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Abstract

Our visual environment can be distinguished into objects and scenes. While objects
refer to entities such as the coffee machine on the kitchen counter, scenes refer to the
overall setting, such as the “kitchen” itself. Previous research has extensively shown that
scenes can facilitate object recognition and that objects can facilitate object recognition.
However, whether objects can also facilitate scene recognition remains unclear. Here,
we propose that object processing in the lateral occipital cortex (LOC) facilitates scene
recognition when scene recognition is ambiguous. When scenes are ambiguous, objects
may be integrated into the scene representation as cues to help disambiguate the scene.
This would be reflected in increased repetition priming when scene repetition is accom-
panied by the same disambiguating object, failed priming when object and scene are
incongruent, and “illusory priming” when a disambiguating object creates the illusion
that an ambiguous scene has been seen before. To test these hypotheses, we will first con-
duct three behavioural experiments (Experiments 1-3) to establish the conditions under
which object-facilitated scene recognition occurs and to identify a robust behavioural
marker of object-facilitated scene recognition. In Experiment 1, we will demonstrate
that objects facilitate scene recognition even when the scene is presented without ob-
jects. In Experiment 2, we will show that repetition priming for scenes is stronger when
the same object appears in both presentations of the scene compared to when a different
object appears. In Experiment 3, we will test whether presenting the same object with
different ambiguous scenes induces illusory scene recognition. Finally, in Experiment
4, we will use transcranial magnetic stimulation (TMS) to test the causal role of the lat-
eral occipital cortex (LOC) and the occipital place area (OPA) in object-facilitated scene
recognition. Together, these experiments will provide converging evidence for the exis-
tence of object-facilitated scene recognition and will clarify the role of object processing
in disambiguating scenes. This will not only advance our understanding of interactions
between object and scene processing, but will also contribute to a more complete ac-

count of visual recognition when recognition is facilitated by object information.

Keywords: Scene recognition, objects, object-facilitated scene recognition, TMS, oc-

cipital place area, lateral occipital cortex



1 Introduction

Humans can perceive and recognize their visual environment very rapidly and with remarkable accu-
racy. When you enter your kitchen in the morning, for instance, you can quickly find the coftee mug

on the counter, identify the coffee machine, and locate the fridge to get some milk.

1.1 Objects and Scenes

The visual environment can be distinguished into objects and scenes, both of which can be recog-
nized in isolation and are processed in different regions of visual cortex (Park et al., 2011; Peelen and
Kastner, 2014; R. A. Epstein and Baker, 2019). Objects are potentially movable entities defined by
local properties that are placed in scenes. Scenes, on the other hand, consist of larger-scale and global
surfaces or environments and are a view in which objects and surfaces are arranged in a meaningful
way (Henderson and Hollingworth, 1999). It is not a single object that makes up a scene, but the
context of many different objects together (Kaiser et al., 2019). For example, the coffee machine men-
tioned in the example above is a single object in the kitchen, however it does not make up the scene of
akitchen by itself, as one may as well put a coffee machine in an office. But seeing the coffee machine
as a part of a set of objects, e.g., in combination with a fridge, a stove, an oven, a microwave, and a

cutting board, leads to the perception of the scene “kitchen.”

1.2 Neural Correlates of Object and Scene Perception

Rapid scene and object perception is supported by a network of brain regions, identified in humans
using functional magnetic resonance imaging (fMRI). Scene-selective brain areas include the parahip-
pocampal place area (PPA, R. Epstein and Kanwisher, 1998), the retrosplenial cortex (RSC, R. Ep-
stein and Kanwisher, 1998; Aguirre et al., 1998) and the occipital place area (OPA, Dilks et al., 2013;
Grill-Spector, 2003). Transcranial Magnetic Stimulation (TMS) of the OPA leads to impairments
in scene categorization (e.g., a kitchen or garden, Ganaden et al., 2013), scene discrimination based
on spatial layout (Dilks et al., 2013), and scene-related expectations (Gandolfo and Downing, 2019).
Object-selective areas include the object-selective lateral occipital cortex (LOC, Grill-Spector, 2003;
Malach et al., 1995) and the posterior fusiform gyrus (pFs, Grill-Spector and Weiner, 2014. Using
TMS, Dilks et al., 2013 first showed a double dissociation between the scene-selective OPA and the
object-selective LOC in isolated scene and object recognition tasks: The OPA is involved in scene
recognition, but not object recognition; the LOC is involved in object recognition but not scene
recognition. This finding was further supported by a preregistered replication study (Wischnewski
and Peelen, 2021a). Together, these studies show that scene and object information are processed by
separable networks of brain regions. Disruption of one node in these networks via TMS can selec-

tively impair scene or object recognition.

87




1.3  Scene Perception

Different aspects of a scene have been proposed to be crucial for rapid scene recognition including
both low-and high-level properties (R. A. Epstein and Baker, 2019). Low-level properties, such as
spatial frequency or rectilinearity, have been shown to distinguish between scene and non-scene im-
ages within 100 ms after stimulus onset (Bastin et al., 2013) and influence event-related amplitudes
even in later stages of scene processing (Groen et al., 2016; Groen et al., 2013; Harel et al,, 2016).
However, they are not sufficient to explain scene selectivity, as scene selectivity persists even when
low-level properties are controlled for (R. A. Epstein and Baker, 2019). High-level properties have
also been shown to modulate responses in scene-selective areas, with these areas being sensitive to spa-
tial layout (Kaiser et al., 2019) and scene category (R. A. Epstein and Morgan, 2012), amongst others.
More specifically, scene-evoked patterns are driven by the shape of the scene (Greene and Oliva, 2009)
and the distance to the scene surfaces (Kravitz et al., 2011). The OPA has been proposed to process
spatial structures of scenes (Dilks et al., 2011; Persichetti and Dilks, 2018), environmental boundaries
(Julian et al., 2016) and contour junctions (Choo and Walther, 2016). Consequently, TMS-induced
disruption of the OPA results in worse scene categorisation (Ganaden et al., 2013) and discrimination
of scenes based on their layout (Dilks et al., 2013). On a different note, Oliva and Schyns, 1997) have
shown the specific aspects of an image used for scene recognition to be subject to the task at hand.
Broad cues, such as the colours of blobs (Oliva and Schyns, 2000) can already distinguish between
broad categories (e.g. indoor vs outdoor scenes), whereas finer-grained details are required for distin-
guishing within categories (e.g. distinguishing Berlin from Amsterdam). Peripheral vision has been
shown to be important for scene categorisation tasks (e.g. Thorpe etal., 2001; Tran et al., 2010), with

global scene properties being recognized even with eccentricities as high as 70° (Boucart et al., 2013).

1.4 Object Perception

Object-selective areas are activated by a variety of different objects, such as faces (Kanwisher et al.,
2002), animals (Chao etal., 1999), or tools (Macdonald and Culham, 2015), but not by pure textures,
noise, or highly scrambled objects (Grill-Spector, 2003). Whereas some of these areas are selectively
active for specific types of objects, such as the fusiform face area for faces (Kanwisher et al., 2002) or
the extrastriate body part area for body parts (Downing et al., 2001), other areas, including the lateral
occipital cortex, support more general object recognition (Grill-Spector, 2003). The LOC shows ac-
tivation in response to objects defined by different low-level properties, such as luminance, texture, or
motion (Grill-Spector et al., 1998), as well higher-level aspects such as line drawings (Ishai et al., 2000)
and shapes defined by illusory contours (e.g. the Kanizsa triangle) (Mendola etal., 1999). Later, it was
suggested that object-selective regions primarily respond to the shape of an object rather than its con-
tours or other low-level features (Kourtzi and Kanwisher, 2001). The influence of higher-level image
properties, such as object category, becomes particularly apparent in the body of literature assessing
differences between animate and inanimate objects. For example, Proklova et al., 2016 showed dit-

ferential activation in animate- and inanimate-preferring regions for visually similar objects that only
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differed in their animacy. Thorat et al., 2019 provided evidence for the animate-inanimate distinc-
tion to rely, amongst others, on high-level properties such as the agency of the object. Together, these
studies show that object processing, just like scene processing, depends on both low- and high-level

image properties.

