
recognition compared to participants in the base condition due
to an inability to follow the moving window, the proportion of
total viewing time spent in the moving window was examined for
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eye movements of a base participant; participants in the own condition were
also restricted in viewing to a moving window but controlled the path of the
window with their own eye movements.

participants in the yoked condition. A repeated-measures ANOVA
was conducted with the between-subject factors of yoked age group
(younger, older) and base age (younger, older), and the withinsubject factor of face age (younger, older). Less than 0.5% of all
trials were discarded due to technical error. The percent of time
that yoked participants spent within the moving window was also
correlated with later recognition using Pearson’s correlation coefficient, controlling for the factors of yoked age group, base age,
and face age.
Finally, in order to explore whether other aspects of viewing
behavior predicted subsequent memory across all viewing conditions, we correlated the number of fixations and transitions made to
faces during the study bock with subsequent recognition accuracy.
This analysis was conducted for all younger and older participants
separately, using Pearson’s correlation coefficient while controlling
for the factor of viewing condition.
Analyses were conducted using SPSS Statistics 18. Helmert contrasts were used to decompose significant main effects of viewing
condition: base participants were compared to all other participants
(yoked and own), and yoked participants were then compared to
own participants. Analyses of simple main effects were conducted
to decompose significant interactions (Kirk, 1968).

Results
Judgments of face age and picture quality

There was no significant main effect of age group (F < 1) on the
judgments of face age. However, older adults gave higher quality ratings (M = 3.93, SE = 0.07) compared to younger adults [M = 3.58,
SE = 0.07; age group: F(1,166) = 12.75, p < 0.001]. Experimenterdefined younger faces were judged as younger (M = 1.48, SE = 0.02;
approximate age categories of 21–30 and 31–40 years) and of higher
quality (M = 3.95, SE = 0.05) than the experimenter-defined older
faces which were judged as older [M = 3.88, SE = 0.03, approximate age category of 51–60 years; face age: F(1,166) = 4408.24,
p < 0.001] and of lower quality [M = 3.56, SE = 0.05; face age:
F(1,166) = 143.58, p < 0.001]. A significant interaction between
age group and face age [F(1,166) = 8.10, p = 0.01] for judgments
of face age revealed that older faces were rated higher in years by
younger [M = 3.93, SE = 0.05; t(166) = 2.00, p = 0.05] compared to
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older adults (M = 3.82, SE = 0.05), and younger faces were rated as
marginally lower in years by younger (M = 1.43, SE = 0.03) versus
older adults [M = 1.53, SE = 0.03; t(166) = −1.61, p = 0.10], similar
to previous findings (Firestone et al., 2007). A significant interaction
was also found between age group and face age for judgments of
picture quality [F(1,166) = 58.89, p < 0.001]; younger faces were
judged to be of similar quality by younger (M = 3.90, SE = 0.07) and
older participants [M = 4.00, SE = 0.07; t(166) = −0.97, p = 0.33],
but older participants judged older faces to be of higher quality (M = 3.86, SE = 0.08) than younger participants [M = 3.25,
SE = 0.08; t(166) = 5.80, p < 0.001].
Viewing during encoding

