
Memory

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/pmem20

A behavioural and ERP investigation of the wearable
camera photo review in autobiographical memory

N. Khachatoorian, C. Loveday, D. Dima, A. Mair, S. Illingworth, M. A. Conway
& C. Haenschel

To cite this article: N. Khachatoorian, C. Loveday, D. Dima, A. Mair, S. Illingworth, M.
A. Conway & C. Haenschel (2021) A behavioural and ERP investigation of the wearable
camera photo review in autobiographical memory, Memory, 29:2, 224-233, DOI:
10.1080/09658211.2021.1880601

To link to this article:  https://doi.org/10.1080/09658211.2021.1880601

© 2021 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

View supplementary material 

Published online: 03 Feb 2021. Submit your article to this journal 

Article views: 1150 View related articles 

View Crossmark data Citing articles: 3 View citing articles 

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=pmem20

https://www.tandfonline.com/journals/pmem20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/09658211.2021.1880601
https://doi.org/10.1080/09658211.2021.1880601
https://www.tandfonline.com/doi/suppl/10.1080/09658211.2021.1880601
https://www.tandfonline.com/doi/suppl/10.1080/09658211.2021.1880601
https://www.tandfonline.com/action/authorSubmission?journalCode=pmem20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=pmem20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/09658211.2021.1880601?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/09658211.2021.1880601?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/09658211.2021.1880601&domain=pdf&date_stamp=03%20Feb%202021
http://crossmark.crossref.org/dialog/?doi=10.1080/09658211.2021.1880601&domain=pdf&date_stamp=03%20Feb%202021
https://www.tandfonline.com/doi/citedby/10.1080/09658211.2021.1880601?src=pdf
https://www.tandfonline.com/doi/citedby/10.1080/09658211.2021.1880601?src=pdf
https://www.tandfonline.com/action/journalInformation?journalCode=pmem20


A behavioural and ERP investigation of the wearable camera photo review in
autobiographical memory
N. Khachatoorian a, C. Lovedayb, D. Dimaa, A. Mairc*, S. Illingworthd, M. A. Conwaya and C. Haenschela

aDepartment of Psychology, City, University of London, London, UK; bSchool of Social Sciences, University of Westminster, London, UK;
cUniversity of Hertfordshire, Hatfield, UK; dSchool of Arts, Kent University, Canterbury, UK

ABSTRACT
Wearable camera photo review has successfully been used to enhance memory, yet very little is
known about the underlying mechanisms. Here, the sequential presentation of wearable
camera photos – a key feature of wearable camera photo review – is examined using
behavioural and EEG measures. Twelve female participants were taken on a walking tour,
stopping at a series of predefined targets, while wearing a camera that captured
photographs automatically. A sequence of four photos leading to these targets was selected
(∼ 200 trials) and together with control photos, these were used in a recognition task one
week later. Participants’ recognition performance improved with the sequence of photos
(measured in hit rates, correct rejections, & sensitivity), revealing for the first time, a positive
effect of sequence of photos in wearable camera photo review. This has important
implications for understanding the sequential and cumulative effects of cues on episodic
remembering. An old-new ERP effect was also observed over visual regions for hits vs.
correct rejections, highlighting the importance of visual processing not only for perception
but also for the location of activated memory representations.
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Introduction

Wearable cameras are small lifelogging devices that have
been shown to significantly enhance autobiographical
memory retrieval in patients with memory impairments, as
well as offering mnemonic benefits to cognitively healthy
individuals (see Chow & Rissman, 2017, for a detailed
review). These devices are small digital cameras, first devel-
oped by Microsoft in 2003, that are worn around the neck
and designed to automatically capture low-resolution,
wide-angle photographs from the wearer’s perspective. A
key feature of these cameras is that the picture capture is
influenced by in-built sensors, which detect salient environ-
mental factors, such as movement, light, temperature, and
direction. With typical use, the cameras take approximately
one image every 10-15s, and sequences of consecutive
images can later be reviewed in the form of a time-lapse
“movie” at either a predetermined or self-regulated pace.
This provides an efficient way of showing many photos in
a short time, which can create the experience of an
intense “flood” of recollection, termed by Loveday and
Conway (2011) as a “Proustian moment”.