1.5 Scene—Object Interactions

In our everyday life, objects and scenes are rarely separated from another and therefore object and
scene perception are tightly linked. For example, object recognition is improved when an object is
embedded in a congruent scene as compared to an incongruent scene (Boyce et al., 1989): a priest
is better recognized when he is shown in a church, as opposed to seeing him in a football stadium
(Davenport and Potter, 2004). This effect persists even if the scene is void of any structure and only
retains its textures (Lauer et al., 2018). Further, objects are perceived to be sharper when placed in a
congruent scene than when presented in an incongruent scene or in isolation (Lupyan, 2015; Lupyan,
2017; Rossel et al., 2022) and an ambiguous object is better recognized when presented in its scene as
compared to being presented in isolation (Brandman and Peelen, 2017). Thus, there is a facilitatory
effect of scenes on object recognition. V5, 2021 highlighted the importance of “scene grammar” for
context effects on object recognition. Like grammar used in language, scene grammar describes that
naturalistic scenes and the object within follow certain rules and regularities, which are then used
to form quicker predictions about the visual environment for easier and quicker recognition. These
regularities are of both semantic nature, meaning the congruency between the object and the scene
it is in, and syntactic nature, describing positional regularities of the object within a scene. A piece
of cheese in a bathroom is a semantic violation, as objects of the category “cheese” do not belong to
the scene category “bathroom.” On the other hand, a toilet roll in the shower is a syntactic violation.
While the object “toilet roll” does belong in the bathroom scene, it is usually not positioned in the

shower. Both semantic and syntactic violations hinder scene-facilitated object recognition ( V&, 2021).

1.6 Theories of Scene-Object Interactions

Three different accounts have been proposed to explain the nature of the interactions between scene
and object processing (Peelen et al., 2024): A “scene-first” account proposes that scenes are processed
before objects and bias object recognition, respectively. This framework is supported by studies
demonstrating the use of coarse information in early visual processing, followed by the use of finer
details in later stages to refine the coarse input (Schyns and Oliva, 1994). Further, Hochstein and
Abhissar, 2002 propose that the initial conscious percept of visual input is a categorical scene interpre-
tation, that is then refined through feedback connections. Contrary to the scene-first account, the
“object-first” account argues that the combination of object features into objects occurs before these
objects are then combined to build the scene. In support of this framework, Liu et al., 2009 were
able to show object selectivity in the human brain as early as 100 ms after stimulus onset and Crouzet

et al., 2012 found that animal detection in an image precedes scene categorization. More recently,

89




Peelen et al., 2024, proposed a “parallel processing” account supported by both behavioural and elec-
trophysiological work: In rapid image recognition tasks, participants were equally likely to describe
the semantics of objects and scenes (Fei-Fei et al., 2007), indicating no preference of object over scene
recognition or the other way around. On a temporal scale, high-level representations of both objects
and scenes peak at around 200 ms after stimulus onset (Carlson et al., 2013; Cichy et al., 2014; Kaiser

et al., 2019), further supporting the parallel processing account.

1.7  Scene-Facilitated Object Recognition

If processed in parallel, how do object and scene representations facilitate each other? Henderson
and Hollingworth, 1999 proposed that scene and object information is integrated at post-perceptual
stages. By contrast, the contextual-facilitation model (Bar, 2004) proposed that contextual predic-
tions are sent back to modulate activity in object-selective regions. Brandman and Peelen, 2017 inves-
tigated these theories emphasizing the facilitatory effect of scenes on object recognition. Participants
not only performed better in categorizing an ambiguous object when the object was placed in its orig-
inal scene, but it was also found that the recognition accuracy in this object-in-scene condition was
even higher than the sum of the categorization accuracies of the object and the scene alone. This find-
ing demonstrated that more information about the object can be extracted when it is placed in a scene
than the combination of information that the object and scene provide separately. MEG recordings
further showed that the scene-based facilitation of object processing peaks nearly 100 ms after the pro-
cessing of intact objects, namely at 320 ms after stimulus onset. Inline with the contextual-facilitation

model, this finding suggests a feedback loop between scene- and object-selective areas.

Using brain stimulation, Wischnewski and Peelen, 2021b assessed the causal neural mechanisms be-
hind this proposed feedback loop. In an object recognition task, participants were presented pho-
tographs containing a single object in one of two conditions: in the “isolated object” condition, the
object was cropped out of the image and presented on a neutral background and in the “context-
based” condition, the object was pixelated in its original scene. To avoid confusion with conditions
in the current research project, the isolated object condition will henceforth be referred to as the
“object-without-scene” condition, and the context-based condition will be referred to as the “object-
with-scene” condition. Chronometric TMS was applied over the early visual cortex (EVC), LOC
and OPA at an early (60-100 ms after stimulus onset), middle (160-200 ms after stimulus onset) or
late time point (260-300 ms after stimulus onset). In line with feedforward processing of intact ob-
ject features (Cichy et al., 2014), stimulation of the scene-selective OPA in the object-without-scene
condition was not expected to have an effect on object classification accuracy. Stimulation of the
object-selective LOC was hypothesized to decrease accuracy selectively at the middle time point, re-
flecting object processing, and EVC stimulation was expected to selectively decrease accuracy at the
early time point. In the object-with-scene condition, stimulation of the EVC at the early time point
and stimulation of the LOC at the middle time point were again expected to decrease classification

accuracy, reflecting object processing. Stimulation of the OPA at a middle time point was expected
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Figure 1: Feedback loops between scene- and object-selective areas: Noze. (A) Schematic process-
ing routes of isolated and context-based object recognition (adapted from Wischnewski and Peelen,
2021b). Isolated object recognition (top row), i.e. an object placed on a neutral background, is ini-
tially supported by EVC early (60-100 ms), followed by higher-level object processing in the LOC
(160-200 ms) and feedback processing to the EVC (160-200 ms). Context-based object recognition
(bottom row), i.e. an object placed in a scene, is initially supported by EVC (60-100 ms), followed
by the LOC and OPA (160-200 ms), reflecting object and scene processing, respectively. Contextual
disambiguation of the object then occurs in the LOC at 260-300 ms. (B) Proposed schematic process-
ing routes of isolated and object-facilitated scene recognition. Isolated scene recognition (top row),
i.e. ascene without an object, is initially supported by the EVC (60-100 ms), followed by higher-level
scene processing in the OPA (160-200 ms) and feedback processing to the EVC (160-200 ms). Object-
facilitated scene recognition (bottom row), i.e. a scene with an object in it, is initially supported by the
EVC (60-100 ms), followed by the OPA and LOC (160-200 ms), reflecting object and scene process-
ing, respectively. Object-based disambiguation of the scene then occurs at 260-300 ms in the OPA.

to decrease accuracy, reflecting scene processing. Crucially, stimulation of the LOC at the late time
point was also expected to decrease context-based object recognition, as scene-based expectations of
object category were hypothesized to reach the LOC at this late time point. Indeed, it was found
that, in the object-without-scene condition, the EVC supports object recognition at the early time
point and the LOC supports object recognition at the middle time point. In the object-with-scene
condition, EVC was found to support context-based object recognition at an early time point and the
LOC was found to supportit at the middle time point. The OPA selectively supported context-based
object recognition at the middle time point, and importantly, the LOC was also found to be involved
in context-based object recognition at the late time point. These results propose a feedback loop be-
tween object-selective LOC and scene-selective OPA looking as follows. Shortly after stimulus onset
(60-100 ms), the visual input is represented in the early visual cortex. This information is then sent
to the scene- and object-selective areas, which process their respective input (160-200 ms). Object-

selective areas recognize the object, scene-selective areas recognize the scene. After the scene-selective
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areas have disambiguated their input, they send their output to the object-selective areas (260-300

ms), where that information is then used to disambiguate the object (see Figure 1A).

1.8 Object-Facilitated Scene Recognition

While contextual object recognition has been widely explored (e.g. Biederman et al., 1982; Brand-
man and Peelen, 2017; Brandman and Peelen, 2019; Rossel et al., 2022), the opposite interaction
between scenes and object has received less attention (Peelen et al., 2024). Using behavioral measures,
previous studies demonstrated a facilitatory effect of congruent objects on scene recognition (Dav-
enport and Potter, 2004; Davenport, 2007), even when objects and scenes were presented separately
(Leroy et al., 2020). Another body of literature demonstrated an effect of objects on scene recogni-
tion in which incongruent objects decreased scene classification accuracy (Joubert et al., 2007; Furtak
et al., 2022). However, to the best of our knowledge, no clear behavioral evidence that objects can
disambiguate an otherwise ambiguous scene exists to date. Using fMRI, Brandman and Peelen, 2017
examined an interaction by which objects facilitate the neural representation of scene layout. In a
scene-categorization task, participants were presented with degraded scenes that were difficult to rec-
ognize on their own, but easily disambiguated when an object was included. It was found that, in the
left hemisphere, objects also help scene disambiguation in the scene-selective regions. More specif-
ically, activation in the left OPA was higher during object-facilitated scene recognition than activa-
tion in the right OPA. This finding was consistent with another study that provided neural evidence
that scene selective regions process scenes in conjunction with their embedded objects (Aminoft and
Durham, 2023). Later, it was shown that this facilitatory effect of objects on scene categorization
showed an identical temporal profile as scene-facilitated object recognition starting from 300 ms af-
ter stimulus onset (Brandman and Peelen, 2023). This gives rise to the assumption that the feedback
loop between scene- and object-selective areas for scene-facilitated object recognition found by Wis-
chnewski and Peelen, 2021b also works the other way around for object-facilitated scene recognition,
turther extending the contextual-facilitation model. That is, after object-selective areas recognize the
objectataround 160-200 ms, that information is sent to the scene-selective areas, where it helps disam-
biguating the scene at 300 ms (see Figure 1B). Causal neural evidence arguing for the involvement of
both object- and scene-selective regions in object-facilitated scene recognition is required to show the
existence of a feedback loop between object- and scene-selective areas in object-facilitated scene recog-
nition, but it is still lacking to date. Therefore, the current research project aims to explore the causal
neural mechanisms behind object-facilitated scene recognition and to provide a novel behavioural
marker for this effect. Further, we investigate which aspects of objects and scenes are of importance

for the object-facilitatory effect to take place.