A significant main effect of viewing condition was found
[F(1,162) = 16.33, p < 0.001], in which base participants made
significantly more fixations (M = 22.13, SE = 0.56) than yoked
(M = 20.53, SE = 0.28) or own participants [M = 18.48, SE = 0.39;
t(162) = 4.33, p < 0.001], and yoked participants made significantly
more fixations than own participants [t(162) = 4.27, p < 0.001]. A
marginal interaction between face age and viewing condition was
found for the number of fixations made to the faces during the study
block [F(2,162) = 2.65, p = 0.07]; whereas participants in the base
and yoked conditions made more fixations toward younger (base:
M = 22.22, SE = 0.58; yoked: 20.62, SE = 0.29) compared to older faces
(base: M = 22.04, SE = 0.57; yoked: 20.44, SE = 0.29), participants in
the own condition made fewer fixations toward younger (M = 18.29,
SE = 0.41) compared to older faces (M = 18.67, SE = 0.40). A marginal interaction was also found between face age and age group
for the number of fixations [F(1,162) = 3.13, p = 0.08]; older participants made more fixations toward older (M = 20.74, SE = 0.36)
compared to younger faces (M = 20.51, SE = 0.36), and younger
participants made more fixations toward younger (M = 20.25,
SE = 0.36) compared to older faces (M = 20.03, SE = 0.36). There
was a marginal interaction between face age, viewing condition and
age group for the number of fixations [F(2,162) = 2.44, p = 0.09].
The general pattern of findings as noted above (participants directing more fixations to faces within their same age group) were found,
except that younger participants in the own condition made more
fixations toward older compared to younger faces. No other main
effects and no other interactions were significant [age group by
viewing condition: F(1,162) = 2.19, p = 0.12; all other effects: F <
1; see Table 3 for relevant means and standard errors].
Older participants (M = 6.76, SE = 0.25) made more transitions between facial features than younger participants (M = 6.02,
SE = 0.25) as revealed by a significant main effect of age group
[F(1,162) = 4.51, p = 0.04]. A significant main effect of viewing
condition was found [F(2,162) = 57.82, p < 0.001]; base participants (M = 7.71, SE = 0.39) made significantly more transitions
than either yoked (M = 7.47, SE = 0.20) or own participants
[M = 3.99, SE = 0.28; t(162) = 4.62, p < 0.001], and yoked participants made significantly more transitions than own participants
[t(162) = 10.23, p < 0.001]; this pattern is the same as observed for
number of fixations. A significant interaction between age group
and viewing condition [F(2,162) = 57.82, p < 0.001] revealed that, in
the bases condition, older participants (M = 9.23, SE = 0.56) made
more transitions than younger participants [M = 6.18, SE = 0.56;
t(162) = 8.40, p < 0.001], whereas in the own condition, younger
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Table 3 | Mean (SE) number of fixations and transitions made to
younger and older faces during the study block for younger and older
participants across the different viewing conditions.
Number of

Number of

fixations

transitions

Younger participant
Younger face
Base

21.40 (0.81)

6.17 (0.59)

Yoked

20.85 (0.41)

7.48 (0.30)

Own

18.50 (0.58)

4.26 (0.42)

Older face
Base

20.69 (0.81)

6.19 (0.55)

Yoked

20.37 (0.40)

7.51 (0.28)

Own

19.02 (0.57)

4.50 (0.39)

Older participant
Younger face
Base

23.04 (0.81)

9.24 (0.59)

Yoked

20.40 (0.41)

7.45 (0.30)

Own

18.09 (0.58)

3.59 (0.42)

Older face
Base

23.39 (0.81)

9.23 (0.55)

Yoked

20.51 (0.40)

7.43 (0.28)

Own

18.31 (0.57)

3.60 (0.39)

participants made more transitions (M = 4.38, SE = 0.39) than
older participants [M = 3.59, SE = 0.39; t(162) = 2.17, p < 0.01], and
no difference in the number of transitions was observed between
younger (M = 7.50, SE = 0.28) and older participants in the yoked
condition [M = 7.44, SE = 0.28; t(162) = 0.15, p = 0.22]. All other
main effects and interactions were non-significant (Fs < 1; see
Table 3 for relevant means and standard errors).
Critically here, older participants in the bases condition made
more transitions between facial features than younger base participants, consistent with previous findings (Firestone et al., 2007).
This difference in the manner by which younger and older adults
view faces may ultimately contribute to age-related differences in
recognition memory, as detailed below.
Recognition accuracy (d ′): all viewing conditions

Younger participants (M = 2.03, SE = 0.06) were significantly more
accurate at recognizing faces than older participants (M = 1.63,
SE = 0.06) as revealed through a significant main effect of age
group on the d′ scores [F(1,162) = 21.50, p < 0.001]. The differences in accuracy between the younger and older participants
seem to be largely driven by an increase in false alarm rates for the
older adults (see Table 4 for hit and false alarm rates). Participants
were significantly more accurate at recognizing older (M = 1.94,
SE = 0.05) compared to younger faces [M = 1.72, SE = 0.06; face
age: F(1,162) = 11.80, p = 0.001]. A significant age group by face
age interaction [F(1,162) = 6.73, p = 0.01] indicated that while
younger participants showed no significant difference in accurately
recognizing older (M = 2.05, SE = 0.07) compared to younger faces
[M = 2.00, SE = 0.08; t(162) = 0.69, p = 0.49], older participants
were significantly more accurate at recognizing older (M = 1.82,
SE = 0.07) compared to younger faces [M = 1.44, SE = 0.08;
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t(162) = 4.99, p < 0.001]. This finding replicates the own-age bias
previously shown for older adults (e.g., Anastasi and Rhodes, 2005;
Firestone et al., 2007).
A significant main effect of viewing condition [F(2,162) = 122.99,
p < 0.001] was found for the d′ scores. Base participants had the highest
recognition [M = 2.92, SE = 0.10; bases versus all other participants:
Table 4 | Mean (SE) hit and false alarm recognition rates for younger and
older participants viewing younger and older faces across the different
viewing conditions.
Hit rate

