
Box 1. Synchrony and ‘Criticality’ in Animal Groups

The extremely high speed at which behavioral change (e.g., turning) or density propagates across flocks of
birds (Figure 1B and Figure I) or schools of fish (Figure 1C), along with certain statistical properties observed
in such groups (e.g., the presence of long-range correlations in individuals’ velocity despite the presence of
highly local interactions), has caused some researchers to speculate that such animal groups, as has
previously been suggested for the brain, are ‘poised near criticality’ [6]. Taken from statistical mechanics, the
theory of critical phenomena demonstrates that certain generic properties appear in a collective system, be it
of physical particles, neurons, or birds, when local interactions are tuned in a certain way. Near the critical
point, remarkable properties emerge spontaneously, such as individuals’ behavior becoming correlated
irrespective of the distance between them (which is mathematically equivalent to information being able to
propagate almost without loss over the entire structure). Biological systems may benefit from being close to
a critical state in a variety of contexts since they must often satisfy two, seemingly opposing survival
conditions: to respond quickly to changing environmental conditions, such as the appearance of a predator,
and to remain robust and organized in the face of noise (e.g., in the case of fish or birds, eddies or gusts of
wind, respectively). While still controversial, criticality provides a fascinating, plausible, and increasingly
testable hypothesis for effective information processing in large collectives.

Figure I. A ‘Murmuration’ of Starlings (Sternus vulgaris). Here the flock is being attacked by a
peregrine falcon (Falco peregrinus) just to the left of the center of the flock. Photograph courtesy of the
COBBS Laboratory, Institute for Complex Systems, National Research Council, Rome, Italy.
Acknowledgments
The author gratefully acknowledges support from the

NSF (IOS-1355061), the ONR (N00014-09-1-1074

and N00014-14-1-0635), the ARO (W911NG-11-1-

0385 and W911NF14-1-0431), and the Max Planck

Society.

1Department of Collective Behaviour, Max Planck Institute

for Ornithology, Konstanz, Germany
2Department of Biology, University of Konstanz,

Konstanz, Germany

*Correspondence: icouzin@orn.mpg.de (I.D. Couzin).

https://doi.org/10.1016/j.tics.2018.08.001
846 Trends in Cognitive Sciences, October 2018, Vol. 22,
References

1. Franks, N.R. et al. (1990) Synchronization of the
behaviour within nests of the ant Leptothorax acervorum
(Fabricius) – I. Discovering the phenomenon and its
relation to the level of starvation. Bull. Math. Biol. 52,
597–612

2. Cole, B.J. (1991) Short-term activity cycles in ants: gener-
ation of periodicity by worker interaction. Am. Nat. 137,
244–259

3. Miramontes, O. et al. (1993) Collective behaviour of ran-
dom-activated mobile cellular automata. Physica D 63,
145–160

4. Strogatz, S. (2004) Sync: The Emerging Science of Spon-
taneous Order, Penguin

5. Kastberger, G. et al. (2008) Social waves in giant honey-
bees repel hornets. PLoS One 3, e3141
No. 10
6. Bialek, W. et al. (2014) Social interactions dominate speed
control in poising natural flocks near criticality. Proc. Natl.
Acad. Sci. U. S. A. 111, 7212–7217

7. Dell, A.I. et al. (2014) Automated image-based tracking
and its application in ecology. Trends Ecol. Evol. 29, 417–
428

8. Centola, D. (2010) The spread of behavior in an online
social network experiment. Science 329, 1194–1197

9. Rosenthal, S.B. et al. (2015) Revealing the hidden net-
works of interaction in mobile animal groups allows pre-
diction of complex behavioral contagion. Proc. Natl. Acad.
Sci. U. S. A. 112, 4690–4695