1.9 Current Research Project

In a behavioral study (Experiment 1), we first establish that the scene category (i.e., whether a scene

is indoors or outdoors) of an ambiguous scene can be inferred from the presence of an object. In
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Experiment 2, we assess the importance of scene structure for this object-facilitatory effect to take
place. In a third behavioural experiment (Experiment 3), we investigate the importance of object
position for object-facilitated scene recognition. Finally, we assess the causal involvement of the LOC
and OPA during object-facilitated scene recognition using TMS (Experiment 4).

Together, these experiments will provide both behavioural and neural evidence for object-facilitated
scene recognition. To the best of my knowledge, the current research is the first research project
to assess the causal neural mechanisms of object-facilitated scene recognition and provide a novel

behavioural marker for it.

2 Experiment 1

In Experiment 1, we assessed whether objects, whose object category cannot fully explain scene cate-
gory can facilitate the categorisation of ambiguous scenes. We expect scene classification accuracy to
be higher when the object was placed in the ambiguous scene than when the object was shown on a

neutral background or when the ambiguous scene was shown without the object.

2.1 Methods

2.1.1 Participants

Sixty-one participants participated in the experiment (33 females, 27 males; mean age 36.27 years; SD
= 13.24) and were recruited via Prolific (Prolific Inc.). Eleven participants were excluded during the
analysis due to performance at chance level, so that the final sample size consisted of 50 participants
(27 temales, 23 males; mean age 35.17 years; SD = 12.64). The sample size was chosen due to the
exploratory nature of this study and the corresponding power considerations, A sensitivity analysis
showed that this sample is sufficient to detect a small to medium effect size (partial n2 = 0.03) with a
power of 3 = .800. Participants gave informed consent before the study and received financial com-
pensation for their participation (£4). This study was approved by the Radboud University Ethics
Committee (ECSW - 2022-079).

2.1.2 Stimuli

The stimulus set consisted of degraded scenes that were considered ambiguous on their own but were
more easily recognizable when an object was placed in the scene. We ensured that the scene did not
contain objects other than the specified object. The main experiment included 48 photographs of out-
door scenes (e.g. beaches, gardens, forests) and 48 photographs of indoor scenes (e.g. kitchens, living
rooms, malls). The photographs were cropped and cleaned to include one dominant foreground ob-
ject. After temporarily cropping out the object, the scenes were desaturated and ambiguated. Each
image was saved in three conditions (see Figure 2A): the degraded scene including the object (“scene-

with-object” condition), the degraded scene without the object (“isolated scene” condition), and the
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Figure 2: Sample stimuli of Experiments 1-3: Note. (A) Sample stimuli for Experiment 1. Stimuli
could show indoor or outdoor scenes. The objects within the scenes were either animate or inanimate
and belonged to one of six categories (cat, dog, human, chair, lamp, plant). Each stimulus was created
in three conditions: A degraded scene including the non-degraded object; a degraded scene without
the object; the non-degraded object on a neutral background. All stimuli were desaturated to reduce
colour cues. (B) Sample stimuli for Experiment 2. Object- and scene-categories were identical to
Exp 1, but the isolated scene condition was replaced with a condition depicting the non-degraded
object in the phase-scrambled scene. (C) Sample stimuli for Experiment 3. The same stimuli as in
Experiment 1 were used with the following changes. The object in each stimulus was either shown

at its original position in the scene, or at the position that another object has in its respective scene
(“random position”).

object on a neutral gray background (“isolated-object” condition). Thus, the final stimulus set con-

tained 288 images across all conditions.

2.1.3 Procedure

On each trial, participants were presented with a fixation cross (500 ms), followed by the stimulus pre-

sentation (50 ms), a blank screen (500 ms), and a two-second two-alternative forced choice response
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Figure 3: Trial Procedure of Experiment 1-3: Note. Procedure of Experiments 1-3. After a fixation
cross (500 ms), the stimulus was presented for 50ms. Then a blank screen appeared (500 ms), followed
by a 2000 ms response window (the indoor/outdoor labels are presented for illustrative purposes, but

«:»

were not presented in the actual experiment). The participant responded using the “f” or “j” key on
the keyboard. The next trial began after a response was recorded or the 2000 ms passed.

window (Figure 3). Before the recorded trials, participants were given instructions and completed a
practice block of 12 trials (4 trials for each of the three conditions) using stimuli that were not used in
the main experimental block. During the practice, participants received feedback after each trial (“cor-
rect” or “incorrect”). Participants did not receive feedback during the experiment, but every 24 trials
a break screen presenting the average response time and accuracy of their last 24 trials appeared. For

all participants, the stimuli were fit to a size of 10x10 cm, irrespectively of the monitor’s resolution.

2.1.4 Design

The dependent variables of this within-subjects design were accuracy, reaction time and LISAS (Lin-
ear Integrated Speed-Accuracy Score; Vandierendonck, 2017; Vandierendonck, 2018) and the inde-
pendent variable was object presence. Object presence included three conditions: scene-with-object,
isolated scene, and isolated object. Each participant completed two blocks of 144 trials each for a to-
tal of 288 trials. Stimuli were presented in random order within each block. To avoid familiarity and
carry over effects within images, the stimuli were split such that of any given image, participants were
presented with either the isolated object and isolated scene condition, or with the scene-with-object
condition. Therefore, one stimulus set contained 48 stimuli in the scene-with-object condition and
the remaining 48 stimuli in both the isolated object and isolated scene condition. These two sets of

144 stimuli each were counterbalanced across participants.

2.1.5 Analyses

Three separate repeated-measures ANOVAs using a Greenhouse-Geisser sphericity correction were
conducted to assess the effect of stimulus condition on accuracy, reaction time and LISAS. Recogni-

tion accuracy is defined as the percentage of correct answers given. In the reaction time analysis, only
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reaction times of correct trials were considered. The linear integrated speed-accuracy score is defined

as:
LISAS = RT¢ + PFE X Sr
SpE
Where RT¢ is the average reaction time in correct trials, PE is the proportion of errors (defined as
PE =1 — W ), SRT refers to the standard deviation of the correct RTs and SPE refers to
the standard deviation of the proportion of errors (Vandierendonck, 2017; Vandierendonck, 2018).
Lower LISAS indicates better performance. We excluded participants performing at chance level from
the analyses via a binomial test. If a one-sided binomial test comparing their accuracy with 50% was
insignificant (at «=.05), that participant performed at chance level and was subsequently removed

from the analyses.

2.2 Results

There was a main effect of object presence (F(1.857, 90.997) = 54.008, p < .001, partial n2 = .524),
indicating a large effect (Figure 4). Post-hoc pairwise comparisons with a Bonferroni correction re-
vealed that there were significant differences in accuracy between all conditions. When the object was
presented in the ambiguous scene (scene-with-object condition), participants achieved better scene
classification performance (u = 0.718, SD = 0.084) than in the isolated-scene condition (w = 0.644,
SD =0.082, t = 6.818, paqj < .001). The effect size, calculated using Cohen’s d, indicated a large effect
(d=0.95). Accuracy in the scene-with-object condition was also higher than accuracy in the isolated
object condition (p = 0.605, SD = 0.060, t = 11.616, p,g; < .001) and the effect size indicated a large
effect (d = 1.45). In addition, accuracy in the isolated-scene condition was higher than in the isolated

object condition (t = 3.130, p,g; = .009) with medium effect size (d = 0.50).

3 Experiment 2

In Experiment 2, we investigated whether the facilitatory effect of the object is based on the object dis-
ambiguating the scene layout, or whether object and scene information contribute independently to
this effect. To test this, the scene was phase-scrambled, and performance was compared between the
object placed in a scrambled scene, the object in the ambiguous scene and the object on a neutral back-
ground. Phase-scrambling preserves some low-level properties, amongst which colours and luminos-
ity (Oliva and Schyns, 1997; Oliva and Schyns, 2000), and the overall distribution of spatial frequen-
cies, but, importantly, it disrupts the spatial arrangement of these frequencies. This makes the scene
structure unrecognizable to the participant. As no scene structure remains after phase-scrambling, we
expect to find no facilitatory effect of object presence if the effect is based on the object disambiguat-
ing the scene layout. However, if object and scene contribute independently to this effect, we expect
the facilitatory effect to persist in the scrambled scene by combining the retained low-level properties

of the scene with the object information.

