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Abstract

We investigated whether memories of different time scales
(i.e., week, day, hour) are used independently (i.e., indepen-
dence of scales). To overcome the limitations of previous
studies that have low ecological validity in selecting the test
stimuli, we used experience sampling technology. Participants
wore a smartphone around their neck for two weeks, which
was equipped with an app.that automatically collected time,
images, GPS, audio and accelerometry. After a one-week re-
tention interval, participants were presented with an image that
was captured during their data collection phase, and tested on
their memory of when the event happened (i.e., week, day of
week, and hour). We find that, in contrast to previous studies,
memories of different time scales were not retrieved indepen-
dently in everyday life. Additionally, we replicated previous
laboratory findings such as correlations between confidence
rating and memory performance, and patterns found between
valence rating and memory accuracy.

Keywords: independence of scales; experience sampling;
episodic memory

Introduction
The ability to remember when a past event happened is one
of the crucial cognitive mechanisms we use in everyday life.
We are also capable of remembering a past event in different
time scales such as remembering the year, day of month, day
of week, and time of day an event happened. Previous stud-
ies examining this ability have reported that remembering one
time scale of an event (e.g., month of the event) is indepen-
dent from remembering another time scale (e.g., day or hour)
of the same event. For example, Friedman & Wilkins (1985)
tested participants using news events (e.g., John F. Kennedy’s
assassination), where they were asked about the exact year,
month, day of month, day of week, and hour of the events.
A reasonable prediction would be that if a finer time scale
such as the hour of the event is remembered, it would be
likely that a larger time scale such as the year of the event
would be remembered as well (e.g., if one remembers that
J.F. Kennedy was assassinated around 12:30pm, it would be
likely that he/she remembers that the year was 1963). How-
ever, Friedman found that in some cases remembering a finer
time scale was more accurate than remembering a larger time
scale (i.e., scale effects). The scale effects support the idea
that people could use different cues to retrieve different time
scales of the event rather than only relying on the overall

memory strength of the event (i.e., contextual association the-
ory and location-based process; Friedman, 1993).

Evidence for scale effects, which imply that memories of
different time scales are used independently, have been re-
ported in many other studies using different methods. For ex-
ample, Friedman (1987) asked participants about when a lo-
cal earthquake happened, Huttenlocher, Hedges, & Prohaska
(1992) asked participants, who previously responded to an
phone survey, the day of week and time of the phone sur-
vey, and Larsen & Thompson (1995) asked when events in
participants’ diary happened. These studies have all shown
evidence for scale effects, but at the same time suffer from
a lack of ecological validity. Historical and media events
(e.g., John F. Kennedy’s assassination) might have less self-
relevance than our day to day events, or may be more salient
than the typical events that occur on a daily basis (e.g., lo-
cal earthquake). Diary studies have the issue of selection
bias, where more salient events would be recorded by the par-
ticipants than regular events (Sreekumar, 2015). Therefore,
with these methodological drawbacks it is unclear whether
the scale effects would be found in our day to day life events.

An alternative way to examine scale effects with high eco-
logical validity is using experience sampling techniques. Ex-
perience sampling has the advantage of collecting each par-
ticipant’s day to day events automatically without selection-
bias, and by utilizing modern smartphones, various modali-
ties can be easily recorded such as time, images, sounds, GPS,
and accelerometry. Previous memory studies using experi-
ence sampling techniques have been successful in showing
interesting finding about human memory usage in real life.
These findings range from the kinds of cues people use to re-
member when an event happened, to how time and space are
represented in the brain (e.g., Dennis, Yim, Evans, & Gar-
rett, 2017; Nielson, Smith, Sreekumar, Dennis, & Sederberg,
2015; Sreekumar, Dennis, Doxas, Zhuang, & Belkin, 2014;
Chow & Rissman, 2017).

Therefore, in the current study we used experience sam-
pling techniques to examine whether memories of different
time scales are independently used (i.e., independence of
scales), and whether scale effects are present in everyday real
life. In the experiment, participants collected their day to day
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events for two weeks using a smartphone which collected var-
ious modalities including images and time of the event. Then
participants were presented with images that they had col-
lected and were asked what week, day of week, and time of
day the event depicted by the image happened. Additionally,
we asked how confident the participants were for making each
judgment, and the valence of the event.

