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A B S T R A C T

The most important objects — from predators to projectiles — are often those that are moving. Accordingly, 
visual systems are specialized for object tracking, and many models of such processing involve continually re- 
identifying surface features across space and time (as you might follow a tiger by keeping track of its orange 
stripes). Here, in contrast, we show across four experiments — and in phenomenologically compelling demon
strations — that people also spontaneously perceive and track change-defined objects, with no enduring surface 
properties from moment to moment. Observers viewed regular grids filled with hundreds of small elements (e.g. 
randomly oriented crosses). Change-defined objects were implemented by having an element change (e.g., from 
one random orientation to another random orientation), with these changes propagating through space and time. 
Observers still detected the ‘second-order’ motion in such displays — despite the lack of persisting features, and 
without being able to identify the object in any static frame. And beyond motion detection, observers also 
spontaneously perceived and tracked persisting objects — and were even able to perform multiple-object 
tracking. We also generalized this phenomenon in several ways, showing that it occurs with other types of 
changes (e.g., to brightness or shape), and even when different types of changes are haphazardly interleaved (e.g. 
with a random orientation change to one element followed by a random brightness change to its neighbor, etc.). 
In essence, these stimuli show how observers can track a tiger that is always fully hidden while moving through 
tall grass, by tracking variable local changes to the grass itself.

1. Introduction

Visual perception is critical for mental life not just in characterizing 
static scenes, but in predicting what is about to happen. Accordingly, 
vision must be able not only to segment discrete objects from the 
background, but also to track them over time and space — as when 
viewing a moving predator, or a thrown projectile — and extensive 
research has confirmed that visual systems are specialized in various 
ways for tracking dynamic objects (Holcombe, 2023; Scholl, 2009). This 
foundational ability emerges remarkably early in development (Bower 
et al., 1971; Bremner et al., 2005; Johnson et al., 2003), and in adults 
it operates reliably even in challenging situations — as when tracking (a) 
flying balls at high speeds (Bahill & LaRitz, 1984; McLeod, 1987), (b) 
objects moving unpredictably (Tavassoli & Ringach, 2010), and (c) even 
multiple randomly moving objects among distractors (Holcombe, 2023; 
Pylyshyn & Storm, 1988; Scholl, 2009). These sophisticated abilities 
seem crucial for perception and navigation in dynamic environments. As 

such, object tracking has also become a central focus in AI work — e.g. in 
applications such as self-driving cars and surveillance systems (e.g. Luo 
et al., 2021; Milan et al., 2016; Zhang et al., 2008).

Models of object tracking — from infant cognition, to adult psy
chophysics, to computer vision — often share a common theme: such 
processing starts by first identifying some surface features of an object, 
and the persistence of these features then allows the visual system to track 
it in space and time. The tiger in Fig. 1, for example, might be tracked by 
identifying and then continuously reidentifying its orange color, or its 
characteristic stripes. (And even when tracking an object amidst iden
tical distractors — say, when watching a particular ant moving among 
seemingly identical ants — one may still reidentify the same ant-like 
features in a more constrained set of locations from moment to 
moment.)
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1.1. Introducing change-defined objects

The present study, in contrast, explored the ability to track entities 
that may at first blush seem somehow impossible: objects which have no 
enduring surface properties from one moment to the next, and so are 
defined only by pure change itself. To create such objects, we adapted 
stimuli from a form of so-called ‘second-order motion’, often defined by 
a type of stimulus flicker (Badcock & Derrington, 1985; Chubb & 
Sperling, 1988). Our change-defined object displays consist of hun
dreds of small elements arranged in a regular grid — e.g. randomly 
oriented crosses (Fig. 2). A moving object is implemented by having one 
element change from its original random orientation to a new random 
orientation — after which a different change (i.e. to another random 
orientation) occurs to a neighboring element, and so forth — with the 
locations of these random changes propagating through space and time. 
Such change-defined objects can also be implemented via random 
changes to other properties, such as brightness or shape (Fig. 3).