96



1.0
>
g sl
=1
i
o 1
) 0.8 P w
c ~
2 P
3 , A
o
O
[}
o
oo| [0 3
: .
- 2
0.4
Isolated Isolated Scene-with-
scene object object

o 3 |

|

‘ _—— 4 A

e

RS e A

Figure 4: Scene Recognition: Note. Data are presented as mean recognition accuracy, error bars

indicate SEM, points represent individual participants. Scene recognition accuracy was highest in the
scene-with-object condition and lowest in the isolated object condition. * * p<.01; * * * * p<.0001

3.1 Methods

3.1.1 Participants

Fifty-eight participants participated in the experiment (32 females, 26 males; mean age 36.45 years;
SD = 13.76). After removing participants performing at chance, the final sample consisted of 51 par-
ticipants (29 females, 22 males; mean age 37.10 years; SD = 14.32). Since we had no prior expectations
about the effect size, we aimed for a final sample size of at least n = 50. A sensitivity analysis showed
that this sample size is sufficient to detect a small to medium eftect size (partial n2 = .03) with a power
of = .80 for a one-way repeated measures analysis of variance with three factors. Participants gave
informed consent before the study and received financial compensation for their participation (4£).
This study was approved by the Radboud University Ethics Committee (ECSW - 2022-079).

3.1.2 Stimuli

A subset of 66 stimuli of the stimuli used in Experiment 1 were used in this experiment with the fol-
lowing changes. The isolated scene condition was replaced with a phase-scrambled scene containing
the object (“scrambled-scene-with-object” condition). In this condition, the object was temporarily
cropped out and the scene was then degraded using phase scrambling (Thomson, 1999). Contrary
to the scene-with-object condition, the phase-scrambled scene was not desaturated and retained low-
level properties of the scene. The final images (198 in total) included a degraded scene with an object,

the object on a neutral background and the phase-scrambled scene with an object (see Figure 2B) and
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had an equal number of indoor and outdoor scenes.

3.1.3 Procedure

The same procedure as in Experiment 1 was followed.

3.1.4 Design

The same design was used as in Experiment 1, with the following differences. A subset of 66 scenes
of Experiment 1 were chosen. Instead of the isolated scene condition, participants were presented
with the scrambled-scene-with-object condition. To avoid familiarity and carry-over effects within
images, the stimuli were split such that of any given image, participants were presented with either
the scene-with-object condition, the scrambled-scene-with-object condition, or the isolated object
condition, but not with multiple conditions of the same image. This resulted in three sets of stimuli,
each consisting of 22 stimuli in the scene-with-object, scrambled-scene-with-object and isolated ob-
ject condition, and thus 66 stimuli in total. Participants completed four blocks of 66 trials each for a
total of 264 trials.

3.1.5 Analyses

The same analyses as in Experiment 1 were conducted.
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Figure 5: Scene Recognition: Nore.Data are presented as mean recognition accuracy, error bars in-
dicate SEM, points represent individual participants. Scene recognition accuracy was highest in the
scene-with-object condition and lowest in the isolated object condition. * * * * p<.0001
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3.2 Results

Accuracy was statistically significantly different between the different image conditions (F(1.996,
99.997) = 81.277, p <.001, partial n2 = .619), indicating a large effect. Post-hoc pairwise comparisons
with a Bonferroni correction revealed that there were significant differences in accuracy between the
scene-with-object (1= 0.752, SD = 0.091) and scrambled-scene-with-object condition (u = 0.643, SD
= 0.066, t = 9.895, pagj > .001). The effect size was large, with a Cohen’s d of 1.38. Accuracy in the
scene-with-object condition was higher than in the isolated object condition (i = 0.619, SD = 0.064,
t = 11.679, paq; > .001) with large effect size (d = 1.67). No differences between the isolated object
and scrambled-scene-with-object condition were found (t = 2.141, p,q; = .112, d = 0.30) (Figure 5),
indicating that removing scene structure through phase scrambling inhibits object-facilitated scene

recognition as much as replacing the scene with a neutral background.

4 Experiment 3

In Experiment 3, we investigated whether the object-facilitatory effect is based on the object facilitat-
ing the construction of the scene layout. The position of each object was changed to the position of a
randomly chosen other object (e.g., a dog in an outdoor scene was placed at the position of a chair in
an indoor scene). This allows us to explore whether the effect of object-facilitated scene recognition is
primarily driven by a semantic effect (e.g., a dog is in that scene so it must be outdoor) or whether the
objects original position in the scene contributes to its facilitatory effect. This can be framed using
the scene grammar framework. An object-based facilitation on scene judgments could be explained
by a semantic (e.g., a dog is usually outdoor) and/or a syntactic relationship between the scene and
the object (e.g., a dog in a given spatial position and orientation supports the disambiguation based
on the position in which it appears in the scene rather than solely due to its object category). In this
experiment, we disrupted the syntactic relationship between the scene and the object by randomly
swapping the position of the objects on the scene, while keeping the semantic relationship intact
(presenting the very same object that belongs to the photograph). If the object-to-scene syntactic rela-
tionship contributes to object-based facilitation effects, the facilitation should be removed or reduced
when the object originally belonging to that scene is at a position different from its original location.
On the other hand, if the relationship is purely semantic, changing the position of the object should

not change the presence or magnitude of the object-facilitatory effect.

4.1 Methods

4.1.1 Participants

104 participants participated in the experiment (32 females, 70 males, 1 identified as other, 1 preferred
not to say; mean age 36.74 years; SD = 11.27) and were recruited via Prolific. Four participants were

excluded during the analysis due to performance at chance level so that the final sample consisted of
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100 participants (31 females, 67 males, 1 identified as other, 1 preferred not to say; mean age 36.89
years; SD = 11.25). We expected an effect of changing the position of an object on its facilitatory
effect on scene recognition to be small and therefore aimed for a sample size of n = 100. A sensitivity
analysis on a paired two-tail contrast revealed that a sample size of n = 100 is sufficient to detect an
effect of d = .25 with a power of 5 = .80. Participants gave informed consent before the study and re-
ceived financial compensation for their participation (£4). This study was approved by the Radboud
University Ethics Committee (ECSW - 2022-079).

4.1.2 Stimuli

A subset of 64 stimuli from Experiment 1 were used. In addition to the existing conditions, variations
of the stimuli in the scene-with-object and isolated object condition were created in which the object

was placed at the position of any other object in its original scene (“random position,” see Fig. 2C).

4,1.3 Procedure

The procedure was identical to the procedure of Experiment 1.

4.1.4 Design

This experiment used a 3x2 within-subjects design. The independent variables were object presence
(scene-with-object condition, isolated object condition, isolated scene condition) and object posi-
tion (original position, random position). The dependent variables were accuracy, reaction time and
LISAS. Each participant completed two blocks of 192 trials each for a total of 384 trials. Within a
block, each stimulus was repeated twice. The scene-with-object and isolated object condition were
shown once with the object at its original position and once with the object at a random position.
To avoid familiarity and carry-over effects within images, participants were presented with either the
isolated object and isolated scene condition, or with the scene-with-object condition. Therefore, one
stimulus set contained 32 stimuli in the scene-with-object condition with the object at the original
position, the same 32 stimuli in the scene-with-object with the object at a random position, and the
remaining 32 stimuli once in the isolated object condition with the object at its original position and
once at a random position and twice in the isolated scene condition. These two sets of 192 stimuli
each were counterbalanced across participants. To omit order effects, the order of stimuli within each

block was randomized for each participant.

4.1.5 Analyses

A 3x2 repeated measures analysis of variance was conducted, with accuracy as the dependent variable
and stimulus condition and object position as the independent variables. Despite no object being
present in the isolated scene condition, it was dummy-coded such that stimuli in the isolated scene
condition were shown once in the random object position condition and once in the original object

position condition. Since stimuli in the isolated scene condition were coded such that they could
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have the object at the original or random position, despite no object being present in the stimuli, the
isolated scene condition was removed for three subsequent 2x2 repeated measures analyses of vari-
ance, predicting accuracy, reaction time and LISAS from stimulus condition and object position.
Finally, a repeated measures ANOVA was conducted, predicting the object-facilitatory effect on ac-
curacy from object position. The object facilitatory effect was defined as the difference in accuracy
between the scene-with-object and the isolated object condition. Participants performing at chance
level were removed from the analyses via a binomial test. If a one-sided binomial test comparing their
accuracy with 50% was insignificant (at & = .05), that participant performed at chance level and was

subsequently removed from the analyses.
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Figure 6: Results of Experiment 3: Noze. . Data are presented as mean recognition accuracy, error
barsindicate SEM, points represent individual participants. ns = notsignificant; #p<.05; **p<.01; *x
*#p<.0001 (A) Scene recognition accuracy overall was higher in the scene-with-object condition than
in the isolated object condition. In the scene-with-object condition, accuracy was higher when the
object was at its original position. (B) The facilitatory effect that the object has on scene classification
accuracy, computed as the difference in accuracy between the isolated object and object-with-scene
condition, was significantly higher when the object was at its original position than when it was ata
random position.