Although there is now a growing number of studies that
show the beneficial effects of the wearable camera photo

review (Chow & Rissman, 2017; Mair et al., 2017; Silva et al.,
2016), an important question for both practitioners and
memory theorists is how and why this technology offers
such a powerful memory aid. What is it about this type of
photograph or the way they are reviewed that makes them
so effective in triggering episodic remembering? Expla-
nations include the idea that visual cues are more effective
than verbal ones (Maisto & Queen, 1992), or that the
sequence of photos provides additional temporal infor-
mation which supports retrieval through contextual rein-
statement (Barnard et al., 2011). Mair et al. (2017) recently
showed that the presentation of photos in their natural
(i.e., sequential) order ismore beneficial than randompresen-
tation. A more convincing suggestion is that the photo-
graphs produced by these cameras share a number of
overlapping features with normal human memory (Hodges
et al., 2011; Loveday & Conway, 2011). For example, wearable
camera-generated stimuli are visual, passively captured, have
a “field” (as opposed to “observer”) perspective, are time-
compressed, and are sequentially ordered.

A key challenge with identifying the underlying mech-
anism of wearable camera photo review is that there are
many variations in how wearable cameras are used, both
in experimental studies and everyday life. This makes it
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difficult to make direct comparisons and draw conclusions.
In particular, there is a lack of consistency in whether
photos are presented: singly or as a collection; in temporal
order, reverse order, or randomly; once or more than once;
within hours, weeks or months; or at a pre-determined or
self-regulated pace. Studies that have evaluated the value
of the camera as a memory aid have not yet systematically
explored these factors, nor have they explored the neural
correlates associated with these factors.

An important feature of wearable camera is the sequen-
tial way in which photos are captured, which allows them
to be presented and reviewed in the same pattern but in a
faster pace. No study to date has explored the behavioural
dynamics or neural correlates of this process. An effective
way to investigate the fine temporal structure of the
underlying processes is using electroencephalography
(EEG) to measure event-related potentials (ERPs). While
(EEG) and ERPs have not been used with wearable
cameras, there is however a large body of work that uses
this approach to explore the neurophysiology of recog-
nition memory under laboratory conditions. A well-estab-
lished finding is that correctly identified old words
compared to new words elicit a ERP with a higher ampli-
tude over parietal electrodes (Sanquist et al., 1980;
Wilding & Ranganath, 2011). When recording from lateral
electrodes, this old-new effect is largest over the left-parie-
tal electrodes 500–800 milliseconds after stimuli presen-
tation, thus it is termed the left-parietal old-new ERP
effect (Friedman & Johnson, 2000; Rugg, 1994). It has
been shown that this signature specifically indexes recol-
lection (Mecklinger et al., 2016), whereas familiarity is
characterised by mid-frontal old-new ERP effect (Mecklin-
ger & Jäger, 2009). Familiarity here refers to participants
ability to recognise old stimuli based on their feeling of
“knowing” from somewhere without necessarily recollect-
ing specific information about the context in which the
item was studied or experienced. Furthermore, using
coloured clip-art stimuli it has been shown that when par-
ticipants are tested on different study-test time intervals
the parietal old-new (recollection) effect attenuates after
one week and fades after four weeks, whereas the famili-
arity old-new effect remains consistent within this time
(Roberts et al., 2013; Tsivilis et al., 2015). It is not clear
whether these effects will be observed for recognition of
real-world memories, which differ from laboratory-based
memories in several ways. For example, the study of
memory in laboratory conditions usually involves simple
stimuli (e.g., words, shapes, generic pictures) encountered
within a relatively impoverished and unchanging environ-
ment. In contrast, real-world memories consist of complex
stimuli encoded within rich, dynamic, and multisensory
environments, and involve novel combinations of often
familiar items (e.g., people, places, objects). As such, real-
world memories are more likely to be personally relevant,
emotionally salient, goal-directed, and intrinsically motiv-
ated. Moreover, recognition memory in the laboratory
involves the presentation of precisely the same stimuli

presented within the same context both at study and at
test, but outside the laboratory, objects, people, and
places are recognised in contexts that differ from the orig-
inal encoding context, and usually, only partial cues are
available.