Change-defined objects thus differ from typical objects in two related 
ways. First, they cannot be tracked via enduring surface features, since 
such features do not exist. (Of course each cross on each frame still has 
particular features such as orientation — and the changes themselves 
could be considered as types of features [Mazalik et al., 2023], but none 
of these persist as stable surface features.) You can follow the tiger in 
Fig. 1 by (re)identifying its specific color, but you cannot track the 
change-defined object in Fig. 2 by (re)identifying its specific orientation 
— because that orientation is in constant flux. And because that flux is 
random, one cannot even track a change-defined object by noting a 
consistent amount of change from cross to cross (e.g. when tracking a 
rotating object by noting that its orientation is changing by a regular 
predictable degree from moment to moment). Second, change-defined 
objects cannot even be segmented from the background texture in the 
first place based on surface features: in a single static frame, it is 
impossible even in principle to locate a change-defined object, since it is 
surrounded by similar-looking elements. (A moving tiger is easy to de
pict, as in Fig. 1 — where its unique color distinguishes it from the 
background. Even just depicting change-defined objects in static figures 
is thus challenging, requiring some work — as in Fig. 2.)

In sum, change-defined objects could be tracked only by the 
spatiotemporal continuity of transient changes themselves. Essentially, 
such stimuli require observers to perceive and track a tiger that is always 
fully hidden while moving through tall grass, by tracking variable local 
changes to the grass itself over time and space.

1.2. Relation to previous work: Object tracking, texture segregation, 
apparent motion, and second-order motion

Change-defined objects seem distinct from related cases of object 
tracking along theoretically important dimensions. Perhaps the most 
relevant case is the classic ‘tunnel effect’ (e.g. Burke, 1952; Flombaum 
et al., 2004): when a red disc moves on a spatiotemporally smooth 
path behind a screen, re-emerging (at the right place and time) as a 
green square, people have no trouble tracking it (Flombaum & Scholl, 

2006). This demonstrates that occasional featural changes do not 
disrupt object tracking during periods (typically much longer) without 
occlusion — when an object maintains its properties from moment to 
moment. Change-defined objects, in contrast, shift their appearance 
both instantaneously and continuously — such that trajectories must be 
extrapolated only from changes.

The current stimuli are also reminiscent of the prominent literature 
on texture segregation, in a few related ways. First, when looking at a 
random-noise field whose quadrants differ in statistical properties (e.g. 
first- or second-order statistics), viewers can readily segment the quad
rants, even though the value in each pixel is random across the entire 
field (Julesz, 1962; Julesz & Bergen, 1983). Relatedly, in a field of 
randomly oriented Gabor patches, viewers can easily pick out the set of 
aligned patches that outline contours of real-world objects (e.g. a sock; 
Nygård et al., 2009, 2011). However, such texture segregation and 
contour detection do not rely on motion, since the different quadrants 
and objects are distinguishable even from a static frame — whereas a 
change-defined object is visible only in dynamic displays. Second, 
another related sort of phenomenon does involve motion in the form of 
‘motion-defined objects’ — as when random-noise patches move across 
a random-noise background (Regan & Beverley, 1984; Regan & 
Hamstra, 1991; Reichardt & Poggio, 1979). While in motion, such ob
jects can be readily tracked just as any other object (Flombaum et al., 
2008; Gao & Scholl, 2010) — even though they are also invisible in 
static frames. Critically, however, motion-defined objects always 
maintain their surface features (even if those features are complex): it is 
always the same random-noise patch that is moving. (In this sense, 
tracking a motion-defined object is like tracking a tiger in a savannah 
that is densely populated with many other tigers.) This is also relevant to 
the sorts of non-rigid ‘vortex’ motions that have been studied in recent 
work on eye movements: these displays involve random-dot fields in 
which the dots rotate cohesively inside a moving circular region, with 
the resulting moving vortices seeming smooth when viewed peripher
ally, even though observers cannot track the vortices using smooth 
pursuit eye-movements (Koerfer et al., 2024; Koerfer & Lappe, 2022). 
Here the vortices are also invisible in static frames, but the intra-vortex 
motion is itself predictable (e.g. rotating in the same direction) from 
moment to moment. Change-defined objects, however, have nothing 
constant from one frame to the next.