4.2 Results

A significant interaction effect between stimulus condition and object position on accuracy (F(1,99)
=6.097, p =.029, partial n2 = 0.036) was found. This interaction was also significant when removing
the isolated scene condition (F(1,99) = 6.097, p = .015, partial n2 = 0.058). Therefore, the effect of
object position was analysed at each stimulus condition. P-values were adjusted using the Bonferroni
multiple testing correction method. In the scene-with-object condition, accuracy was higher with
the object at the original position (p. = 0.808, SD = 0.088) than at a random position (i = 0.787,
SD = 0.094, t = 2.798, p = .006). The effect size, as measured by Cohen’s d, was d = .25, indicating
a small effect. No differences based on object position were found in the isolated object condition
(originat = 0.624, S D griginat = 0.080, random = 0.626, S Dyyngom = 0.078, t = 0.401, p = .689, d = .02) and
the isolated scene condition (originat = 0.721, S Diriginal = 0.105, random = 0.718, .S Dyandom = 0.103, t =
0.431, p=.667,d = .03) (Figure 6A). This means that accuracy in the scene-with-object position was
higher when the object was at its original position, but accuracy in the isolated object condition did

not differ depending on object position. Further, the object facilitatory effect that an object has when
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placed in the scene is stronger when the object is at the position it originally had in the photograph
(u= 0.184, SD= 0.089) than when it is placed at the position of another object in its scene (u= 0.161,
SD=0.090, p = .015). The eftect size, calculated using Cohen’s d, indicates a small eftect (d = 0.25)
(Figure 6B).

S Experiment 4

Finally, to assess the causal neural mechanisms underlying object-facilitated scene recognition, two
pre-registered TMS studies on the same participants were conducted: a four-pulse TMS study (https:
//aspredicted.org/W76_DS2) and a chronometric TMS study (https://aspredicted.org/XR]_SQW).
The four-pulse TMS study was used for “functional localization” and will be referred to as “selection
procedure”. The selection procedure will not be discussed in this thesis.

In the chronometric TMS study, participants received TMS at three time windows (early: 60-100
ms; middle: 160-200 ms; or late: 260-300 ms after stimulus onset) over either LOC or OPA while
performing a scene-recognition task. In this scene classification task, participants viewed either a very
degraded scene with an object in it (“scene-with-object” condition) or an only slightly degraded scene
without an object present (“scene-without-object” condition; see Figure 7). This design allows us
to systematically investigate the interaction between scene- and object-selective regions over time in
support of object-facilitated scene recognition. We expect LOC stimulation to result in worse scene
recognition in the scene-with-object but not in the scene-without-object condition. Because object
recognition peaks at 200 ms, we hypothesize LOC stimulation to lead to worse performance in the
scene-with-object condition with stimulation at the middle time point specifically, but not at the early
or late time point. On the other hand, we expect OPA stimulation to decrease accuracy more strongly
in the scene-without-object condition than in the scene-with-object condition. In the scene-without-
object condition, we hypothesize OPA stimulation to result in a stronger decrease in accuracy at the
middle stimulation time point than with early or late stimulation onset. In the scene-with-object
condition, we hypothesize OPA stimulation at the middle time point to result in worse performance
than stimulation at the early time point, reflecting the processing of the ambiguous scene cues. Since
we assume the object-facilitated scene recognition (i.e., the integration of the information about the
scene with information about the object sent through feedback connections to the OPA by the LOC)
to occur at around 300 ms after stimulus onset, we expect OPA stimulation in the scene-with-object
condition at a late time point to result in even worse performance than stimulation at the middle time

point (see Figure 8). For an overview of the two studies, see Figure 9.

5.1 Methods

5.1.1 Participants

A preregistered sample size of 48 healthy participants (31 females, 17 males; mean age 22.96 years; SD

= 3.54 years) participated in both TMS studies. All participants had normal or corrected-to-normal
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Figure 7: Sample Stimuli of Experiment 4: Note. Stimuli could either depict a desaturated and
degraded scene without an object (“scene-without-object” condition) or a desaturated and degraded
scene containing an object (”scene-with-object” condition). Stimulus conditions were matched on
accuracy.

vision, were right-handed and gave informed consent. This sample size finds a medium interaction ef-
tectsize (d=0.5) with a power of B = 0.9. Participants with neurological or psychiatric disorders, CNS-
acting medication, a (family) history of epilepsy or convulsions or seizures, brain surgery, cochlear or
metallic implants in their head or neck area, cardiac pacemaker or intra-cardiac lines, a medication
infusion device, a neuro-stimulator, or pregnancy were excluded from participation. Three partici-
pants withdrew from the experiment due to discomfort of the TMS stimulation during the selection
procedure and one participant withdrew after completing the selection procedure. These four par-
ticipants were subsequently removed from the analysis. One participant participated in the chrono-
metric TMS experiment without prior participation in the selection procedure. Four outliers were
removed from the analysis and replaced to match the preregistered number of participants. In the
chronometric TMS experiment, 24 participants (19 females, S males; mean age 22.13 years; SD =
2.92 years) received OPA stimulation, and 24 participants received LOC stimulation (12 females; 12
males; mean = 23.92 years; SD = 3.88 years). The chronometric TMS experiment took place three to
seven days after the selection procedure. This study was approved by the Radboud Ethics Committee
(NL72752.091.20) and all participants involved in the study gave their informed consent before par-
ticipating in both studies. Participants were monetarily compensated (15 euros per hour) or received

course credits for their participation.

5.1.2 Stimuli

The stimulus set consisted of a subset of 64 indoor and outdoor scenes used in Experiment 1. In one
condition, the object was presented in the ambiguous scene (“scene-with-object” condition, same
as in Experiments 1-3), whereas the other condition showed a very slightly degraded scene (“scene-
without-object” condition; see Figure 7). The stimulus conditions were validated and optimized
in an online behavioural pilot experiment, using the same procedure as the TMS studies to ensure

that the two conditions for each image did not differ in categorisation accuracy (Repeated Measures
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Figure 8: Time Specific Hypothesis: Noze. This figure shows the time-specific predictions for the
chronometric TMS experiment. We hypothesized that scene recognition without an object in the
scene (top row) would be causally supported by the scene-selective OPA 160-200 ms after stimulus
onset (middle time point). The object-selective LOC was not hypothesized to be involved in this
process. We hypothesized scene recognition with an object in the scene (bottom row) to be causally
supported by the OPA at 160-200 ms (middle time point) and crucially, the LOC also was also hy-
pothesized to causally support object-facilitated scene recognition at that middle time point. Finally,
object-facilitated scene recognition was hypothesized to occur in the OPA at 260-300 ms after stimu-
lus onset (late time point).

ANOVA: n = 295 scene-with-object = 0-7735 scenc-without-objece = 0.796; p = .109). This is an important pre-
requisite for the stimulation study to eliminate a possible main effect of stimulus condition. These
two conditions allowed us to distinguish between object-facilitated scene recognition, involving both
scene- and object-selective regions, and isolated scene recognition, involving just scene-selective re-

gions. Stimuli were displayed on a BenQ Mobiuz 27” 120Hz computer screen with a fixed size of
10x10 cm.