False alarm rate

0.02 (0.05)

Younger participant
Younger face
Base

0.94 (0.05)

Yoked

0.69 (0.02)

0.19 (0.02)

Own

0.65 (0.03)

0.20 (0.03)
0.03 (0.04)

Older face
Base

0.94 (0.05)

Yoked

0.69 (0.02)

0.13 (0.02)

Own

0.64 (0.03)

0.20 (0.03)

0.16 (0.05)

Older participant
Younger face

t(162) = 15.56, p < 0.001]. For those participants whose viewing was
restricted to a moving window during the study block, participants in
the yoked condition (M = 1.47, SE = 0.05) were more accurate than
participants in the own condition who actively controlled the moving
window [M = 1.10, SE = 0.07; t(162) = 4.35, p < 0.001].
The three-way interaction of age group, viewing condition and
face age was non-significant (F < 1), suggesting that the recognition advantage for younger adults and the own-age bias on the d′
scores observed for older adults was evident even when eye movement patterns were altered (Figure 2). All other interactions were
non-significant (Fs < 1).
The significantly higher recognition for participants in the base
condition compared to those in the yoked and own conditions
suggests that the availability of peripheral information during
encoding contributes to subsequent recognition. However, there
was an advantage in recognition memory when someone else’s eye
movements were followed. To further investigate recognition for
participants in the yoked condition, we examined whether recognition was affected by the age of the base participant. In particular, we
examined whether face recognition would be improved for older
adults who followed the eye movements of a younger participant,
and conversely, whether face recognition would be decreased
for younger adults who were yoked to the eye movements of an
older participant.

Base

0.94 (0.05)

Yoked

0.70 (0.02)

0.33 (0.02)

Recognition accuracy: yoked viewing

Own

0.60 (0.03)

0.36 (0.03)
0.07 (0.04)

As previously noted in the overall analysis, younger yoked participants were significantly more accurate than older yoked participants, and older faces were recognized significantly more often than
younger faces. However, a marginal interaction between yoked age
group and face age [F(1,92) = 3.56, p = 0.06] revealed that younger

Older face
Base

0.94 (0.05)

Yoked

0.71 (0.02)

0.20 (0.02)

Own

0.60 (0.03)

0.26 (0.03)

Figure 2 | Mean d′ scores of younger and older faces for older and
younger participants across the three viewing conditions (bases, yoked,
own). Error bars represent standard error. Participants who freely viewed the
faces during study were significantly more accurate than participants whose
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viewing was restricted by a moving window (i.e., yoked, own). Yoked participants
were more accurate than own participants who were in control of the moving
window. The own-age recognition bias for older adults (higher accuracy for older
versus younger faces) was observed regardless of viewing condition.
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(M = 1.73, SE = 0.09) and older yoked participants (M = 1.55,
SE = 0.09) recognized older faces more often than younger faces
(younger participants: M = 1.53, SE = 0.09; older participants:
M = 1.06, SE = 0.09; see Table 5 for hit and false alarm rates), and
this difference was more pronounced for older adults [younger
participants: t(92) = 1.92, p = 0.06; older participants: t(92) = 4.59,
p < 0.001; see Figure 3]. All other main effects and interactions were
non-significant; in particular, age-related deficits in recognition
memory remained regardless of whether participants followed a
younger or older adult’s eye movements.
When the above analyses were repeated using age of the yoked
participant, centered around 50 years as a continuous variable,
the pattern of results for d′ remained the same; suggesting that
Table 5 | Mean (SE) hit and false alarm recognition rates for younger and
older yoked participants, viewing younger and older faces after
studying the faces through the eye movements of younger or older
base participants.
Hit rate