Perceiving change-defined objects in displays such as Fig. 2 clearly 
represents a form of apparent motion. Indeed, this seems true by defi
nition, given the spatial separation of the stimuli. But apparent motion 
by itself does not explain or entail the perception of change-defined 
objects, since previous work in this domain has never tested these 
types of stimuli. Even when two frames in an apparent motion display 
are different, they are always readily segmentable from the background 
(e.g. Cavanagh & Mather, 1989; Mather & Anstis, 1995).

Perhaps most important, our stimuli are clearly a variety of ‘second- 
order’ motion (Badcock & Derrington, 1985; for a review, see Nishida, 
2011): for example, when viewing translating bars composed of noise 
dots, with each dot randomly presented as black or white on each frame, 
observers can still discriminate the global motion direction on a static 

Fig. 1. A tiger (not in any tall grass!) might be readily tracked simply by identifying and then continuously reidentifying its orange color on the mostly- 
green background.
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noise-dot background (Chubb & Sperling, 1988). But this work showed 
only that observers are able to identify the dominant fieldwide apparent 
direction of movement (left vs. right), without any need to track discrete 
units (i.e. objects). As a result, second-order motion mechanisms may 
contribute to our displays, but previous results in no way entail the 

current results, since they need not give rise to (persistent, dynamic, 
trackable) object representations (Scholl, 2007).

Fig. 2. A dynamic change-defined object, implemented as changes to a cross orientation (top), with a frame-by-frame depiction of its motion (bottom). On each 
frame, one cross changes its random orientation to a new random orientation, and such changes propagate from one cross to another (with every change resulting in a 
new random orientation), while maintaining spatiotemporal continuity. This gives rise to the percept of a single object in motion, defined by pure change.

Fig. 3. Depiction of stimuli from Experiments 2–3, with change-defined objects implemented as propagating changes in (a) orientation (Experiment 2a), (b) 
brightness (Experiment 2b), (c) shape (Experiment 2c), or (d) multiple change types (Experiment 3). In each display, a change-defined object oscillated in a linear 
path between the central red square and a randomly-chosen edge of the grid (indicated here by the green arrows, which did not appear in the displays themselves), 
while the paths in the three other cardinal directions were populated by distractors (with elements changing in a random order; not shown). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)
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1.3. The current study

Can people perceive and track change-defined objects? We show in 
four experiments that they can: observers spontaneously describe such 
stimuli as moving objects (Experiment 1); they can reliably locate a 
change-defined object among distractors, for various types of change 
(Experiments 2), even when the type of change itself changes from 
moment to moment (Experiment 3); and they can even simultaneously 
track multiple change-defined objects (Experiment 4). Just as important, 
we also supply animations in which readers can experience each of these 
effects for themselves, as compelling phenomenological demonstrations 
(Supplemental Animations S1-S4; see also https://perception.yale. 
edu/change-tracking/).

2. Experiment 1: Spontaneous phenomenology

We first tested whether change-defined objects are perceived and 
tracked in perhaps the most direct possible way: we simply showed 
observers such a display (with orientation changes to crosses; Fig. 2; 
Animation S1.1) and asked them (without mentioning objects or even 
motion) to freely describe what they saw. A control group saw a 
‘spatially scrambled’ version of the same display, in which changes 
occurred at random locations, instead of propagating in a spatiotem
porally continuous manner (Animation S1.2).

2.1. Method

The hypotheses, methods, and analyses were preregistered for all 
experiments prior to data collection (Experiment 1: https://aspredicted. 
org/CJZ_986 [7.9.24; Data collection began 7.10.24]; Experiment 2a: 
https://aspredicted.org/B3W_DTG [7.9.24; Data collection began 
7.10.24]; Experiment 2b: https://aspredicted.org/S2Y_4B8 [7.9.24; 
Data collection began 7.10.24]; Experiment 2c: https://aspredicted.or 
g/ZNQ_M4X [7.9.24; Data collection began 7.10.24]; Experiment 3: 
https://aspredicted.org/LDT_CD6 [7.9.24; Data collection began 
7.11.24]; Experiment 4: https://aspredicted.org/BL1_42K [7.9.24; Data 
collection began 7.11.24]). There were no deviations from the pre
registrations for any experiment. Primary data and analysis scripts are 
available as online Supplemental Information.