5.1.3 Transcranial Magnetic Stimulation

TMS was applied via a Cool-B65 figure-of-8 coil with an outer diameter of 75 mm, which received
input from a Magpro-X-100 magnetic stimulator (MagVentrue, Farum, Denmark). In two partici-
pants, a MC-B70 butterfly-shaped figure-of-8 coil with an outer diameter of 96 mm was used instead.
Participants received double-pulse TMS at a stimulation intensity adjusted to 85% of the individual
phosphene threshold of each participant. The double-pulse was given at 25 Hz for a total stimulation
duration of 80 ms. The phosphene threshold was determined by increasing stimulation intensity dur-
ing single-pulse stimulation of the early visual cortex until visual phosphenes were reported in 50% of
the trials while participants fixated on a grey screen in a dimly lit room. The TMS coil was placed with
the help of an infrared-based neuronavigation system (Localite, Bonn, Germany) using an individu-
ally adapted standard brain model over the left LOC and left OPA. In four participants, the TMS coil

was placed with the help of the infrared-based neuronavigation system Visor2 (Antneuro, Hengelo,
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Figure 9: Schematic overview of the two TMS studies: Noze. In the selection procedure, half of the
participants first completed an object recognition task and then a scene classification task, and half of
the participants first completed a scene classification task and then an object recognition task. Individ-
ual analyses were conducted to assign participants to a stimulation site condition in the chronometric
TMS study. Participants showing reduced accuracy during LOC stimulation compared to OPA and
vertex stimulation in the object recognition task were assigned to receive LOC stimulation and partic-
ipants showing reduced accuracy during OPA stimulation when compared to LOC and vertex stim-
ulation in the scene classification task were assigned to receive OPA stimulation in the chronometric
TMS study. In the chronometric TMS study, taking place three to seven days after the selection pro-
cedure, participants performed the same scene classification task as in the selection procedure. Finally,
group level analyses were conducted.

The Netherlands). The stimulation coordinates for LOC and OPA were identified through Talairach
coordinates set in the Localite or Visor2 neuronavigation system. The coordinates used for the left
LOC were -45, -74, 0 and for the left OPA, the coordinates were -34, -77, 0. Note that the coordi-
nates used were the left-hemispheric homologue coordinates of the LOC (Pitcher et al., 2009) and
OPA (Julian et al., 2016) defined in the right hemisphere. These right-hemispheric coordinates were
also used by Wischnewski and Peelen (2021a; 2021b). The stimulation of the left hemisphere is based
on the results of Brandman and Peelen (2019), who found higher activation in object-facilitated scene
recognition in the left OPA as compared to the right OPA. The vertex was individually determined at

half of the distance between inion and nasion.
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5.1.4 Procedure

The chronometric TMS study took place three to seven days after the selection procedure and par-
ticipants performed a scene classification task. Before beginning the task, participants gave informed
consent, received instructions and the individual phosphene threshold was determined. Each trial of
the scene-classification task started with a fixation point at the centre of the screen (500 ms), followed
by the stimulus presentation (50 ms) and a blank screen for S00 ms. Then, participants had a response
period of 2 s and after these two seconds had passed or a response was recorded, a variable inter-trial
interval of 2-5 seconds started (see Figure 10). This relatively long interval was chosen to prevent the
coil from overheating during the trials and to avoid TMS effects building up over trials and is com-
monly adopted in online TMS experiments (Gandolfo and Downing, 2019; Pitcher et al., 2008;2007;
Urgesi et al., 2004; Gandolfo et al., 2024). Participants responded using F for indoors and ] for out-
doors. During the task, participants received double-pulse TMS at 2 SHz (i.e., 80 ms total duration
of stimulation) at an individually adjusted intensity set to 85% of the phosphene threshold. TMS was
applied over either LOC or OPA at one of three different time points: at 60 ms after stimulus onset,

160 ms after stimulus onset, or at 260 ms after stimulus onset.

5.1.5 Design

The chronometric TMS study used the scene classification task in a 2x2x3 mixed design. The de-
pendent variables were accuracy, reaction time and LISAS. The between-groups factor was stimula-
tion site (LOC, OPA) and the within-groups factors included stimulus condition (scene-with-object,
scene-without-object) and stimulation onset (early, middle, late). Depending on the selection proce-
dure, participants received either LOC or OPA stimulation during the experiment. The stimulation
strength was set to 85% of the individually determined phosphene threshold. Two TMS pulses could
be applied at 60 ms and 100 ms after stimulus onset (early), 160 ms and 200 ms after stimulus onset
(middle), orat 260 ms and 300 ms after stimulus onset (late). The scene classification task was changed
such that every stimulus was repeated twice for each stimulation onset, resulting in 384 trials. The
trials were presented in random order. The task was divided into 12 blocks of 32 trials, each lasting
approximately 3 minutes, with short breaks in between of approximately 1 minutes. Thus, complet-
ing the task took about 60 minutes. The total duration of the experiment, including preparation and

phosphene threshold determination, was approximately 90 minutes.

5.1.6 Analyses

Three separate 2x2x3 repeated measures ANOVAs were conducted, on the three dependent variables
of interest —accuracy, reaction times in accurate trials and LISAS with stimulus condition (scene-
with-object, scene-without-object), stimulation site (LOC, OPA), and stimulation onset (early, mid-
dle, late) as factors. Outliers were removed prior to the analyses with a pre-registered criterion of
being 2.5 standard deviations slower or less accurate than the overall mean. In accordance with our

hypotheses, the following pre-registered planned pairwise t-tests were computed. For OPA stimula-
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Figure 10: Trial Procedure of Experiment 4: Note. Schematic trial of the scene classification task.
After stimulus onset, participants received double pulse TMS over LOC or OPA at one of three time
points (60 ms after stimulus onset, 160 ms after stimulus onset, 260 ms after stimulus onset).

tion, performance in the scene-without-object condition is compared between early TMS onset and
middle TMS onset and between middle TMS onset and late TMS onset. In the scene-with-object
condition, performance between early TMS onset and late TMS onset is compared. For LOC stim-
ulation, performance in the scene-with-object condition is compared between early TMS onset and
middle TMS onset and between middle TMS onset and late TMS onset. Performance in the scene-

without-object condition is compared between all stimulation onsets.

5.2 Results

There was no significant three-way interaction between stimulus condition, stimulation site and stim-
ulation onset on accuracy (F(2,92) = 0.780, p = .780, partial n2 = .017). Importantly, there was
no main effect of stimulus condition (F(1,46) = 1.417, p = .240, partial y2 = .030), indicating that
the stimulus conditions were well equated in terms of difficulty. A significant two-way interaction
between stimulation site and stimulus condition was found (F(1,46) = 7.471, p = .009, partial n2
= .140) and a simple interaction analysis showed that, compared to the scene-without-object con-
dition, participants were less accurate in the scene-with-object condition during LOC stimulation
(scenc-without-object = 0918, 1S Dcene-without-objece = 0.041, seencwith-object = 0-889; S Dycenc-with-object = 0.065, t
= -2.774, p = .008). The effect size, as measured by Cohen’s d, was d = .53, indicating a medium
effect. During OPA stimulation, there were no significant differences between stimulus conditions
(scene—without—object =0.91s5, S Dscene—without—object = 0.033, scene-with-object = 0.926, S Dscene—with—object: 0.043, ¢
= 1.091, p = .281), and the effect size (d = 0.21) indicates a small effect (Figure 11A). Within the
scene-with-object condition, accuracy was significantly lower after LOC stimulation than after OPA
stimulation (LLOC = 0.889, SDLOC = 0.065, nOPA = 0.926, SDOPA = 0.043, t = 2.317, p = .025)
(Figure 11B). The effect size indicates a medium effect (d = .70). These findings confirm that the LOC
is causally involved in object-facilitated scene recognition. However, we cannot make inferences about

when and how the LOC is involved due to the lack of time-specific effects. There were no significant
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interactions between stimulus condition, stimulation site and stimulation onset on reaction time,
but a significant main effect of condition was found (F(1,46)=12.205, p = .001, partial n2 = .210).
A simple main effect analysis showed that reaction times for the scene-without-object condition (u
= 0.646, SD = 0.095) were significantly lower than for the scene-with-object condition (u = 0.660,
SE = 0.100, t = 3.494, p = .001). The effect size, measured by Cohen’s d, was d = 0.41, indicating a
small effect. A significant two-way interaction between stimulation site and stimulus condition on
LISAS was found (F(1,46)=4.799, p = .034, partial y2 = .094). A simple interaction analysis showed
that, compared to the scene-without-object condition, participants had higher LISAS in the scene-
with-object condition during LOC stimulation (scene-without-object = 0-720, S Dycencwithout-objece = 0.133,
scencwith-object™ 0.748, S Dcencawith-objece = 0.123, t = 3.532, p <.001, d = 0.57) but not during OPA stim-
ulation (scene—without—object =0.686, S Dieene-without-object = 0-119; scenc-with-object = 0-689, S Dicene-with-object =
0.126, t = 0.434, p = .666, d = 0.07), indicating that the previously reported effects depending on
stimulus condition occurring during LOC stimulation but not during OPA stimulation were not
the results of speed-accuracy trade-ofts. With LOC stimulation, participants performed worse in
the scene-with-object condition. In accordance with our hypotheses, the following pre-registered
planned pairwise t-tests were computed. These pairwise t-tests showed that classification accuracy
during LOC stimulation in the scene-without-object condition did not differ between early and mid-
dle (t = 0.571, p > .999, d = 0.10), middle and late (t = 0.721, p > .999, d = 0.11) or early and late
stimulation onset (t = 0.109, p >.999, d = 0.01). Contrary to our hypotheses, no difterences between
early and middle (t = 0.130, p > .999, d = 0.03) and middle and late stimulation onset (t = 1.882, p
=.218, d = 0.36) were found during LOC stimulation in the scene-with-object condition. Further,
planned pairwise t-tests did not reveal significant differences in accuracy in the scene-without-object
condition during OPA stimulation between early and middle (t=0.322, p >.999, d = 0.03) or middle
and late stimulation onset (t = 0.345, p >.999, d = 0.03). Finally, contrary to our hypotheses, OPA
stimulation in the scene-with-object condition showed no differences in accuracy between early and
middle (t = 0.002, p >.999, d = 0.04), middle and late (t = 0.005, p > .999, d = 0.10) or early and late
stimulation onset (t = 0.878, p >.999,d = 0.13).