The current experiment is the first to use EEG to explore
the behavioural and neural mechanisms underlying the
recollection of memories based on wearable camera
photos in a real-world context. We took participants on a
guided walking tour where they saw a series of targets
while they were wearing a wearable camera. The targets
included urban artefacts such as a building’s facades,
sculptures, and other salient objects in the city. The
camera produced multiple photos for each target from
participants perspective as they walked their way
towards them. One week later, participants performed a
recognition task that included these photos along with
control photos taken in a similar manner. During this
task, a sequence of four photos per target was shown in
their natural order. Participants used a response box and
indicated their memory response for each of these
photos using three types of responses including “don’t
remember”, “familiar”, & “recollect”. This paradigm
allowed us to measure behavioural and neurophysiologi-
cal changes associated with observing a sequence of
photos. Firstly, we investigate whether the typical “old-
new” ERP effects found with simple stimuli are also elicited
by complex wearable camera images depicting a recently
experienced event. Secondly, we look at ERP amplitude
changes across the sequence of photos, in order to identify
the timing and location of cortical activation that occurs
during a sequenced image review. If memory success is
influenced by the sequential presentation of related
images, then we would expect to observe that, over the
course of the presented sequence, participants’ recog-
nition memory would increase, and corresponding
increase in amplitude would be observed in recognition-
related ERPs. On the other hand, if the sequence is unim-
portant for memory success then we would expect no con-
sistent relationship between the serial position of the
image within the sequence and measures of recognition
sensitivity and the corresponding ERP amplitude.

Methods

Participants

Participants were 13 females, ranging in age from 45–56
(M=51.12, SD=3.76). One participant was excluded as
they mentioned after the study that they had confused
the responses during the recognition task. They were
recruited by an advertisement on City University
London’s participant recruitment website and word of
mouth. None of the participants reported any history of
brain injury or serious mental health condition at the
time of the study and all had a normal or corrected
vision. All participants signed an informed consent form.
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The study was approved by the Psychology Department
Ethics Committee of City, University of London.

Wearable camera

The wearable camera Autographer was used in this study
(OMG PLC, http://www.autographer.com). Autographer is
a small camera that is worn around the neck and captures
photos from the perspective of the person wearing it. It is
equipped with a set of sensors reacting to changes in
colour, brightness, temperature, perceived direction, and
motion. The information from these sensors is then used
to detect and take a photo at a “good” moment. We
used Autographer on a setting that takes a photo on
average every 10 sec, with variance depending on the
information from the sensors.

Stimuli

Fifty-eight predefined “targets” – urban artefacts are seen
during the walking tour, such as a unique building facet,
an old police post, a church entrance, and sculptures –
were used to create the experimental stimuli. The tour
was devised in a way that avoided any famous sights in
London. While the areas participants walked through
may have been familiar to them, the targets were chosen
such that it was very unlikely for them to have seen
them or payed attention to them before the tour. This
was the same for the control tour. For each participant,
photos of these predefined targets were selected from
the full set of photos captured on their Autographer
during the tour, along with a sequence of three preceding
photos. All other photos were discarded. There was some
variability between the photos for each exhibit within the
sequence, as the photos depicted the exhibits from slightly
different angles and slightly different distances, however,
the targets were seen in all the photos. The temporal
gap between photos were approximately 10 sec unless a
photo had been removed from a sequence in which case
this gap was twice as long. After rejecting sequences
with photos containing a recognisable object (e.g., the
experimenter, participants’ hand), the number of targets
ranged from 48 to 56 for participants. Following artefact
rejection in of the EEG data, we had the following
average number of trials for each condition: 40.8 in
sequence 1, 42.7 in sequence 2, 44.5 in sequence 3, &
46.2 in sequence 4 hit responses and 44.1 in sequence 1,
45.8 in sequence 2, 47.2 in sequence 3, & 48.2 in sequence
4 correct rejection responses.

As a control for the sequences of “tour photo”, a set of
“new photo” sequences were constructed from Autogra-
pher photos captured on a different walk in a different
location by the experimenter. For each participant, the
number of new (control) sequences was adjusted to be
equal to the number of tour (old) photos. Photos were
shown on a CRT screen (resolution: 1264 × 790) with a
large 30° * 40° visual angle.