2.1.1. Observers
Forty observers participated using the Prolific online platform (Palan 

& Schitter, 2018) for monetary compensation, with this preregistered 
sample size determined before data collection began. Observers were 
excluded (with replacement) according to four preregistered criteria. 
First, in a post-experimental debriefing phase, observers self-reported 
how well they paid attention (on a continuous scale, between 1 = “not 
focused at all”, and 100 = “fully focused throughout”), and we excluded 
observers who self-reported an attention level below 80 (n = 11). Sec
ond, we excluded any observers (not already excluded by the first cri
terion) who failed to correctly answer any of three trivial attention 
check questions (e.g. “How many legs do elephants have? One, nine, or 
four?”; n = 1). Third, we excluded any observers who reported (in 
response to a debriefing question) that they failed to fixate a central dot, 
as they were instructed to do (n = 0). Fourth, we excluded observers 
(who were not already excluded via the previous criteria) whose 
response time was more than 3 median absolute deviations from the 
median response time of all observers (n = 3). All observers gave consent 
prior to participation, and this research complied with all ethical regu
lations of (and was approved by) the Yale University Institutional Re
view Board, and adhered to the Declaration of Helsinki principles and 
guidelines.

2.1.2. Apparatus
After agreeing to participate, observers were redirected to a website 

where stimulus presentation and data collection were controlled via 

custom software written using a combination of HTML, CSS, JavaScript, 
PHP, and the JsPsych libraries (de Leeuw, 2015). Observers completed 
the experiment in fullscreen mode on either a laptop or desktop 
computer.

2.1.3. Stimuli
Observers initially viewed a regular 21 × 21 grid (collectively 

spanning 60% of the height of the observer's display) of randomly- 
oriented black crosses (each subtending 85% of its grid cell) on a 
white background, with the central cross replaced by a red disc (HSB 0/ 
100/100, subtending 25% of its grid cell) for fixation. Changes were 
implemented (as depicted in Fig. 2) by having one of the crosses change 
instantly to a new random orientation (differing by 15–75◦, while 
remaining centered in the same grid cell). An initial change occurred to a 
randomly chosen cross, with subsequent changes occurring every 100 
ms. Each subsequent change occurred to one of the 8 crosses immedi
ately adjacent (in cardinal or diagonal directions) to the previous 
change, with randomly chosen motion directions being updated (by 45◦

in either direction, chosen randomly) once every 500 to 1500 ms (and 
with reflection at the display boundaries), for a total animation duration 
of 10 s. A spatially scrambled control animation was identical except 
that subsequent changes occurred not to neighboring crosses, but to 
randomly chosen crosses (constrained to be at least 5 grid cells away 
from the previous change).

2.1.4. Procedure
Observers were instructed to pay attention carefully to a single ani

mation while fixating the central red dot. After the 10s animation 
concluded, they were prompted: “Describe what you saw. Please answer 
in a single sentence (using roughly the amount of space in the box)”, 
where the box had space for about 100 characters. 20 observers each 
viewed either the intact or spatially scrambled animation.

2.1.5. Analyses
Observers' responses were categorized by two independent coders 

(one the first author, the other naïve), who were blind to the condition to 
which the observers were assigned. The coders categorized the re
sponses into two categories, based on whether or not the responses 
described a single moving object (with the exact coder instructions 
provided in the preregistration). The inter-coder reliability was 97.5% 
— with the coders' categorization agreeing on all forty responses except 
one (and this single response was categorized as not reflecting a moving 
object).