10. Ugander, J. et al. (2012) Structural diversity in social con-
tagion. Proc. Natl. Acad. Sci. U. S. A. 109, 5962–5966

11. Strandburg-Peshkin, A. et al. (2013) Visual sensory net-
works and effective information transfer in animal groups.
Curr. Biol. 23, R709–R711

12. Noy, L. et al. (2011) The mirror game as a paradigm for
studying the dynamics of two people improvising motion
together. Proc. Natl. Acad. Sci. U. S. A. 108, 20947–
20952

Special Issue: Time in the Brain

Forum

Stuck in the Present?
Constraints on
Children’s Episodic
Prospection
Simona Ghetti1,2,* and
Christine Coughlin3

The examination of children’s
ability to simulate their future has
gained increased attention, and
recent discoveries highlight limita-
tions in this ability that extend
into adolescence. We propose an
account for this protracted devel-
opmental trajectory, which encom-
passes consideration of retrieval
flexibility across timescales and
self-knowledge. We also identify
avenues for future research.
We spend considerable time imagining
what our future might bring, savoring a
desired turn of events or dreading the
opposite. The mental simulation of a
future event sometimes includes so much

mailto:icouzin@orn.mpg.de
https://doi.org/10.1016/j.tics.2018.08.001
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0005
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0005
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0005
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0005
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0005
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0010
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0010
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0010
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0015
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0015
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0015
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0020
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0020
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0025
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0025
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0030
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0030
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0030
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0035
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0035
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0035
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0040
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0040
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0045
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0045
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0045
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0045
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0050
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0050
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0055
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0055
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0055
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0060
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0060
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0060
http://refhub.elsevier.com/S1364-6613(18)30179-7/sbref0060


vivid detail that it subjectively approaches
the experience of an actual memory. This
form of mental simulation has been
referred to as episodic prospection (or
episodic future thinking) and has received
considerable attention for its hypothe-
sized adaptive function: the mental pre-
experience of a personal future event – as
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

5 years 7 years 9 yea

Su
cc

es
s r

at
e

Episodic memory Episodic pr

Event genera on

Retrieval search Constru
event s

What?

Cogni v

(C)

(A)

Figure 1. Episodic Prospection Follows a Protra
memory in 5- to 9-year-old children and in adults (0 = f
space and time, and with additional episodic detail). Ad
able to provide narratives in all cases, they failed to inclu
required to generate personal past, future, and make-
9-year-old children required more prompts to generat
adapted, with permission, from [5]. (C) Model of key co
dominant account developed within adult research [
construction of event skeleton – given evidence that ini
retrieval are put forth as crucial cognitive constraints, e
temporal understanding and self-concept is noted. W
ability), they are not represented within this model b
childhood and early adolescence.
opposed to knowledge or understanding
of it –may provide a stronger motivational
basis for future-oriented action in the
present [1]. For example, it makes intuitive
sense that a student might work harder
through difficult class assignments if she
can visualize herself going through the
process of completing them. Some
rs Adults

ospec on

0.0

1.0

2.0

3.0

4.0

5.0

5 years

M
ea

n 
pr

om
pt

s

Past

Event elabora on

c on of
keleton

Where

Imbuement with
episodic details

When

e constraints

(B)

cted Developmental Trajectory. (A) Mean success
ailure, 1 = success; success indicates that children’s na
ults were more successful at episodic prospection com
de episodic detail. Reproduced and adapted, with perm
believe events for 5- to 11-year-old children and adul
e a personal future event than to generate either a pe
gnitive constraints on episodic prospection ability durin
8,12]) is explicitly divided into two subphases – an
tial event generation is particularly difficult for children [5
ach contributing differentially to the generation and ela
hile additional cognitive processes contribute to episo
ecause they are considered to be less specifically ce

Trends i
research has lent support to this adaptive
benefit by showing a positive effect of
episodic prospection on decision-making
and emotion regulation [2].