False alarm rate

Younger participant
Younger base
Younger face

0.68 (0.03)

0.20 (0.04)

Older face

0.69 (0.03)

0.12 (0.03)

Older base
Younger face

0.71 (0.03)

0.19 (0.04)

Older face

0.69 (0.03)

0.14 (0.03)

Older participant
Younger base
Younger face

0.70 (0.03)

0.39 (0.04)

Older face

0.72 (0.03)

0.24 (0.03)

Older base
Younger face

0.69 (0.03)

0.27 (0.04)

Older face

0.70 (0.03)

0.17 (0.03)

manipulating the sequence and location of eye movements during
the study block did not eliminate subsequent age-related deficits
in face recognition.
Moving window analyses

During the study block, younger participants (M = 0.67, SE = 0.01)
spent marginally more time in the moving window than older participants in the yoked condition [M = 0.64, SE = 0.01; age group:
F(1,92) = 2.86, p = 0.09]. A significant interaction between base age
and face age [F(1,92) = 8.38, p = 0.01] revealed that when a younger
base’s eye movements were followed, yoked participants spent more
time in the moving window when the face was older (M = 0.67,
SE = 0.01) versus younger [M = 0.65, SE = 0.01; t(92) = 3.08,
p = 0.01], whereas when an older participants’ eye movements were
followed, yoked participants spent the same amount of time in the
moving window regardless of face age [older: M = 0.65, SE = 0.01;
younger: M = 0.66, SE = 0.01; t(92) = −1.02, p = 0.31]. This could
be attributed to our earlier findings: younger participants in the
base condition made more fixations during viewing of younger
faces compared to older faces, thus, participants yoked to younger
base participants may have found it more difficult to stay within
the moving window when viewing younger faces. Similarly, older
participants in the base condition showed similar numbers of fixations during viewing of younger and older faces, and the amount
of time spent in the moving window did not vary depending on
face age when participants were yoked to an older base participant.
All other main effects and interactions were non-significant [face
age: F(1,92) = 2.12, p = 0.15; yoked age group by face age by base
age: F(1,92) = 2.58, p = 0.11; all other effects: F < 1].
There was no correlation between the percent of time that yoked
participants spent in the moving window and subsequent recognition (r = −0.03, n = 96, p = 0.76), even when controlling for age of
the yoked participant, base age and face age (older face: r = −0.04,
n = 96, p = 0.67; younger face: r = −0.10, n = 96, p = 0.36). Altogether,
participants were able to stay within the moving window during the

Figure 3 | Mean d′ scores for younger and older faces for older and younger yoked participants who followed the eye movements of older or younger
base participants. Error bars represent standard error. Accuracy was not influenced by age of the base participant.
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study block (more than 60% of the time within each yoked/base
age group), and such viewing was perhaps sufficient enough that
it did not significantly impact subsequent recognition.
Viewing during encoding and subsequent recognition

Altering the pattern of eye movements during the study block did
not considerably improve subsequent recognition memory for
younger or older adults. To probe whether there was an aspect
of viewing behavior that predicted subsequent memory across
all viewing conditions, we examined the relationship between
the number of fixations and transitions made to faces during the
study bock and subsequent recognition accuracy. Specifically, given
that the base participants had higher rates of accuracy as well as
fixations and transitions compared to the other groups, and, in
turn, yoked participants had higher rates of accuracy and fixations/transitions than the own participants, we examined whether
these measures were correlated. Correlations were conducted for
all younger adults, collapsed across viewing condition; similarly,
correlations were conducted for all older adults, collapsed across
viewing condition.
For younger participants, there was a marginally significant
positive correlation between the number of fixations made during encoding and subsequent recognition (Pearson’s r = 0.18,
n = 84, p = 0.10), and a significant positive correlation between
the number of transitions and subsequent recognition (r = 0.41,
n = 84, p < 0.001). For older adults, both the number of fixations
(r = 0.32, n = 84, p = 0.003) and number of transitions (r = 0.32,
n = 84, p = 0.003) were significantly and positively correlated with
subsequent recognition. Both age groups, but in particular older
adults, may require greater sampling of the faces during encoding
to support later memory for those faces.