2.2. Results and discussion

A majority of observers (65%) spontaneously described the change- 
defined object display in terms of a single moving object, writing for 
example that “I saw a cross moving around the screen”, or “an object was 
moving through spikes making them move”. In contrast, not a single 
observer did so for the spatially scrambled control display, writing 
instead for example of “+'s changing into x's and x's changing into +'s”, 
or “flashing crosses across the screen” — a highly reliable difference 
(χ2(1, N = 40) = 19.26, p < 0.001, d = 1.93, 95% CI [1.07, 2.79]). This 
thus constitutes an initial demonstration of how change-defined objects 
are spontaneously perceived and tracked.

3. Experiment 2a: Localizing objects

We next demonstrated the perception of change-defined objects 
using an objective localization measure. Observers viewed similar dis
plays in which a change-defined object (implemented via orientation 
changes) oscillated back and forth between the center of the display and 
one of its four sides (Fig. 3a; Animation S2.1), while spatially-scrambled 
changes were presented in the other three directions. Observers simply 
had to locate the change-defined object.
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3.1. Method

This experiment was identical to Experiment 1 except as noted.

3.1.1. Observers
Twenty new observers participated, with this preregistered sample 

size determined before data collection began. Observers were excluded 
(with replacement, and again according to the preregistration) accord
ing to the first two criteria from Experiment 1 (here excluding 3 [self- 
reported focus] and 0 [attention-check questions], respectively). In 
addition, we excluded observers whose accuracy was more than three 
standard deviations away from the group mean (n = 0).

3.1.2. Stimuli
The collective grid was now sized to exactly 600 × 600 px, with 

individual crosses relatively sized as in Experiment 1. The central 
element was a red square subtending its entire grid cell. To the right of 
the grid were virtual buttons with arrows (up, down, left, right), above 
which was written: “Where is the moving object relative to the red 
square? Click on the appropriate button below:”. The first cross to 
change was always adjacent to the fixation square, in one of the four 
cardinal directions. And subsequent changes occurred along that same 
cardinal path (as depicted in the upper left quadrant of Fig. 3), with the 
trajectory eventually reflecting off the grid boundary and returning to 
the fixation square, after which the sequence repeated — thus yielding a 
change-defined object that oscillated back and forth between the fixa
tion square and the display edge. Changes also occurred simultaneously 
in the other three cardinal directions, but these were spatially scram
bled, such that the next change always occurred to a randomly chosen 
cross along that cardinal direction (with subsequent changes always at 
least 5 cells apart).

3.1.3. Procedure
Observers were instructed to click on the relevant virtual arrow 

button to indicate on each trial which cardinal direction contained the 
moving object, with each observer completing 8 trials (2 with a target in 
each cardinal direction, presented in a random order).

3.2. Results and discussion

Observers were highly accurate, and well above 25%-chance (M =
81.3%, SD = 0.35, t(19) = 7.28, p < 0.001, d = 1.63, 95% CI [0.55, 
2.71]). And as an additional indication of how relatively easy it was to 
see the change-defined objects, we note that 65% of the observers per
formed at 100% accuracy across all trials. Beyond the subjective reports 
in Experiment 1, this shows how the perception and tracking of change- 
defined objects also manifests in terms of objective performance.

4. Experiments 2b and 2c: Beyond orientation

Is the perception of change-defined objects in some way specific to 
orientation changes? To find out, we sought to replicate the effect from 
Experiment 2a with changes in brightness (Experiment 2b; Fig. 3b; 
Animation S2.2) or shape (Experiment 2c; Fig. 3c; Animation S2.3).

4.1. Method

These experiments were identical to Experiment 2a except as noted.

4.1.1. Observers
Twenty new observers participated in each experiment, with this 

preregistered sample size determined before data collection began to 
exactly match that of Experiment 2a. Observers were excluded (with 
replacement) via the same criteria for each of Experiments 2b and 2c 
(self-reported focus: ns = 5 and 2, respectively; attention-check ques
tions: ns = 0 and 0; accuracy outliers: ns = 1 and 0).

4.1.2. Stimuli
In Experiment 2b, each element was a colored square that filled its 

grid cell, with a hue value of 223, a saturation value of 100%, and a 
random brightness value between 20 and 80 (as depicted in Fig. 3b). 
Each change was implemented by changing the relevant cell's brightness 
value by a random amount (of at least 20, while remaining in the range 
of 20–80). In Experiment 2c, each element was a black shape generated 
by four random connected strokes (each at least 25.5% of the cell width, 
without extending past the cell boundary; as depicted in Fig. 3c). Each 
change was implemented by changing the relevant cell's shape to a 
different random shape.