Design and procedure

The experiment consisted of two parts, a guided walking
tour, followed by a recognition test with EEG a week
later. Pairs of participants were taken on the guided
walking tour while wearing the camera. The experimenter
acted as the guide and ensured that the participants
encountered each of the targets for long enough for it
to be captured on the Autographer. They were told to
walk naturally as if they were exploring the area and
their attention was not specifically drawn to the targets.
Participants could talk and take a short break during the
tour. All participants followed the same route and
observed the same targets. The walking tour took place
in the London Borough of Islington and City of London,
London, UK, it was 3 miles long and took participants
approximately 90 min to complete.

The recognition and EEG recording session took place
after a one-week interval. For each condition (tour vs
new photos), there were between 48 and 56 sequences
of 4 photos, compiling on average 207 photos per con-
dition. During the recognition task, the sequences of
tour and new photos were presented in a random order,
but photos within each sequence were kept in the
correct temporal order (see Figure 1 for task design).
Each photo was presented on the screen until a response
was made. This was followed by a 500 ms inter-trial inter-
val, during this time the screen turned grey, before the
next photo was presented. There was no fixation cross
before or after the photo presentation. Participants were
instructed to use a response box and respond to each
photo by pressing one of three buttons: “Don’t remem-
ber”, when they did not recognise the photo as one
from the guided walking tour; “Familiar”, when they
were sure that they remembered the photo from the
tour but had no specific recollection of the context (what
they were thinking, saying or doing); and “Recollection”,
when in addition to remembering the photo from the
tour they also recalled what they were experiencing
during that time, such as what they were talking or think-
ing about. Photos were presented until participants
responded, with 500 milliseconds inter-trial interval. The
responses we were interested in were: “hit-recollect”– cor-
rectly recollected photos; “hit-familiar” – correctly familiar
photos; “miss” – incorrect “don’t remember” responses.
“correct rejection” – correct “don’t remember” responses;
and “false alarm” – incorrectly recollected or familiar
responses.

EEG acquisition and pre-processing

EEG was recorded using a 64-channel, BrainVision Brai-
nAmp series amplifier (Brain Products, Herrsching,
Germany) with a 1000 Hz sampling rate. The data were
recorded with respect to FCz electrode reference and
later re-referenced to TP9 and TP10 electrodes. Ocular
activity was recorded with an electrode placed underneath
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the left eye. Pre-processing steps were conducted using
BrainVision Analyzer (Brain Products, Herrsching,
Germany). We first applied a low cut-off filter of 0.5 Hz
and an automatic ocular correction using the ocular inde-
pendent component analysis. The data were then segmen-
ted from 200 ms prior to 800 ms after stimulus
presentation. After a high cut-off filter of 20 Hz, automatic
artefact rejection was applied excluding segments with a
slope of 200 µV/ms and min–max difference of 200 µV in
200 ms interval. Baseline correction was applied to the
200 ms interval preceding the stimulus. After pre-proces-
sing, the mean amplitude for the given time window for
every trial was exported from BrainVision Analyzer for stat-
istical analysis to MatLab (Mathworks Inc, Natick, MA) and
grand averages were computed in BrainVision Analyzer for
visual inspection of ERPs.

Behavioural analysis

We were interested in participants’ hit rate, recollection
rate, correct rejection, sensitivity (d’), and response bias
and specifically how these measures change over the
sequence. Therefore, each of these measures was com-
puted 4 times, corresponding to each serial position in
the sequence. The hit rate was measured as the proportion
of hit responses (both hit-familiar and hit-recollected) to all
responses to the tour photos (hits and misses), the recol-
lection rate as the proportion of correctly recollected
responses (hit-recollect) to all hit responses (hit-recollect
and hit-familiar), and correct rejection as the proportion
of don’t remember responses to the controls photos to
all control photos.

The sensitivity (d’) and the response bias (c) were
computed from participants’ hit and false alarm rates
(Stanislaw & Todorov, 1999). False alarm rate was
taken as 1 min correct rejection. The sensitivity
measure provides information about participants’
ability to discriminate between old and new photos;
response bias provides information about participants’
inclination to say “remember” or “don’t remember”.
The hit and false alarm rates used for this analysis
were log-transformed to avoid undefined sensitivity

values for extreme cases; hit rate of one, and false
alarm rate of zero (Hautus, 1995).