Given this adaptive function, a growing
body of literature has attempted to char-
acterize the building blocks of episodic
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prospection during development. Sub-
stantial work has focused on its emer-
gence during preschool years,
examining the capacity to engage in pre-
paratory actions for an immediate future
situation based on a recent past event;
this work has emphasized developmental
limitations in the retention of detailed
memories and conceptual understanding
of mind as key factors [3]. We focus here
instead on an emerging line of research
that examines the development of
episodic prospection beyond the pre-
school years, and which reveals striking
developmental constraints and significant
gains across childhood and into adoles-
cence [4–6].

Why Is Episodic Prospection a
Late-Developing Skill?
From an early age, children exhibit a con-
siderable conceptual understanding of
how past and future are linked, including
notions about the effects of past experi-
ences on one’s future emotions and
behaviors [7]. It is perhaps surprising then
that even preteens continue to exhibit
measurable limits in their ability to imbue
their mental simulations of the future with
episodic detail [4] (Figure 1A). Although
adults also experience difficulties with
episodic prospection [2], children’s
difficulties may be disproportionately
stronger relative to their abilities to
Box 1. Questions for Future Investigations

How are the understanding of temporal concepts and
and an understanding of conventional timescales [11

How does integrating temporal information into one’s
self-concept coherence and episodic prospection [5],
contributes to the development of episodic prospect

What is the relation between episodic prospection
understanding of commonalities and differences migh

Does fostering episodic prospection in children result in
may help children to become ‘unstuck in time’ and e

How does children’s environment affect the adaptive
respond to immediate threats, whereas nurturing or s
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remember their past [4]. We are beginning
to learn about the nature of these
limitations.

Retrieval Flexibility across
Timescales
An initial hypothesis focused on develop-
mental changes in the capacity to
engage in flexible retrieval. Episodic
memory supports episodic prospection
by providing the content for one’s future
event simulations [8]: the extent to which
one can flexibly retrieve and recombine
content from episodic memory may thus
support the ability to simulate future
events. Indeed, associations between
episodic memory and prospection have
been documented throughout develop-
ment, and just as episodic memory con-
tinues to improve into adolescence, so
too does prospection [4–6]. However,
episodic prospection is more challenging
across ages and appears to improve at a
slower pace than episodic memory [4].
This suggests that children may suffer
from the increased flexibility demands of
prospection compared to episodic
memory. A large body of literature has
documented limits in retrieval flexibility in
children [9]. Yet, when 5- to 11-year-old
children are asked to provide narratives
of make-believe events, which also
require the flexible recombination of epi-
sodic details to generate novel events,
episodic prospection related? Reports of developmenta
] motivate the question of how temporal knowledge infl

self-concept affect the development of episodic prospec
little is known about how a developing ability to view o
ion.

and other forms of future-oriented thought (e.g., tem
t shed new light on appropriate taxonomy [14] and de

adaptive benefits? Interventions targeting episodic pros
xperience benefits earlier than they would otherwise.

value of episodic prospection? Risky or unstable envir
table environments might promote future-oriented tho
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their level of episodic detail is compara-
ble to that included in narratives of past
events [5]. This suggests that a demand
for flexible recombination per se may not
fully account for their difficulties. Produc-
ing a make-believe event is different from
envisaging a future event in that the for-
mer does not require any consideration
of temporal constraints. Previous
research has shown that memory for
temporal context reaches adult levels
later than memory for other contextual
features, that this deficit extends into
adolescence [10], and that children’s
understanding of temporal information
or timescales (e.g., indicated by
responding correctly to questions such
as ‘When moving backwards from May,
do you come to September or January
first?’) predicts temporal memory [11].
This understanding develops during
childhood and likely constrains how chil-
dren attend to or appreciate temporal
aspects of their experiences. Episodic
prospection requires consideration of
temporal elements, not only to retrieve
but also to construct a novel temporal
context (e.g., future month, day, time of
day, order of event actions). Thus, inte-
grating episodic details across time-
scales may contribute to the slow
trajectory of episodic prospection, a
hypothesis that still awaits empirical
investigation (Box 1).
l associations between memory for temporal context
uences episodic prospection in children.

tion? Despite an observed relation between present
ne’s self as extended in time – from past to future –

poral discounting, planning, future orientation)? An
velopmental trajectories.

pection and/or other forms of future-oriented thought

onments may promote present-oriented thought to
ught or behavior.