4.2. Results and discussion

Observers were again highly accurate, and well above chance (25%), 
both for brightness changes (M = 95.6%, SD = 0.12, t(19) = 27.07, p <
0.001, d = 6.05, 95% CI [3.84, 8.27]), and shape changes (M = 84.4%, 
SD = 0.29, t(19) = 9.18, p < 0.001, d = 2.05, 95% CI [0.90, 3.21]). And 
again, a majority of observers (85% and 75%, respectively) performed at 
100% accuracy. These results show that the perception and tracking of 
change-defined objects is a general phenomenon, having no specific 
connection to orientation changes (as explored in Experiments 1 and 
2a), per se.

5. Experiment 3: Variable types of changes

In the previous displays, each change always involved the same 
dimension (orientation, brightness, or shape). We next tested whether 
this regularity was necessary: observers localized change-defined ob
jects involving different types of changes from moment to moment — as 
in an orientation change followed in the next frame by a shape change, 
followed by a brightness change, etc., with no neighboring changes ever 
involving the same type (Fig. 3d; Animations S3.1 and S3.2). (This sort 
of manipulation has never to our knowledge been previously studied, 
even in the literature on second-order motion.)

5.1. Method

This experiment was identical to Experiment 2a except as noted.

5.1.1. Observers
Twenty new observers participated, with this preregistered sample 

size determined before data collection began to exactly match that of 
Experiments 2a-2c. Observers were excluded (with replacement) via the 
same criteria (self-reported focus: n = 4; attention-check questions: n =
0; accuracy outliers: n = 0).

5.1.2. Stimuli
As depicted in Fig. 3d, each element was a random shape (generated 

as in Experiment 2c), with a random brightness level (chosen as in 
Experiment 2b, in the range of 0–65), and presented with a random size 
(between 60% and 100% of the full size from Experiment 2c). Each in
dividual change then involved a randomly chosen change type (orien
tation, brightness, shape, or size), with the other three properties 
conserved. Moreover, neighboring changes always involved different 
change types. (Changes to orientation, brightness, and shape were 
implemented as in Experiments 2a-2c. Size changes involved choosing a 
new random size between 60% and 100% of the full size, with a mini
mum change of 15%).

5.2. Results and discussion

Performance was again far above chance (M = 72.5%, SD = 0.35, t 
(19) = 6.06, p < 0.001, d = 1.36, 95% CI [0.32, 2.39]), and 55% of 
observers performed perfectly across all trials. In many ways, this is the 
most extreme example of change-defined objects that we have seen so 
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far, in which perception and tracking are possible even when the change 
type itself is in constant flux.

6. Experiment 4: Multiple object tracking

Observers can spontaneously perceive and localize individual 
change-defined objects, but can they also track multiple objects at once 
— keeping them distinct from other identical objects over time and 
motion? We explored this using what may be the hallmark task of such 
abilities: multiple-object tracking (MOT; Holcombe, 2023; Pylyshyn & 
Storm, 1988; Scholl, 2009). In MOT, observers first see several ob
jects, a subset of which are flashed as targets. All of the (again-identical) 
objects then move on unpredictable trajectories. Afterwards, observers 
simply indicate which objects (now in new positions) were the initially- 
flashed targets. Is the representation of change-defined objects robust 
enough to support MOT? We investigated this by asking observers to 
track two out of four simultaneously moving change-defined objects (via 
orientation changes; Fig. 4; Animation S4).

6.1. Method

This experiment was identical to Experiment 1 except as noted.

6.1.1. Observers
Twenty new observers participated, with this preregistered sample 

size determined before data collection began to exactly match that of 
Experiments 2a-2c and 3. Per the preregistration, observers were 
excluded (with replacement) via the same first three criteria from 
Experiment 1, along with the accuracy-outlier criterion from Experi
ments 2a-2c (self-reported focus: n = 4; attention-check questions: n = 0; 
fixation compliance: n = 0; accuracy outliers: n = 0).