Discussion
Age-related recognition deficits are often reported in the literature (e.g., Ferris et al., 1980; Fulton and Bartlett, 1991; Firestone
et al., 2007), and we have previously suggested that this may be a
result of underlying differences in eye movement scanning between
younger and older adults (Firestone et al., 2007). The present study
was conducted to determine whether altering eye movement scanning is a means by which memory can be improved. Specifically,
we examined whether yoking the eye movements of older adults to
those of younger adults during encoding could increase subsequent
recognition accuracy for faces. Moreover, we examined whether the
own-age recognition bias that is typically exhibited by older adults
could be eliminated by altering eye movement scanning. To address
these questions, a novel eyetracking paradigm was employed in
which a viewer’s eye movements are “replayed” to another through
a moving window. Compared to free viewing conditions, recognition decreased when faces were viewed through a moving window
during the study phase. Within each viewing condition, younger
adults outperformed older adults in recognition accuracy, and
the own-age recognition bias for older adults remained across all
viewing conditions. Thus, altering the pattern of eye movements
during encoding did not eliminate the age-related impairment in
face recognition nor did it eliminate the own-age recognition bias.
However, increased sampling of the face during study was correlated
with later recognition accuracy for all participants, particularly for
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older adults. Altogether, the present findings have implications for
understanding the contribution of eye movements to subsequent
recognition, the encoding conditions that may be critical for accurate subsequent recognition in older adults, and ideas regarding the
effects of active versus passive control on memory.
The influence of eye movements on recognition

Participants who freely viewed faces during study had significantly
higher recognition compared to participants who were restricted
via a moving window, regardless of whether or not they had active
control over the moving window. This difference in recognition
between participants in the base condition compared to the other
participants suggests that having simultaneous access to the entire
array of information available during study is critical for encoding
and/or subsequent recognition, consistent with findings from prior
research that has employed gaze-contingent viewing (Maw and
Pomplun, 2004; van Belle et al., 2010). The manner of processing
that occurred during the encoding and test phases did not match for
the yoked and own groups who freely viewed the images during the
test phase rather than viewing through a gaze-contingent window;
research has shown that such a change in perceptual processing
modes can disrupt recognition (Reingold, 2002). Further, it is possible that the pattern of recognition rates may have been altered if a
different shape of moving window had been used; recent work has
suggested that the shape of the gaze-contingent window influences
the distribution of fixations (Foulsham et al., 2011), which in turn,
may influence subsequent memory.
Having the entire array of information available for viewing
may provide an advantage for later recognition. Participants who
were restricted to viewing through a moving window were forced
to encode faces feature-by-feature, with no opportunity to process
holistic information (e.g., process the face as a single unit). There
is considerable evidence to support the dominance of holistic over
featural information in face recognition (see Maurer et al., 2002 for
a review). For example, participants recognize parts of a face more
accurately in the context of the whole face rather than in isolation
(Tanaka and Farah, 1993). Similarly, when participants were forced
to view single facial features via a gaze-contingent moving window
during test, recognition significantly decreased compared to those
who engaged in free viewing, resulting in performance similar to
that of a prosopagnosic patient (van Belle et al., 2010).
Additionally, the presence of the entire face may provide advantages to subsequent recognition because the sequence and location
of eye movements may be influenced by both bottom-up (e.g.,
salience, luminance) and top-down factors (e.g., task demands,
memory; Parker, 1978; Underwood et al., 2004, 2006; Ryan et al.,
2007). It is possible that disrupting either one of these processes
while studying a face has a detrimental effect on subsequent recognition accuracy as this prevents the most salient and/or informative
regions from being sampled earliest and/or most often, thereby
resulting in a weaker representation of that stimulus in memory.
The lack of peripheral information, and the reduction in bottom-up
control of eye movements may explain the significant reduction in
recognition for the participants in the own condition relative to the
base participants. In the present study, participants who followed
another person’s eye movements through a moving window (yoked
participants) had higher recognition rates than those who had
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active control over the moving window (own participants), which
may seem surprising given that, during encoding, both groups did
not have peripheral stimulus information available. However, yoked
participants followed the eye movements of a base participant who
was able to freely view the face. The eye movements of base participants, and consequently the yoked participants, were presumably
influenced by both top-down and bottom-up factors, leading to
encoding of the most salient and informative face features, and a
subsequent advantage in a recognition memory. Conversely, participants in the gaze-contingent own condition were restricted to
adopting an eye movement scanning strategy that relied predominantly on top-down factors. Specifically, viewing by the own participants was likely guided by information in memory regarding where
facial features should be with respect to one another, rather than
being guided by bottom-up influences such as a particularly salient
facial feature (e.g., large nose, bright eyes). The lack of peripheral
information may have disrupted bottom-up guidance of eye movements, or may have disrupted the (perhaps conscious) planning
of a sequence of eye movement patterns that is informed by foveal
and peripheral details. Therefore, the current results suggest that
the presence of peripheral information allows for bottom-up and
top-down factors to be exerted on eye movement scanning, both
of which influence subsequent memory.
Aging and face recognition