Experiment
Methods
Participants Eighteen adults participated in the study (nine
females, M = 26.38 yrs, SD = 6.50 yrs) who were recruited
from flyers posted at the University of Newcastle. Partici-
pants were paid AU$100 for their time and effort.

Materials The stimuli used for each participant’s experi-
ment were images that were captured by each participant
during the data collection period. Images were individ-
ually prepared after the data collection phase and before
the test phase. First, blurry images were filtered out that
had an entropy values below 17.0 and a variation of the
Laplacian (Pech-Pacheco, Cristobal, Chamorro-Martinez, &
Fernandez-Valdivia, 2000) below 7.0. Then, one image was
selected for each one-hour time slot based on its distance to
images in other time slots (i.e., highest MIN-distance), where
the distance was measured by Euclidean distance using gist
representation of each image (Oliva & Torralba, 2001). Due
to individual differences in collecting the images, the num-
ber of images at test differed across participants (M = 67.5,
SD = 27.72, range = 22−122).

Procedure There was a two-week data collection phase
followed by a one-hour test phase. The phases were sepa-
rated by approximately seven days. The data collection phase
started on a Monday and ended on the following Friday. Dur-
ing the data collection phase, participants were told to wear
an Android smartphone around their neck during the week-
days when they were awake (see Figure 1A). The phone was
equipped with the ‘Unforgettable’ app. (Unforgettable Tech-
nologies, 2017), which collected image, time, audio (obfus-
cated), GPS, accelerometer and orientation information at ap-
proximately five minute time intervals (see Figure 1B). Par-
ticipants could turn off the app anytime they needed privacy.
When the phone detects WiFi and is charged, it sends the
stored data automatically to a remote server, which usually
happened once per day at the end of the day when users
charge the phone overnight.

Seven days after the data collection phase (i.e., on the third
Friday), participants were asked to login to an online web-
page for the test phase. Participants were presented with a
selection of their images collected during the data collection
phase. The images were presented one at a time on the left
side of the screen with related questions on the right side (see
Figure 1C). Participants were asked in which week, day, and
time the event captured in the image happen, along with a
five scale confidence rating for each response. The valence of

the event was also elicited (i.e., “rate how you felt about the
event that was occurring when the photo was taken.”) using a
five point scale (i.e., very negative, negative, neutral, positive,
very positive). The number of test trials differed based on the
number of images that were collected by each participant dur-
ing the data collection phase (see Materials).

Additionally, a study-test memory task, which was irrele-
vant to the current investigation, was administered using the
same pool of images on the third Monday (i.e., approximately
four days before the current test phase). The results of this
task will be reported elsewhere.

Results
All analyses involving statistical inference were conducted
using bootstrapping methods (Efron & Tibshirani, 1997), un-
less stated otherwise. The group data was taken where each
subject’s raw data was re-sampled 500,000 times with re-
placement.

We first examined the accuracy for each time scale (see Ta-
ble 1). Although chance level for P(hour) would theoretically
be 1/24, we assumed the chance level as 1/12 since the aver-
age time range of the collected images across the two-week
interval was 12.88 (SD= 2.11, range= 8−16). Results show
that performance in all time scales were above chance, which
indicate that participants in the current study were capable of
recalling when an event happened with reasonable precision.

Table 1: Accuracy for each time scale with mean accuracy,
chance-level for each time scale, 95% confidence interval
(95% CI), and Bonferroni corrected empirical p-value against
each chance-level derived from bootstrapping.