6 General Discussion

In the current study, we examined the facilitatory effect of objects placed in scenes on scene recogni-
tion. The key findings were that objects facilitate scene recognition both behaviourally and neurally
through involvement of the LOC. Scene recognition was significantly improved when an object was
present in the ambiguous scene as compared to the scene without the object or the object on a neutral
background. The facilitatory effect of the object in the scene completely diminished once the scene
loses its structure and decreased when the object was in a random position in the scene, as compared
to its original position. Finally, brain stimulation results show a causal involvement of the LOC in
the object-facilitatory effect on scene recognition. These results show both behavioral and causal evi-

dence for interactions between object and scene processing, with object processing supporting scene
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Figure 11: Results of TMS Experiment: Noze. Data are presented as mean recognition accuracy,
error bars indicate SEM, points represent individual participants. * * p<.01; *p<.05 (A) Accuracy in
the scene-with-object condition was significantly decreased during LOC stimulation, but not during
OPA stimulation. (B) This is a comparison between LOC and OPA stimulation in the scene-with-
object condition, shown in a separate graph for clarity. In the scene-with-object condition, accuracy
was significantly lower during LOC stimulation than during OPA stimulation.

recognition through involvement of the LOC.

6.1 Behavioural Experiments

In Experiment 1, participants were significantly better at correctly recognizing the scene when an ob-
ject was present in the scene. Crucially, participants were least accurate when only the object was
shown on a neutral background, indicating that the object itself was not sufficient for accurate scene
classification. This demonstrates that scenes not only enhance object recognition (Brandman and Pee-
len, 2019), but that this effect also occurs the other way around in that objects facilitate ambiguous
scene recognition. These findings are in accordance with previous studies showing a facilitatory ef-
fect of objects on scene recognition behaviourally (Davenport and Potter, 2004) and on a neural scale,
where an object enhanced scene representation in the left scene selective OPA (Brandman and Peelen,
2019). While previous studies found a congruency effect for scene recognition with object placed
in scenes (Davenport and Potter, 2004; Davenport, 2007), these studies used both intact scenes and
objects indicative of a specific scene. On the other hand, our study used ambiguous scenes as well
as objects that are equally likely to be found indoors and outdoors and are thus not indicative of
scene category just by object category alone. Importantly, we still found an object-facilitatory effect
on scene classification. This suggests that if the scene contains little information, scene classification
relies more strongly on the object even if the object category itself provides little information about
the scene. Thus, other properties of the object like object position, size or how it is embedded in the
scene must drive object-facilitated scene recognition. Previous research showed that spatial aspects of
a scene are crucial for rapid scene recognition in humans (Greene and Oliva, 2009) and DNNs (Weng

etal.,, 2016). In line with this, the current findings could indicate that the object properties are used
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to disambiguate the spatial scene aspects.

In Experiment 2, we assessed how scene classification changes when the scene retains some low-level
properties, but scene structure is removed through phase scrambling. Participants were less accurate
when the object was shown in the phase scrambled scene than when it was shown in the ambigu-
ous scene, and crucially, accuracy in the scrambled-scene-with-object condition was not significantly
different from when the object was placed on a neutral background. Thus, object information is
not merely combined with low-level scene properties to facilitate high-level scene recognition. In-
stead, this finding highlights the importance of scene structure over low-level properties for object-
facilitated scene recognition and shows that the object-facilitatory effect can no longer occur once
scene structure is removed. Hence, this suggests that the object aids in building scene structure and
that it is this construction of scene structure based on the object that facilitates scene recognition.
Using jumbling paradigms, previous literature demonstrated a sensitivity of scene-selective areas for
spatial scene structure that, importantly, did not purely depend on low-level features (Kaiser et al.,
2019). On the other hand, Oliva and Schyns, 2000 demonstrated colour to be a useful cue for scene
recognition even with strong blur, and Yao and Einhiuser, 2008 provided evidence of colours to aid
natural scene recognition in the late stages of scene recognition. In relation to our current findings,
this indicates that the phase-scrambling disrupts the early stages of scene processing, such that colour
can no longer be a useful indicator, and therefore emphasizes the importance of scene structure over
colour perception for the distinction of indoor and outdoor scenes. Thus, the facilitatory effect of
the object is based on constructing the scene and its content around the object. Another possible ex-
planation for the lack of object facilitatory effect when the object is placed in a scrambled scene is that
the scrambled scene is no longer recognized as a scene. Schindler and Bartels, 2016 showed that low-
level features alone are not enough for evoking responses in scene-selective areas, but that high-level
stimulus interpretation is necessary as well. Since phase scrambling inhibits the recognition of high-
level image properties, scene-selective areas could be no longer activated in response to the scrambled
scene. Hence, the spatial aspects of the scene can no longer be disambiguated by object predictions
in scene-selective areas.

To determine whether the object-facilitatory effect depends on the object building scene structure,
we conducted Experiment 3. In this experiment, we compared object-facilitated scene recognition
with the object at its original position in the scene against object-facilitated scene recognition when
the object was at a random position in the scene. As in Experiment 1, scene classification was better
when an object was present in the scene than in any other condition. Notably, when an object was
present in the scene, accuracy was significantly lower when the object was not in its original position,
and the object-facilitatory effect was decreased. However, when the object was shown on a neutral
background, position changes did not have any effect on scene classification accuracy. This suggests
that a change in position of the object disrupts the disambiguation of scene layout through the ob-
ject. In other words, changing object position no longer allows for a good estimation of the distances
to scene surfaces that are crucial for rapid scene recognition (Kravitz et al., 2011). Together with the

results of Davenport and Potter, 2004) and Davenport, 2007), who showed that semantic violations
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of object categories in a scene lead to worse scene recognition, these results suggest that the rules and
regularities of our visual environment, described by V5, 2021) as scene grammar, are not only used
in object recognition, but also in scene recognition. This is further supported by the finding that ob-
ject position does not change scene recognition accuracy when the object was presented on a neutral
background. Since there is no scene, no scene layout is built, and changing the position of the object
does not violate the syntactic and semantic regularities used to build up scene grammar.

Troiani et al., 2014 hypothesized that scene-preferring regions, such as the OPA or PPA, also process
spatial properties that are applicable to both scenes and objects. In line with this hypothesis, the re-
duction in scene recognition accuracy with the object at a different location can be explained by the
landmark suitability of the object being severely diminished once removed from its original position.
The results of this experiment further highlight that it is not object category per se that facilitates
scene recognition, but how the object is integrated into the scene. Future research should investigate
which aspects of object position specifically are important. Here, we assessed position change with a
binary measure (original vs. non-original position), but systematic assessment of position changes of
the same distance on either axis or manually changing object positions to locations in the scene that
can either naturally occur or are impossible to occur naturally (e.g., move a chair to a new position
on the lawn vs moving it to a position that suggests it is floating) will allow for a precise investigation
of the importance of object position in disambiguating scene layout. These behavioral findings not
only support previous findings that objects facilitate scene recognition, but they also provide novel
evidence for this effect not to be a purely semantic effect, but that the integration of the object in
the scene is crucial for its disambiguation. Further, they highlight the importance of scene structure

remaining in the scene for this facilitatory effect to occur.