Within the yoked condition, recognition for the older participants
did not improve when their eye movements were yoked to those
of younger participants. Moreover, recognition accuracy for the
younger yoked participants did not decrease when their eye movements were yoked to those of older participants. Older adults were
impaired on recognition relative to younger adults, regardless of
whether the eye movements of a younger or older adult were followed. It seems then, that manipulating the eye movements of older
adults to view faces in the same manner as younger adults cannot
override age-related deficits in face recognition. It is possible that
this age-related recognition deficit may stem from an inability to
bind the features of a face together into lasting representations (e.g.,
Chalfonte and Johnson, 1996; Naveh-Benjamin, 2000).
Age-related changes in binding may be the underlying process
that outwardly manifests itself as age-related changes in scanning
behavior. That is, age-related changes in scanning behavior reflect
an age-related change in binding. In our previous work (Ryan and
Villate, 2009), we have suggested that eye movements serve to link,
or bind, distinct objects to one another. Here, eye movements may
serve to bind distinct face features to one another. If older adults
have structural and functional changes in the neural systems that
would otherwise support binding (e.g., Driscoll et al., 2003), then a
compensatory response may be to increase eye movements within
and between face features to support the development of face representations. This potential strategy of increased sampling cannot
be invoked when older adults are yoked to the eye movements of
younger participants. Indeed, older participants yoked to older base
participants showed a numerical advantage in recognition for faces
compared to those who were yoked to a younger base participant.
Moreover, increased sampling of the face during study was associated
with improved recognition accuracy during test for all participants,
and in particular for older adults, again supporting the notion that
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increased sampling may be critical for older adults’ subsequent recognition. As a result of increased sampling (i.e., numerically greater
number of fixations, significantly greater number of transitions),
the average duration of each fixation necessarily decreased for older
adults relative to younger adults due to the fixed viewing time (results
not reported here, for brevity). Curiously, even though increasing the
number of fixations and transitions resulted in decreased time for
foveal processing of the stimulus, higher numbers of fixations and
transitions, rather than lower numbers, were correlated with subsequent recognition. This suggests that it may not be the processing of
the details of the faces per se that supports subsequent recognition,
but the linking of the face features that is supported by the eye movements themselves: namely, fixations and transitions.
While an own-age recognition bias was not observed here for
younger adults (but see Wright and Stroud, 2002; Anastasi and
Rhodes, 2006), an own-age recognition bias was observed for older
adults, regardless of the manner in which faces were initially studied.
Across all viewing conditions, older adults exhibited greater recognition accuracy for older versus younger faces. This suggests that the
own-age recognition bias observed for older adults is not related to
scanning behavior, and that older adults are employing an alternative
strategy to encode and subsequently recognize older faces.
The advantage in memory for older faces may occur as a result
of additional elaborative processing following acquisition of information by the eye movements. It is possible that for older adults,
social group status may play a larger role in determining how faces
are processed and maintained in memory (e.g., Wright and Stroud,
2002; Anastasi and Rhodes, 2005; Lamont et al., 2005; Firestone
et al., 2007). For instance, it may be easier for older adults to integrate older faces into their semantic network of known people if
their current cohort is comprised largely of older adults. By contrast, the younger adults in this study may have more frequent
exposure to a wide variety of age groups (e.g., family members,
college professors), thereby making it relatively easy to incorporate
both younger and older faces into an existing semantic framework
(Anastasi and Rhodes, 2006).
Alternatively, for the older adults, memories for older faces may
be based primarily on a defining feature; storing a single defining
feature in memory may be advantageous if older adults have difficulty binding multiple features together into a face representation.
In that case, it may not be important that a particular pattern of
eye movements be enacted in order to support a memory representation for an older face; rather, it may be more important
that a sufficient amount of fixations and/or time is spent on a
particular feature. A sufficient amount of viewing could be spent
on a defining feature regardless of whether or not the viewer were
in control of the sequence and location of eye movements that are
enacted to study the face. Therefore, active versus passive control
over the manner by which the face features are encoded would be
of secondary influence to the own-age recognition bias compared
to the type of information that is encoded and/or the amount of
viewing that is directed to particular aspects of the face.
The influence of active versus passive control on memory