6.1.2. Stimuli
Observers viewed a 31 × 31 grid (collectively sized to 800 × 800 px), 

with the central element being a green (HSB 120/100/100) fixation dot 
(sized to 85% of its grid cell). Four different change-defined objects 
simultaneously moved about the display in the same manner as Exper
iment 1, with different initial starting positions (randomly determined, 
but with one within each of the four grid quadrants) and motion di
rections. Whenever two objects became closer than 6 grid cells, they 
repelled each other (implemented by immediately choosing opposing 
motion directions for each).

6.1.3. Procedure
At the beginning of each trial, the crosses corresponding to two of the 

change-defined objects (chosen randomly) were flashed for 2500 ms in 
red to indicate their status as targets, while the other two flashed in blue 
(to indicate their status as distractors), and the subsequent motion (with 

all crosses again drawn in black) lasted 7.5 s, after which the crosses 
corresponding to the four objects each turned into four red question 
marks. Observers were instructed to fixate the central disc during the 
motion, and to click in the final tableau on the two question-marks 
corresponding to the initial red targets. This task could only be 
completed by tracking the two targets as the same persisting individuals 
throughout the motion period on the basis of their history.

6.2. Results and discussion

Multiple-object tracking with change-defined objects was successful 
(M = 88.8%, SD = 0.17) — far above 50%-chance (t(19) = 10.33, p <
0.001, d = 2.31, 95% CI [1.10, 3.52]), and similar to typical MOT per
formance (Holcombe, 2023; Pylyshyn & Storm, 1988; Scholl, 2009). To 
our knowledge, this type of explicit object tracking ability has never 
before been demonstrated with any phenomenon of second-order 
motion.

7. General discussion

The central message of this study is that people can readily perceive 
and track change-defined objects — as measured by spontaneous 
phenomenological reports (Experiment 1), localization (Experiments 2 
and 3), and even multiple-object tracking (Experiment 4).

7.1. It's (always) time for a (pure) change

On their face, these results may seem almost paradoxical: people 
reliably perceived and tracked moving objects even when there was 
nothing to track, since no features (or even change types, in Experiment 
3) persisted from frame to frame; and in static frames it is impossible 
even in principle to segment change-defined objects from the back
ground. As such, these results show that dynamic object perception need 
not involve featural identification and segmentation; instead, dynamic 
objects can be perceived based on the spatiotemporal continuity of pure 
change transients themselves.

The brute detection of motion under such circumstances should not 
be surprising, since these manipulations are based in part on well- 
characterized mechanisms of second-order motion and apparent mo
tion (Nishida, 2011). Instead, the key contribution of these phenomena 
is to draw a connection for the first time between (1) second-order 
motion perception, and (2) the ability to perceive and track individual 
objects as the same persisting entities over time (Scholl, 2007). Over 
multiple decades, these two prominent domains of investigation have 
progressed almost entirely independently, with neither typically 
engaging with (or even citing) the other. As such, the current phenom
ena aim to join these two literatures.

Fig. 4. Depiction of the multiple-object tracking (MOT) task from Experiment 4, in which observers had to track two out of four change-defined objects. At the 
beginning of each trial, two target crosses flashed in red (a), while two other distractor crosses flashed in blue. All four then turned black (identical to the background 
texture), and started moving around the grid (b). After several seconds, all four objects stopped and turned into question marks, and observers clicked on the two that 
they thought were the targets (c). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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7.2. Objects, features, grouping, events, and changes

Change-defined objects also seem theoretical rich insofar as they 
directly engage with many other prominent themes from vision research 
and cognitive science (even beyond those already discussed in Intro
duction). Below we briefly discuss several examples.