6.2 Chronometric Brain Stimulation Experiment

Using TMS to assess the causal neural mechanisms of object-facilitated scene recognition, we found
that scene classification performance during LOC stimulation decreased when an object was present
in the scene compared to when a scene without an object was shown. This involvement of the LOC
only during the object-facilitated scene recognition but not intact scene recognition provides causal
evidence for its involvement in object-facilitated scene recognition and is congruent with previous
finding that showed an involvement of the LOC in pure object recognition (Dilks et al., 2013; Wis-
chnewski and Peelen, 2021a) and research that suggested the LOC to support scene recognition
through combining the information of multiple “signature objects” in a natural scene (MacEvoy and
Epstein, 2011). In addition to their proposed role of the LOC, our results show that even a single ob-
ject that is not associated with the scene category is sufficient for the LOC to facilitate scene recogni-
tion. Being sensitive to object position, size, and viewpoint (Eger etal., 2008; Sayres and Grill-Spector,
2008; Andresen et al., 2009), this result suggests that rather than object (category) recognition facili-
tating scene recognition per se, the recognition of the object provides information about the distance

of the object in the scene, given its real world size together with the size of the object, as presented on-
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screen, on the retina. This information is then forwarded to the scene-selective areas to facilitate scene
recognition. In Experiment 1, we showed that the object itself was not sufficient for accurate scene
recognition and in Experiment 3, we highlighted the importance of object position for the facilitatory
effect. Taken together, the behavioural and brain stimulation results indicate that object-facilitated
scene recognition it is not driven the recognition of object category per se, but by spatial properties
of the object that are extracted once the object is recognized. However, since no time-specific effects
were found, we cannot say how the LOC is involved in object-facilitated scene recognition and there-
fore neither support scene-first (Schyns and Oliva, 1994;Hochstein and Ahissar, 2002), object-first
(Crouzet et al., 2012) nor parallel processing accounts (Peelen et al., 2024). The null result of OPA
stimulation is not in accordance with previous studies that showed an involvement of the OPA in
scene recognition, both with neuroimaging (R. A. Epstein and Baker, 2019) and brain stimulation
(Dilks et al., 2013, Wischnewski and Peelen, 2021a). This could be due to a variety of factors. On
the one hand, we stimulated the left hemisphere, whereas previously, the right OPA was stimulated
(Dilks et al., 2013;Wischnewski and Peelen, 2021a; Gandolfo and Downing, 2019). The stimulation
of the left OPA was based on fMRI results that showed higher activation for object-facilitated scene
recognition in the left OPA as compared to the right OPA (Brandman and Peelen, 2019). Another
explanation for this null effect could be that we stimulated the wrong area. Despite previous research
(Wischnewski and Peelen, 2021b) also using Talairach coordinates and the Localite neuronavigation
system, they stimulated the right hemisphere, whereas we used the homologue coordinates of coor-
dinates defined in the right hemisphere to stimulate the left hemisphere. Thus, it may be that inter-
hemispheric differences in the position of the target areas lead to inaccurate stimulation sites. On top
of that, interindividual differences in brain anatomy may have resulted in even bigger inaccuracies of
stimulation site. E.g., brain-scalp distance has been shown to influence stimulation intensity at the
target region and larger CSF thickness has been shown to result in less intense and more diffuse stim-
ulation (Lee et al., 2018). Using individual fMRI coordinates and localisation procedures, as used in
Dilks et al., 2013 or Gandolfo and Downing, 2019, would have allowed for better localisation. How-
ever, we did use functional localization in the selection procedure to counteract this issue. Previous
literature on brain stimulation has reported large individual differences in effects of brain stimulation.
During the selection procedure, participants received a fixed stimulation intensity at 60% of maximal
output strength. This fixed stimulation intensity does not account for interindividual differences,
possibly leading to decreased effects of stimulation. Factors such as age, hemisphere, and TMS ma-
chine all influence susceptibility to brain stimulation (Corp et al., 2021; Lee et al., 2018). While an
initial stage of cortical hypoexcitability to brain stimulation below the age of 20 has been shown with
increasing excitability until the age of 25 to 35, hypoexcitability has been shown to be stronger, the
younger participants are (Corp et al., 2021). Falling between the age of 18 and 33, it cannot be ex-
cluded that some of our participants still are in the initial stage of hypoexcitability and would have
required a higher stimulation intensity to show more pronounced stimulation effects, allowing for
better functional localization. The left hemisphere has also been shown to have a reduced resting mo-

tor threshold (Corp et al., 2021), although this effect disappeared when including only right-handed
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participants. Since we only tested right-handed participants, it is unlikely that the change of hemi-
sphere itself is cause to a lack of effect. In their large-scale analysis, Corp et al., 2021 have also shown
the TMS machine itself to have an influence on stimulation effects. While we used a different TMS
machine and coil from Dilks et al., 2013, who first showed a double dissociation between OPA and
LOC in scene- and object-recognition tasks, we used the same TMS machine for all participants and
the same coil for most of our participants as Wischnewski and Peelen, 2021a, who later replicated the
findings of Dilks et al., 2013 with a larger sample size. Removing those participants with a different
coil and neuronavigator from our data set did not alter significance levels, and therefore, machine and
coil are unlikely to cause of the lack of effect either. While the previously mentioned aspects could
have decreased the validity of the selection procedure, they would be controlled for during the chrono-
metric TMS study assessing time-specific effects of stimulation site. Hence, the driving factor for the
lack of effect likely is the use of homologue coordinates of right-hemispheric defined Talairach coor-
dinates for stimulating left OPA and LOC. It is recommended for future research to use individual
localisation procedures and base the neuronavigation off of individual fMRI coordinates. Further,
previous scene categorization tasks used for online TMS assessed scene orientation (Gandolfo et al.,
2024), scene category (Dilks et al., 2013) or were related to navigation (Julian et al., 2016). Thus, one
reason that may give rise to the lack of effect of OPA stimulation could be the task itself, as the task in
our study required participants to make indoor-outdoor judgements. The OPA has been proposed
to be biased towards the lower half of the visual field, reflecting navigational affordances of scenes
(Bonner and Epstein, 2017, Bonner and Epstein, 2018), whereas the PPA is more biased towards the
upper half of the visual field (Silson et al., 2015) including mostly landmarks and immovable objects
(R. A. Epstein and Baker, 2019). This suggests that the PPA may be involved more in indoor vs out-
door judgements than the OPA. Similarly, the PPA has been hypothesized to summarize visual input
according to its spatial properties (MacEvoy and Epstein, 2011; Park et al., 2011) and was shown to in-
tegrate the object the most in its representation (Aminoft and Durham, 2023). With object position
playing an influential role in the facilitatory effect on scene recognition, it may be that the feedback
between object- and scene-selective regions is stronger between the LOC and the PPA than between
the LOC and the OPA, as hypothesized. Then, information about object position from the LOC can
be used by the PPA to disambiguate the scene layout and therefore facilitate the recognition of the
scene. Future brain stimulation research could consider stimulating the PPA when assessing object-
on-scene interactions. While this is currently not possible using TMS, it could be achieved using
Transcranial Ultrasound Stimulation (TUS), given that this technology continues its promising de-
velopment. Rafique et al., 2015 have shown interhemispheric connections between the left and right
LOC, where inhibition of the LOC in one hemisphere resulted in worse object processing in the
LOC of the other hemisphere. However, they did not find this interhemispheric dependence for left
and right OPA. In relation to our findings this may suggest that, after stimulation of the LOC, object
processing is inhibited wholly, whereas after OPA stimulation, the right OPA is able to substitute for

the left OPA in scene recognition.
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6.3 Future Directions

The object-facilitated scene recognition identified here opens avenues for additional future behavioural
research. For example, future research could compare the influences of low-level image properties,
such as object size or position, to high-level properties, such as object category or object-scene con-
gruence. Further, a future study could create a stimulus set consisting of ambiguous scenes with both
congruent and incongruent objects within. These objects should not be placed in the scene through
photo editing, but photographs of the same scene with the different objects should be used, thereby
controlling for confounds that arise with placing objects in scenes artificially, such as differences in
lighting or saturation. Future research could also investigate the importance of spatial relations in
object-facilitated scene recognition by manipulating the perceived distance between object and ob-
server and other spatial relations by randomly varying object size, similar to how Experiment 3 varied
object position. Another line of research could progressively blur the facilitatory object in the scene
to determine how ambiguous objects can facilitate the recognition of ambiguous scenes and assess
the importance of object properties like texture and shading. Finally, to investigate whether the ab-
sence of the object-facilitatory effect in Experiment 2 is based on the scrambled scene no longer being
recognized as a scene due to the lack of scene structure, future research could ask the participants to

categorize the scenein a larger set of scene categories for a more sensitive measure of scene recognition.

7  Conclusion

The current research adds to the body of research that aims to explain how humans are so proficient
at rapidly perceiving the visual environment. We show that humans capitalize on the visual infor-
mation that is available to us in any given moment and combine it to effortlessly navigate through
our environment and perform daily life tasks, such as determining whether one is currently situated
indoors or outdoors. More specifically, we provide convincing behavioural and neural evidence for
objects to facilitate scene processing. This object-facilitatory effect does not solely rely on object cat-
egory but depends on object position, since the object is used to construct the structure of the scene.
On a neural scale, the LOC is causally involved in object-facilitated scene recognition. Together, the
current results provide novel behavioral and neural evidence for the hypothesis that objects facilitate

scene recognition through involvement of the LOC.
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