To examine how these changed with the sequence, we
used a one-way repeated ANOVA in which only the linear
effect of the sequence was included. In order to explore
where these effects lay within the sequence, we used
three post hoc t-tests and adjusted their p values with Bon-
ferroni correction.

To examine changes in participants’ reaction times (RT)
across conditions, responses, and the sequences we used a
3 (response: familiar, recollect, & don’t remember) by 2
(condition: tour & control) by 4 (sequence: first, second,
third, & fourth photo) repeated measures ANOVA. Here
also only a linear effect of sequence was included in the
model. To explore where the effect of sequence lied, we
used three post hoc t-tests and adjusted their p values
with Bonferroni correction. Similarly, we used three post
doc tests to explore differences across the three responses.
ERP analysis

We used a collapsed localiser approach (See Luck & Gas-
pelin, 2017) to choose a time window. First, we averaged
across all conditions and then used this collapsed wave-
form to define the time windows to be used to compare
the different conditions. This method allows us to obtain
an unbiased time-window. Based on this we examined a
time window between 135 and 450 milliseconds post-
stimulus, and explored five regions of interest: (ROI)
frontal (F1, F2, Fz), central (C1, C2, Cz), parietal (P1, P2,
Pz), parieto-occipital (PO3, PO4, POz), and occipital (O1,
O2, Oz) electrodes. Given that five ROIs were being exam-
ined, we used False Discovery Rate (FDR) correction for the
p values obtained from these comparisons (Benjamini &
Hochberg, 1995).

We conducted two separate analyses to examine the
mean amplitude of ERP differences between hits and
correct rejections (“old-new effect”), and between hits-
recollect and hits-familiar (“familiarity-recollect effect”). In
both analyses, we also looked at the effect of the
sequence. For these analyses, we used linear mixed-
effects models (LME; Barr et al., 2013). This analysis con-
siders participant-specific variability and accommodates
the repeated measures study design. The fixed part of

Figure 1. The design of the study. Four photos for each target on the walking tour were presented in the order in which they were captured. The order of
targets and conditions within the experimental session was randomised. Participants had to respond to every photo they saw with no time limit, with 500
milliseconds inter-trial interval.
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the model included the response, i.e., hit or correct rejec-
tion, when looking at the old-new effect, and hit-familiar
or hit-recollect when looking at the familiarity-recollect
effect. Additionally, we included electrodes within the
ROI and the linear effect of the sequence as fixed factors.
As random effects, an intercept, slope for the response,
sequence, and the electrodes were all included for each
participant, the interindividual variability in EEG amplitude
was accounted for, and this therefore represented a “base-
line” for each participant. We computed the significance of
fixed effects by comparing a model with the fixed effect of
interest with a model without it.

Unlike conventional ANOVAmethods where epochs are
first averaged across each condition for each participant,
LME takes each epoch data (Barr et al., 2013). Doing so is
advantageous as the models in this method consider
that different conditions may have different variances
and number of data points – a crucial weakness in ERP
studies that is being improved by using linear mixed
effect models (Koerner & Zhang, 2017; Tibon & Levy,
2015). We used maximum likelihood to estimate the par-
ameters and Likelihood Ratio tests to attain significance
levels (X2) for these parameters (Bolker et al., 2009).
Finally, we used the Benjamini-Hochberg method to
correct for false discovery rate of multiple comparisons
on different ROIs (Benjamini & Hochberg, 1995).

Results

Behavioural results: response rate, sensitivity, and
reaction time

Participants’ hit rate, recollection rate, and correct rejec-
tion rate for different sequences are presented in Figure
2. The overall hit rate was 82.75% (SD = 0.11). There was
a significant linear effect of sequence on participants hit
rate (F1,11 = 10.75, p = .007, h2

p = 0.49), recollection
rate (F1,11 = 39.39, p , .0001, h2

p = 0.78), as well as
correct rejection rate (F1,11 = 8.481, p , .014,
h2
p = 0.44). For the hit rate, post hoc tests failed to