Identification of Personally
Relevant Information
An additional non-mutually exclusive
hypothesis involves a difficulty with
identifying which elements of the past
are relevant for the future. In an initial
study of episodic prospection [4], we
anecdotally noted that even children as
old as 9 years of age hesitated consider-
ably when we asked them to build narra-
tives about their future based on cue
words. According to the constructive
episodic simulation model, a dominant
account developed within adult research,
episodic prospection requires the flexible
recombination of elements from one’s
episodic memory so as to construct the
skeleton of the future event representa-
tion and to elaborate on it by enriching it
with details ([8], see [12] for an update).
We asked whether these construction
and elaboration phases would be suffi-
cient for a full account of the development
of prospection. We proposed that, before
constructing a mental simulation of a
future event, one must first constrain
the retrieval search to generate a suitable
future event that is personally plausible.
This initial step is implied but not empha-
sized in the constructive simulation model,
likely because typical adults readily recog-
nize plausible events. We considered that
children might have a limited ability to use
their self-knowledge to make predictions
about their personal future and identify
events that fit within these expectations.
Two predictions resulted from this pro-
posal. First,wepredicted that youngerchil-
dren would exhibit greater difficulty in
generating the initial idea of a future event
in response to a cue, and would therefore
need disproportionately more prompts to
do so. Second, we predicted that children
with a more coherent self-concept would
produce richer narratives about their antic-
ipated future, given that self-concept pro-
vides the knowledge structure necessary
for constraining retrieval searches to
accessself-relevant information fromauto-
biographical memory [13].
We found evidence consistent with both
predictions [5]. First, 5- to 9-year-old
children required a greater number of
prompts for future events than did
adults (Figure 1B). This developmental
pattern was largely attenuated when we
examined necessary prompts for past
and make-believe events, bolstering the
case that future event generation
presents a unique challenge for children
and that the demand for retrieval flexi-
bility alone cannot account for this
challenge.

Second, we found strong age-related
increases in self-concept coherence,
and individual differences in self-
concept coherence predicted episodic
prospection above and beyond other
variables, including age, narrative ability,
and episodic memory, which were also
associated with prospection. This result
underscores that the importance of self-
concept extends beyond the develop-
ment of autobiographical memory [13].
Although our research has indicated
that having a more coherent sense of
self in the present may support child-
ren’s selective retrieval of personally rel-
evant information, a later-occurring
integration of temporal information into
the self-concept (e.g., knowledge about
the stability of self or the relation
between current and future self) may
additionally contribute to the behavioral
improvements in prospection observed
into adolescence. Research should also
compare the influence of general
semantic knowledge versus self-
knowledge on the ability to generate
a personal and plausible event because
this could help to elucidate the speci-
ficity of the observed relation.

Concluding Remarks
The examination of the development of
episodic prospection beyond early
childhood has only recently begun to
attract researchers’ attention. The limits
discussed here (Figure 1C) may be
Trends i
consequential for the ability of children
to profit from the adaptive benefits of
prospection at a time when they may
otherwise have the capacity to enjoy
increased independence and exert
some control over their decisions.
Future investigations (Box 1) examining
the limits we have identified as well as
potential sources of environmental influ-
ence may provide opportunities to bet-
ter understand why children are
sometimes stuck in time, as well as
their developing ability to overcome
this state so as to benefit from
prospection.
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Towards Ecologically
Valid Interval Timing
Hedderik van Rijn 1,*

Research on interval timing has
provided significant insight into
how intervals are perceived and
produced in well-controlled labo-
ratory settings. However, for tim-
ing theories to explain real-world
performance, it is imperative that
they provide better quantitative
predictions and be applicable to
timing tasks that are relevant in
ecologically valid settings.