Previous work has demonstrated an advantage in memory when
participants maintain active control over the manner by which
encoding unfolds. For example, in a study by Brooks et al. (1999),
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participants actively negotiated their way through the rooms of a
virtual bungalow with a joystick. A passive participant sat in front
of a yoked monitor and watched as the active participant moved
through the bungalow. Participants who had active control of their
movements had better recall for the bungalow’s spatial layout than
the participants who were under passive control. Similar advantages
from active control have been shown for drivers versus passive car
passengers (e.g., Appleyard, 1970; but see Booth et al., 2000) and
in active versus passive touch studies (e.g., Gibson, 1962; but see
Schwartz et al., 1975).
On the surface, our findings may appear to be inconsistent with
research that demonstrates an advantage in memory for active control at encoding. Participants in the yoked condition under passive
control of the moving window showed higher recognition rates
compared to participants in the own condition who had active control of the moving window. In the current paradigm, having active
control over one’s eye movements may not be the most influential
factor affecting recognition. Instead, having access to as much information as possible may be more critical, since this may enable the
adoption of a scanning strategy influenced by both top-down and
bottom-up information, as well as holistic and featural information regarding the face. Although peripheral information was not
available for either the yoked or own participants, the path of the
moving window for yoked participants was based on all available
information that was indeed present for the base participants. This
may have then inflated the recognition rate for the yoked condition; that is, it is possible that some of the deficit in recognition
due to passive control of the moving window may have been offset
by an increase in recognition afforded by the efficient path of the
moving window that was based on foveal and peripheral information available to the base participant. In contrast, the path of the
moving window for the own participants was likely based largely
on top-down information.

is idiosyncratic; findings that reveal the similarity between eye
movements enacted during encoding and those enacted during
recognition suggest that comparisons of one’s own eye movements across the experimental phases may be critical for recognition (Noton and Stark, 1971; Brandt and Stark, 1997; Laeng and
Teodorescu, 2002; Foulsham and Underwood, 2008). It is possible
that adopting another’s eye movements does not take into account
the particular coping mechanisms that have proved beneficial
for memory within a given viewer, and that older adults in particular may benefit from a scanning strategy in which increased
transitional behavior and sampling of a face is enacted to compensate for difficulties in memory binding (Firestone et al., 2007).
Additionally, eye movement modification may still be a means
by which recognition memory may be enhanced, perhaps via
increased sampling. Future work remains to explore whether
increased sampling to particular regions (e.g., increased viewing
toward the eyes or nose) is required to enhance recognition, or
whether increased sampling in general may help to reduce agerelated deficits in recognition memory. Moreover, while memory
may be influenced by eye movement behavior, the own-age recognition bias for older adults may be independent from the pattern
(sequence and location) of scanning behavior, and may instead
be related to factors such as the amount of time and/or number
of fixations spent viewing a particular face feature or the ease
with which a face may be integrated into an existing framework
of known persons. Additionally, other cognitive factors such as
speed and/or level of processing may be considered as factors that
contribute to age-related differences in face recognition and the
own-age recognition bias (Craik and Lockhart, 1973; Salthouse,
1995). Future work remains to explore these possibilities and to
determine the means by which eye movement patterns and/or
different processing modes may be modified to efficiently support
the formation of lasting representations in memory.

Conclusion
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