depict a significant effect between sequence 1 and 2
(t(11) = 1.697, p = .35), sequence 2 and 3
(t(11) = 2.224, p = .14), or between 3 and 4
(t(11) = 2.438, p = .10). For recollection rate, post hoc
tests showed a significant effect between sequence 1
and 2 (t(11) = 3.918, p = .007) as well as between
sequence 2 and 3 (t(11) = 3.296, p = .02) and not
between 3 and 4 (t(11) = 2.375, p = .11). For correct
rejection, post doc test showed no significant effect
between 1 and 2 (t(11) = 2.479, p = .091), 2 and 3
(t(11) = 2.340, p = .117), or 3 and 4 (t(11) = 2.397,
p = .106). Overall, the results suggest a steady increase
in participants hit rates, recollection rate, as well as
correct rejection rate over the sequence of photos.

Participants’ sensitivity (d’) and response bias (c)
are presented in Figure 3. There was a significant
linear effect of sequence on sensitivity (F1,11 = 30.10,

p , .001, h2
p = 0.73) but not on response bias

(F1,11 = 0.3, p . .05, h2
p = 0.31). For sensitivity, post

hoc tests showed that the difference between sequence
3 and sequence 4 was significant (t(11) = 3.155, p =
.027) while the differences between sequence 1 and 2
(t(11) = 1.403, p = .56) as well as between sequence 2
and 3 (t(11) = 2.865, p = .046) were not significant.
This suggests a steady increase in participants’ sensitivity
with the later photos in the sequence.

Participants’ RT for different conditions (tour/new) are
presented in Figure 4. Participants took longer to
respond to new photos in comparison to tour
photos (F1,11 = 15.68, p = .002). There was an effect of
sequence (F3,11 = 22.59, p , .001) on RT, with partici-
pants taking longer to respond to the first compared to
the later photos in a sequence. Post hoc tests showed
there was a significant difference between sequence 1
and 2 (t(11) = 3.241, p = .015) while the differences
between sequence 2 and 3 (t(11) = 0.715, p = .48) and
sequence 3 and 4 (t(11) = 1.819, p = .26) were not sig-
nificant. Finally, there was an effect of response type, i.e.,
“Don’t remember”, “Familiar”, or “Recollect”-
(F2,11 = 16.91, p , .001). Post-hoc tests with Bonferroni
correction on response showed no difference between
don’t remember and familiar (F1,11 = .49, p . .05), but
that “recollect” responses were significantly faster than
“don’t remember” responses (F1,11 = 11.00, p , .01)
and “familiar” responses (F1,11 = 32.62, p , .001).
There were no interactions between condition and
response (F2,22 = 3.042, p = .068), condition and
sequence (F1,11 = 0.668, p = .481), response and
sequence (F2,22 = 1.276, p = .299), or condition,
response, and condition (F2,22 = 2.065, p = .15).

ERP results

We found no differences between the hit-familiar and hit-
recollect responses across any of the regions (see sup-
plementary material for the null statistics). The mean posi-
tive amplitude between 135–450 ms after stimuli
presentation was significantly lower in response to hit
conditions (hereafter old) compared to correct rejection
(hereafter new) conditions at occipital electrodes-
(X2(1) = 12.02, p = .003), parieto-occipital (X2(1) =
9.59, p = .005), and that effect was also evident at parie-
tal electrodes (X2(1) = 5.76, p = .027). Figure 5 shows
the old-new effects at occipital, parieto-occipital, parietal
and frontal electrodes. There was no effect of sequence.

Discussion

We explored the behavioural and neural mechanisms
underlying the wearable camera photo review by investi-
gating the recognition of real-world events across
sequences of photos, captured during a walking tour. We
demonstrated that recognition performance improved
across the sequence of four photos, with incremental
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increases in recollection and sensitivity. Analysis of brain
activity using ERPs, revealed an old-new effect over
frontal and occipital electrodes but showed that
these were not modulated across the sequence of four
photos.

Even though there are numerous studies demonstrat-
ing the benefits of wearable cameras (Chow & Rissman,
2017), the underlying mechanism of this enhancement
has not been examined. A key feature of the wearable
camera in its day-to-day use is that photos are captured
and reviewed in sequential form, providing multiple
exposures to temporally organised cues. In this study, we
specifically explored the relevance of this, by isolating
sequences of four photos that led up to specific targets
and using these to create a recognition task. Participants
hit rates, along with their subjective feeling of recollection
increased for later photos in the sequence. Importantly,
this pattern was also true for sensitivity. Given that an
everyday experience will typically generate a sequence
with many hundreds of photos, this experimental study
offers limited insight into the full potential of viewing
photos in sequence, nevertheless, it is quite striking that

this effect can be seen with just four photos. We believe
that these results emphasise the benefit of seeing a
sequence of related photos, which is a key feature of wear-
able camera photo review.