M chance-level 95% CI p-value
P(week) .61 .50 (= 1/2) [.56, .65] < .001
P(day) .34 .20 (= 1/5) [.28, 40] < .001
P(hour) .22 .08 (= 1/12) [.19, .25] < .001

In Figure 2A, we present memory accuracy for each week.
There was no performance difference between the first week
(M = .63, SDbootstrapped = .03) and second week (M = .58,
SDbootstrapped = .02; p = .143). Figure 2B presents mem-
ory accuracy for each day of week combined over the two
weeks (M: M = .28, SDbootstrapped = .04; Tu: M = .18,
SDbootstrapped = .02; W: M = .19, SDbootstrapped = .04; Th:
M = .23, SDbootstrapped = .03; F: M = .31, SDbootstrapped =
.07;). Results shows a trend for recency and primacy ef-
fects as shown in traditional serial position effects (Ebbing-
haus, 1913). The serial position effect was examined by
fitting a quadratic polynomial to the data. Results showed
an excellent fit as shown in Figure 2B in a red curved
line (i.e., ACCURACY = .029 · DAY 2 − .163 · DAY + .410;
root −mean− squareerror = .001, R2 = .963), where there
was a statistically significant coefficient for the second or-
der term (i.e., DAY 2; p = .002) and the intercept (p < .001).
The higher performance for Monday and Friday is likely to
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[Please look at the photo on the left and answer the questions below]

1. In which week was the photo taken?

1st Week 2nd Week

>>> How confident are you in your answer above?

Not at all
 Confident

Not very
 Confident

A little
 Confident

Somewhat
 Confident

Very
 Confident

2. On which day was the photo taken?

Mon Tue Wed Thu Fri

>>> How confident are you in your answer above?

Not at all
 Confident

Not very
 Confident

A little
 Confident

Somewhat
 Confident

Very
 Confident

3. At which time of day was the photo taken? (e.g., selecting AM, 2-3 means between 2:00 ~ 3:00 in the morning)

AM PM

0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10 10-11 11-12

>>> How confident are you in your answer above?

Not at all
 Confident

Not very
 Confident

A little
 Confident

Somewhat
 Confident

Very
 Confident

4. Please rate how you felt about the event that was occurring when the photo was taken.

Very Negative Negative Neutral Positive Very Positive

Submit Answers

A

B

C

Figure 1: Apparatus and test-trial example of the study. (A) participant wearing the Android phone for the data collection
phase, (B) layout of the Unforgettable app which was used for data collection, and (C) an example of a trial for the test phase.

be contributed by the salient anchor points created by the
weekends since memories for weekends are better than week-
days (e.g., Huttenlocher, Hedges, & Prohaska, 1992). Using
salient cues from Saturday and Sunday may have aided par-
ticipants’ ability to retrieve the events.

To evaluate the independence between different time
scales, we used pointwise mutual information (PMI) as in
Equation 1:

PMI(A;B) = ln
(

P(A,B)
P(A) ·P(B)

)
(1)

where, P(A,B) is the probability of correctly recalling both
time scale A and B (e.g., week and day) of an event whereas
P(A) and P(B) are correctly retrieving time scale A (e.g.,
week) and B (e.g., day) respectively. PMI ranges from −∞

to min(−logP(A),−logP(B)), and when P(A) and P(B) are
independent PMI is zero. Using bootstrapping methods, we
examined whether PMI(week; day), PMI(week; hour), and
PMI(day; hour) were statistically different from zero. Re-
sults are shown in Table 2, where all three PMI values were
statistically different from zero. In contrast to previous stud-
ies Friedman & Wilkins (e.g., 1985), the results provide evi-
dence for dependence between all scales (i.e., week and day,
week and hour, and day and hour). The difference in the re-
sults may have stemmed from the difference in the stimuli
that where presented to the participants. We will discuss this
more in the General Discussion section.

Confidence ratings for each time scale were analyzed. The
average confidence rating was 1.89 (SDbootstrapped = .24) for

Table 2: Pointwise mutual information (PMI) between differ-
ent time scales with mean PMI (M), 95% confidence interval,
and empirical p-value against PMI = 0 derived from boot-
strapping.

M 95% CI p− value
PMI(week;day) .12 [.050, .193] < .001
PMI(week;hour) .09 [.016, .161] .018
PMI(day;hour) .26 [.113, .398] < .001

the week response, 1.61 (SDbootstrapped = .21) for the day
response, and 1.89 (SDbootstrapped = .18) for hour response.
The confidence ratings for the three time scales were not
statistically different (F = 0.75, p = .94), which indicates
that the participants’ subjective ratings for remembering each
time scale was not different.