Introduction
Whether it is using a well-timed silence
during a speech to increase rhetorical
effectiveness, determining whether one
can finish reading a paragraph in the
newspaper while keeping an eye on the
children, or deciding when to initiate the
final, irreversible stage of a landing pro-
cedure of a large commercial airplane,
timing is an essential feature of almost
850 Trends in Cognitive Sciences, October 2018, Vol. 22,
all complex, ecologically valid behavior.
Consequences of inaccurate timing range
from less-effective communication and
unintended but innocuous artwork on
the walls, to lethal accidents. Thus, being
able to predict how and when humans
accurately estimate the duration of rela-
tive intervals from hundreds of millisec-
onds to a few minutes is crucial to
explain how optimal behavior in complex
tasks can be achieved.

Regrettably, althoughdecadesof research
on interval timing have provided significant
insight intohow intervals areperceivedand
produced inwell-controlled laboratory set-
tings (e.g., [1]), the fact that these settings
bear little relation to ‘real life’makes it diffi-
cult to generalize the obtained knowledge
to realistic task settings [2]. For example,
although laboratory studies have demon-
strated that timing is influenced by a wide
spectrumof external factors, it is unclear to
what extent these effects generalize to
temporal aspects during decision making
(e.g., [3]) or, more specifically, to a pilot’s
time-based decision about initiating the
final stage of a flight. For the timing field
to have an impact in the real world, it is
imperative that timing theories should: (i)
provide quantitative predictions; and (ii) be
applicable to the type of timing tasks rele-
vant in ecologically valid settings. Below I
argue why current theories fail on either or
both accounts, and what aspects need to
be taken into account in future theorizing.

Characteristics of Ecologically
Valid Timing
A critical challenge for models based on
laboratory-based timing tasks is that
these types of models all describe the
timing of an interval that is purposively
started in the present and will have a
well-defined end sometime in the near
future, allowing participants to actively
attend to the passage of time (Box 1).
This type of prospective timing is typically
explained by assuming that there is a well-
defined ‘start signal’ indicating the onset
No. 10
of the interval, after which the accrual of
neural information or changes in the state
of a network tracks the passing of time.
However, when a salient event is
observed in the real world, it is possible
that at a later point in time one will need to
assess how long ago that event hap-
pened. As events are encountered fre-
quently, theories should be able to
explain how we can keep track of time
for a number of these events without
requiring a single clock to be explicitly
reset at the start of each interval.

Although some models explicitly account
for this possibility (for a review see [4]), this
is difficult to achieve for the majority of
timing models given their intrinsic proper-
ties. That is, prospective timing theories
typically assume that time is estimated in
one continuous take during which atten-
tion is focused on the passing of time.
These models either (often implicitly) pre-
dict that estimation of multiple concurrent
intervals is impossible or hinge on com-
plex cognitive strategies using ‘temporal
arithmetic’ [5,6]. The emphasis on the
estimation of singular intervals is unsur-
prising, as there seems to be a clear dis-
sociation between the difficulty people
have with estimating multiple intervals in
explicit timing tasks in laboratory settings
and the ease with which humans seem to
estimate the temporal characteristics of
concurrent intervals in real life. However,
a recent animal study [7] supports the
view that concurrent timing is feasible,
as rhesus monkeys can simultaneously
monitor and respond tomultiple temporal
intervals without revealing signatures of
temporal arithmetic. Thus, future models
of interval timing should be able to explain
how we, during a conversation with a
passenger while driving, can keep track
of the durations of the passenger’s
speech pauses, of how long ago the over-
taking car disappeared in the mirror’s
blind spot, and whether to again check
the navigational device for the next
instruction.
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