Since we did not include sequences of photos in
random order, we cannot make inferences about the
influence of the order of photos and based on our
results, it is possible that the sequence effect is simply
due to presence of multiple photos and not their order.
However, a recent study has shown that sequences of
photos in their natural order lead to a stronger final recol-
lection of the events compared to randomly presented
photos (Mair et al., 2017). One possibility is that there is
an additive effect of the number of cues across the
sequence. Since every photo in the sequence has a
different perspective, each will contain its own unique
combination of cues for the main memory event. Thus,
each new photo in the sequence increases the possibility
of providing a cue that is personally or environmentally
salient.

Finally, it can be argued that sequence effect may be at
least partly caused by an increase in recognisability of

Figure 2. (A) Hit rate – the proportion of correctly remembered photos to all tour photos – across the sequence of photos (B) Recollection rate – the
proportion of recollect responses to all hit responses – across the sequence of photos (C) Correct rejection rate – the proportion of correctly identified
control photos to all control photos – across the sequence of photos. Error bars represent standard error of the mean.
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photos later in the sequence. This could have been
especially the case for smaller targets. These targets may
be less visible in earlier photos in the sequence as these
were taken from a further point and more visible in later
photos in the sequence as these were taken from a
closer point. However, an opposite pattern would be
expected for larger targets. These targets would be more
recognisable from earlier photos in the sequence as
these were taken from a far point and would contain
more information about them. This is contrast to later
photos in the sequence that would contain less infor-
mation about them. Overall, while targets may not be
equally recognisable throughout the sequence, it is unli-
kely that their recognisability is the primary cause of the
sequence effect.

A second possible explanation for the sequence effect
is that a subthreshold reactivation of memories during
the miss trials make the target memory more accessible
in the next trial of that sequence. Each time a photo
from the tour is presented, it has the capacity to act as a
memory cue that reactivates the target memory. If this
effect is strong enough, a recollection of the event
occurs (i.e., hit trials). However, where the cue is not
strong enough to trigger explicit episodic remembering
(i.e., some miss trials), there may nevertheless be increased
activation (see Conway & Loveday, 2015), which makes the
target memory more accessible in the next trial of a
sequence.

If the sequence does indeed lead to greater activation
of the memory trace, then the neural basis remains

elusive as we did not find corresponding effects in the
EEG analysis. This may, of course, reflect a lack of power,
or it may be because this methodology is not able to
detect these particular neural correlates, for example, if
the changes occur at a more sub-cortical level. Neverthe-
less, there were important overall findings regarding
neural activity: we observed a positive old-new ERP com-
ponent over the visual electrodes from 135 to 450 millise-
conds after the photo presentation onset, and the mean
peak amplitude was larger in response to the presentation
of photos correctly identified as new (correct rejections)
compared to photos correctly identified as old (hits).

This ERP effect is different from that observed in other
episodic memory ERP literature (Friedman & Johnson,
2000; Mecklinger et al., 2016; Mecklinger & Jäger, 2009;
Rugg, 1994; Wilding & Ranganath, 2011). Usually, the old
new effects found over the parietal regions have a
higher amplitude for old compared to new items,
whereas here this effect was reversed. However, this
likely reflects the major differences between the paradigm
used here and those used in most other ERP studies,
namely the visual nature of stimuli and the longer reten-
tion time. While the laboratory-based episodic memory
tasks typically use words or pictures as stimuli, here the
stimuli were photos produced by wearable cameras. The
visual information in wearable camera photos is more
complex than lab-based stimuli; they have a wider visual
angle, contain depth, typically have more items per
target item, and contain autobiographical information.
Due to this complex visual nature of wearable camera

Figure 3. (A) Sensitivity and (B) response bias for the pictures of the target in the sequence of photos. Error bars represent standard error of the mean.
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photos, it seems plausible that the visual old-new ERP
effect reported here reflects the contribution of visual
regions in recognition of these memories.