The relationships between accuracy and response confi-
dence at each time scale were also examined by calculating
point biserial correlation coefficient (rpb; see Figure 3). rpb
for the week (.18), day (.38), and hour scale (.27) all showed
significant correlations (p < .001) replicating previous stud-
ies that show positive correlations between confidence and
accuracy performance (Roediger & DeSoto, 2014).

Finally, we examined the valence of the events which the
participants experienced during the data collection phase. As
shown in Table 3, the proportion of extreme valences (i.e.,
very negative and very positive) was less than .04 (4%). The
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1st week 2nd week
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1.0
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ACCURACY = . 029 * DAY2 . 163 * DAY + . 410

Figure 2: Accuracy for (A) each week and (B) each day. The red curved line on panel B represents the quadratic fit to the data
with estimated coefficients above the curve. Dotted lines represent chance level for each time scale, error bars represent the
standard deviation of the bootstrapped samples.

1 2 3 4 5
Confidence rating

0

.5

1.0

Ac
cu

ra
cy

A
rbs = . 18* * *

Week

1 2 3 4 5
Confidence rating

B
rbs = . 38* * *

Day

1 2 3 4 5
Confidence rating

C
rbs = . 27* * *

Hour

Figure 3: Accuracy by confidence rating for (A) week, (B) day, and (C) hour. Values on the x-axis represent confidence rating
scores from ‘Not at all confident’ (1) to ‘Very confident’ (5). Dotted lines represent chance level for each time scale, error bars
represent the standard deviation of the bootstrapped samples. Point biserial correlations (rbs) are presented for each time scale,
where ∗∗∗ represents p < .001.

Table 3: Proportion of valence response for events partici-
pants experienced during the data collection phase.

Very Negative Neutral Positive Very
negative positive

.004 .058 .649 .253 .035

majority of the events were rated as neutral or positive (.90).
The relationship between memory accuracy and valence rat-
ings was examined by (1) polarity (i.e., negative vs. neu-
tral vs. positive) and (2) strength (i.e., neutral vs. weak vs.
strong). Due to the lack of responses in the extreme cate-
gories (i.e., very negative and very positive) we merged the
data in the following way. For the polarity analysis ‘very
negative’ and ‘negative’ responses were merged into Nega-
tive response, ‘very positive’ and ‘positive’ responses were
merged into Positive response. In a similar fashion, for the
strength analysis, ‘negative’ and ‘positive’ responses were

merged into Weak response, and ‘Very negative’ and ‘Very
positive’ responses were merged into Strong responses. The
neutral response in both cases remained as Neutral. Figure
4 shows the results from the valence strength analysis. The
results show better memory performance for stronger valence
across all time scales. Figure 5 shows the results from the va-
lence polarity analysis. In general, the results showed better
memory performance when the valence was positive. For the
week and day scales a statistically significant difference was
only shown between the positive and neutral valence (Bon-
ferroni corrected ps < .05), whereas for the hour scale the
positive valence was statistically different from both negative
and neutral valence (Bonferroni corrected ps < .001).

General Discussion

The current study examined whether memories of different
time scales are independently used in real life as suggested
by previous studies which may have suffered from low eco-
logical validity (e.g., Friedman & Wilkins, 1985). We used
experience sampling techniques to overcome this issue. Most
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Figure 4: Accuracy by valence strength for (A) week, (B) day, and (C) hour. Dotted lines represent chance level for each time
scale, error bars represent the standard deviation of the bootstrapped samples. +, ∗, ∗∗, and ∗∗∗ represent Bonferroni corrected
p-values that are p < .05, p < .01, p < .005, and p < .001 respectively.
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0
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B
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Negative Neutral Positive
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Figure 5: Accuracy by valence polarity for (A) week, (B) day, and (C) hour. Dotted lines represent chance level for each time
scale, error bars represent the standard deviation of the bootstrapped samples. +, ∗, ∗∗, and ∗∗∗ represent Bonferroni corrected
p-values that are p < .05, p < .01, p < .005, and p < .001 respectively.

importantly, results showed that retrieving memories of all
time scales were dependent on each other, supported by PMI
values above zero.