The contribution of features to object tracking has long been a cen
tral topic in cognitive science (Yu & Lau, 2023), especially in the context 
of the ‘binding problem’ (Roskies, 1999; Treisman, 1996, 1998): given 
that some features (e.g. color and shape) are processed via distinct cir
cuits, how and when do those free-floating properties get ‘reassembled’ 
into cohesive object representations (e.g. so that a red square and a blue 
triangle can be distinguished from a red triangle and a blue square)? An 
influential class of ‘pointer’-based accounts posits that objects are bound 
to spatial locations, in a way that is independent of any particular sur
face features (Awh & Vogel, 2025; Kahneman et al., 1992; Pylyshyn, 
1989). The present results are in line with such views, since transient 
changes may still function as reliable indicators of changing object lo
cations over time. Surface features, then, may be assigned to objects via 
a secondary process (which may also sometimes go awry, as in illusory 
conjunctions; Treisman & Schmidt, 1982), but they do not define the 
objects in the first place. In our study, this dynamic may be especially 
clear from Experiment 3, in which observers reliably perceived per
sisting objects even though any specific feature value (of orientation, 
shape, color, or size) appeared only momentarily. This could also be 
related to the perception of grouping based on common fate (Wagemans 
et al., 2012; Wertheimer, 1923) — insofar as that ‘fate’ is determined by 
spatiotemporal factors (Alais et al., 1998; Lee & Blake, 1999) rather than 
surface features. But of course the individual elements in such displays 
typically maintain the same surface features over time, unlike the 
change-defined objects explored here.

Change-defined objects may also relate to events. Indeed, each indi
vidual transient may itself intuitively constitute an event in some sense. 
We nevertheless think that our displays are best described as change- 
defined objects, for three related reasons. First, doing otherwise risks 
failing to distinguish an object itself from its properties. Although 
redness may be part of the percept a moving red disc, that object does 
not reduce to redness, and one might continue to track “the same object” 
even it suddenly turns blue; similarly, although a transient event may be 
a momentary part of the percept of a moving change-defined object, that 
object does not reduce to the transients, and one might continue to track 
“the same object” even if the underlying types of transients suddenly 
change (e.g. from luminance changes to orientation changes). (This is in 
part why observers in Experiments 2 and 3 saw only a single object per 
display — even though there were equated transients occurring in all 
four cardinal directions.) Second, the vast majority of observers in 
Experiment 1 clearly limned their experience in terms of singular objects 
(e.g. referring to “A moving X", or “I could see a little black cross moving 
around the area”), rather than events. Third, we worry that describing 
change-defined objects in terms of “events” could be sociologically 
awkward — since other work on second-order motion perception has 
not previously been described in that way.

Few studies have explored how featural changes themselves may 
contribute to object tracking (even though many have investigated how 
changes may disrupt object tracking, for example in the tunnel effect). 
The only two exceptions we know of focused on how changes may help 
to distinguish two otherwise similar-looking objects. In one study, when 
viewing two superimposed stationary Gabor patches that underwent 
continuous featural changes (progressively shifting in color and orien
tation), observers successfully tracked one over time (Blaser et al., 
2000). Similarly, another study showed that ‘object-specific preview 
benefits’ — a hallmark of automatic object tracking (Kahneman et al., 
1992) — applied not only to moving objects with persisting properties 
but also to objects constantly changing features (e.g. a disc continuously 
shifting color; Mazalik et al., 2023). These two studies show respectively 
that people can track through feature space in stationary objects, and 

that change itself can serve as a distinctive feature for tracking. But the 
changes in these studies were continuous and thus predictable (and this is 
of course how many real-world objects behave, as when the shape of a 
tiger's body changes gradually as it walks). In contrast, the perturbations 
in change-defined objects are maximally unpredictable — such that 
their future appearance can never be predicted from the current frame.

7.3. Conclusions: Seeing into the tall grass?

Why might the visual system so readily construct persisting object 
representations out of only spatiotemporal properties? After all, most 
objects in our visual world do not change their appearance randomly 
from moment to moment! This mechanism might nevertheless allow us 
to perceive dynamic objects in (rare but important) real-world situations 
not on the basis of what they look like, but only on the basis of their 
behavior, even when they are themselves invisible — as when a moving 
tiger hidden in the tall grass can nevertheless be tracked via the (ever- 
changing) perturbations of the surrounding grass itself.
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