Furthermore, the retention interval of one week in this
study has likely allowed for offline processes to consolidate
the memories further in contrast to other ERP studies with
short retention intervals of minutes. If successful, these
processes might have changed how memories are stored
and retrieved, potentially making them rely less on hippo-
campus and more on cortical structures (Nieuwenhuis &
Takashima, 2011; Squire et al., 2004). This may explain
why we fail to observe a typical parietal old-new effect
here and why others have documented attenuated or no

parietal old-new ERP effect after long retention intervals
of one or four weeks (Roberts et al., 2013; Tsivilis et al.,
2015). However, St Jacques et al. (2011) found activation
of the hippocampus after a mean retention interval of
eight days in their fMRI study, which would suggest that
memories are still hippocampus dependent after one
week. In addition, since the cortical structures responsible
for the visual content of the memories are likely the visual
regions, it seems sensible that as a result of consolidation
processes the visual regions are contributing to the recog-
nition of these memories. Consequently, as a result of the
consolidation processes that have occurred during the
one-week retention interval and the visual nature of the

Figure 4. (Left) RT for different conditions, (middle) responses, and (right) sequence. Error bars represent standard error of the mean.

Figure 5. ERP components after the presentation of the stimuli for central (C1, C2, Cz), parietal (P1, P2, Pz), parieto-occipital (PO3, PO4, POz), and occipital
(O1, O2, Oz) electrodes. New (solid lines) after the presentation of stimuli participants correctly recognised as new (correct rejection). Old (dashed lines)
after the presentation of stimuli participants correctly remembered (familiar and recollect hits). Time windows where the two ERP components are sig-
nificantly different are depicted with shaded boxes.
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stimuli, it is likely that the visual old-new ERP reflects the
contribution of the visual regions in recognition of real-
world memories. However, while these explanations offer
potential reasons for the changes in the pattern of ERP
results, they do not explain why the old-new effect
found here is the reversal of what is typically found.

We observed no differences in the ERPs between the
subjective experience of familiarity vs versus recollection
responses. This suggests that participants’ subjective
responses that whether they had recollected contextual
information was not reflected in our observed ERP com-
ponents. One explanation for this finding is that in our
study both the new and old photos looked very similar
(both were urban areas of London, UK) hence participants
recognition memory in order to differentiate between the
photos had to rely more on recollection mechanisms than
familiarity-based mechanisms. This is also reflected in the
increase in recollection with the sequence. Therefore, it
may not be surprising that we observed no effect of fam-
iliarity. An alternative explanation would be that ERPs are
not sensitive enough, in which case, analysing the under-
lying oscillatory activity might be more sensitive.

There are several factors that future studies should con-
sider in order to achieve a better understanding of how
wearable cameras help memory and eventually create
better memory enhancement strategies. One important
consideration is the frequency at which the camera takes
photos, since this establishes how many images are avail-
able for review but may also impact on the overlap and
variation in cues. Another important factor is the number
of photos used. In an everyday setting, the user can view
long sequences of hundreds or even thousands of
images, but this is not practical in studies that are asses-
sing the mechanisms. Ideally sequences should be short
enough to allow convenient organisation and manage-
ment of images, but long enough to allow the “Proustian
moment” to occur (Loveday & Conway, 2011). Although
four photos seemed sufficient to detect a sequence
effect, it is unclear at which point, if at all, this effect pla-
teaus. This will be crucial in deciding an optimal number
of photos for memory enhancement paradigms.

This novel paradigm has allowed us to observe the posi-
tive influence of sequence during wearable camera photo-
review, but it is essential that future research explores
whether this effect is maintained in people with clinical
impairments of memory. This not only has important prac-
tical implications but may also shed more light on the
underlying neural mechanisms. While we did not find
ERP correlates of the sequence effect in this study, we
did observe an old-new effect over the visual electrodes
that has not been previously seen. This may suggest that
for long retention intervals these areas store some of the
memories. Furthermore, this likely emphasises the role of
visual cortices in recognition of autobiographical episodic
memory and highlights the importance of using ecologi-
cally valid methods to explore autobiographical
remembering.
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