Our result contradicts a series of previous studies that sup-
port independence of scales (e.g., Friedman, 1987; Friedman
& Wilkins, 1985; Huttenlocher et al., 1992; Larsen & Thomp-
son, 1995). It is very possible that this difference stems from
the events that were used at test. Previous studies that tested
the independence of scales used historical events (e.g., assas-
sination of John F. Kennedy), infrequent events from the me-
dia (e.g., an earthquake), or events from participants’ diaries.
These events, in general, would be more salient and would
happen more infrequently than events that happen in our ev-
eryday lives (c.f., events recorded in one’s diary may have the
selection-bias of being more salient/infrequent events). Addi-
tionally, the insignificant events that comprise our daily lives
often demonstrate a repeated structure. As shown in the va-
lence rating, the majority of the events (i.e., 90%) that the par-
ticipants experienced were neutral or positive, whereas only
a small portion (i.e., 4%) were rated as very negative or very
positive. Moreover, considering that most of the participants
were university students, many of the events they experience
would repeat, and different time scales in these events would
be correlated such as attending a cognitive psychology class
every Monday and Wednesday at 9am, and going to work

every Tuesday and Friday at 6pm. These repeated and corre-
lated structures would make memories of different time scales
more dependent, and as a result retrieving/using memories of
different time scales from these events would be dependent.
Therefore, results from the current study would be more rep-
resentative of our real life. However, since the current study
used a specific memory period (i.e., two weeks) and retention
interval (i.e., one week), future study should examine whether
using different length of memory period and retention inter-
val would affect the results.

Another interesting finding is the serial position effect
shown by the days of week data. It is unlikely that the ef-
fect originated from better encoding at the start of the week
and lesser interference at the end of the week as in traditional
explanation of the serial position effect. It is hard to imagine
participants were more attentively encoding events on both
Mondays and Fridays coupled with the fact that participants
had a week long retention interval. Rather, it is more possi-
ble that the weekends acted as anchor points. As weekends
are usually more memorable and contain salient events (c.f.,
Huttenlocher, Hedges, & Prohaska, 1992), it would have been
easier for participants to retrieve the events which were near
these anchor points. Higher accuracy near such salient an-
chor points have been shown in laboratory experiments (e.g.,
Hintzman, Block, & Summers, 1973; Nairne, 1991). For ex-
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ample, Nairne (1991) presented lists of words and later asked
participants to reconstruct the order of the presented lists and
words in each list. Results showed a similar serial position
effect where the position near the start and end of the each
list and the list at the start and end of the experiment showed
greater accuracy.

Additionally, using experience sampling techniques we
have replicated memory phenomenon that have been exam-
ined previously. First, we find a statistically significant cor-
relation between confidence rating and accuracy in all time
scales. Although there are mixed results on the relationship
between confidence rating and accuracy (Roediger, Wixted,
& DeSoto, 2012), studies suggest that the non-significant cor-
relations stem from the structure of non-studied items (i.e.,
similarity structure of lures), and when only testing stud-
ied items the correlations are preserved (Roediger & DeSoto,
2014). We also find that the valence of the event affects accu-
racy. In general, we find that events that were rated as having
stronger valence and positive valence show greater accuracy.
Although laboratory studies find evidence for enhanced ac-
curacy for negative events (Holland & Kensinger, 2010), it is
possible that the current data set does not contain enough neg-
ative ratings (i.e., .004 for very negative and .058 for negative
ratings) and lack the power to detect the relationship (also see
the larger error bars for the negative events in Figure 5 com-
pared to other valence categories).

In sum, using experience sampling techniques, we pro-
vide evidence that memories of different time scales could be
used and retrieved dependently in everyday life. Moreover,
we replicated several memory phenomena using each partic-
ipant’s experience that was collected by experience sampling
techniques, providing an example of how to extend memory
experiments outside of the laboratory.
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