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A B S T R A C T

In the Posner cueing task for exogenous attention orientation, spatial correspondence between the lateralized cue 
and target is beneficial under conditions of short asynchrony. How such a benefit is modulated by target qualia, 
like faces expressing either the most positive (happy relative to angry faces in Experiment 1, as well as neutral 
relative to angry faces in the negative group of Experiment 2) or negative (neutral relative to happy faces in the 
positive group of Experiment 2) emotion in a set, is an unsolved question. We expected that the spatial mapping 
of emotional valence conveyed by facial expressions would modulate localization response latencies, producing a 
compatibility effect: faster responses to negative emotions on the left and positive emotions on the right. Results 
of both experiments are consistent with our expectation, showing a novel type of attentional spatial compatibility 
effect dependent on the encoding of target properties: a Target-dependent Emotional Attentional Spatial 
Compatibility effect (the TEASC effect). We showed how the TEASC effect can be accounted for by a novel la
tency decomposition approach which disentangles the independent contributions of two well-established com
ponents of covert attentional orienting from response latencies. We decomposed response latencies in a sequence 
of events, one due to the voluntary attention component (directed toward the target) and the other to the re
flexive attention component (directed toward the cue). Results show that the left-to-right valence mapping 
impacts the voluntary component only. This is consistent with a model of attention that disentangles reflexive 
and voluntary covert orienting mechanisms—with at least the latter being affect-driven.

1. Introduction

Consider the case in which something unexpected suddenly happens, 
while on your side one relevant person to you is smiling to catch your 
attention. How fast would you turn your head toward that smiling 
person despite being captured by that sudden event? Would it be any 
difference in your reactivity if that person expressed some other 
emotion? The ability to perform goal-directed behavior despite dis
tractions is a crucial human skill in real-life requiring conflict resolution 
through attentional control. On the other hand, emotions are likely to be 
a staple tool to probe attentional control, being inherently inter
connected with attention in real life. Here, we studied how an abrupt 
appearance of a stimulus (cue) modulates the spatial localization of 
emotional facial expressions (target), depending on the type of 
emotions.

1.1. Attention, emotions and SNARC-like effects

Behavioral evidence based on the localization and classification of 
emotions suggests that the mental representation of valence has a 
similar spatial mapping with responses and spatial position to the 
mental representation of numbers (Casasanto, 2009; Casasanto & 
Chrysikou, 2011; Dehaene, Bossini, & Giraux, 1993; Holmes & Lour
enco, 2011; Pitt & Casasanto, 2018). This mapping has a left-to-right 
mental format that can produces a SNARC-Like compatibility effect 
with negative and positive emotions causing larger right- and left-hand 
response latencies respectively (Holmes, Alcat, & Lourenco, 2019; 
Holmes & Lourenco, 2011; Pitt & Casasanto, 2018; Prete, 2020b; Song, 
Yi, Zhang, & Proctor, 2019). However, recent studies showed that this 
type of compatibility effect can be overshadowed by emotional capture. 
This overshadowing occurs in emotion comparison tasks involving lat
eralized emotional stimuli (Baldassi et al., 2020; Baldassi et al., 2023; 
Dissegna, Baldassi, Murgia, Costa, & Fantoni, 2023; Fantoni et al., 
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2019). When observers are asked to select the happiest or the angriest of 
two emotional faces presented side-by-side, response time – as well as 
the latency and accuracy of ocular selection – was found to be directly 
proportional to the absolute intensity of the emotion within the pair, 
irrespective of the side in which the target face is presented (whether 
spatially compatible or incompatible with the mental spatial represen
tation of valence). This effect is predicted by a direct association be
tween response speed and intensity of emotion (Fantoni et al., 2019), 
modeling an attentional capture effect driven by the perceptual salience 
of facial expressions (Fox, Russo, & Dutton, 2002; Hansen & Hansen, 
1994; Lane, Chua, & Dolan, 1999; Morris, Öhman, & Dolan, 1998; 
Öhman, Flykt, & Esteves, 2001; Sabatinelli, Bradley, Fitzsimmons, & 
Lang, 2005; Vuilleumier, Armony, & Dolan, 2003). However, attention 
is known to be a multifaceted process (e.g., Posner & Cohen, 1984), 
sometimes prioritizing the processing of task-relevant stimuli, through 
voluntary components of attention (endogenous, dependent on explicit 
factors like goals and implicit factors like selection history and valence) 
and sometimes prioritizing the processing of task-irrelevant stimuli 
through reflexive components of attention (exogenous, dependent on 
pure sensory factors). Consistently with the multifaceted nature of 
attention, a recent eye-tracking study (Dissegna et al., 2023) using gaze- 
contingent displays and responses, showed that both voluntary and re
flexive attentional components might be co-activated by emotional lat
eralized stimuli that affect in turn the temporal dynamics of attentional 
capture in emotion comparison.

The idea that the lack of compatibility effects in emotion comparison 
tasks stems from the simultaneous presentation of emotions raises the 
possibility that such effects could instead emerge from the localization 
of individual spatialized emotions. In such a case, localization perfor
mance would not be determined by the prioritization of one face over 
the other in terms of perceptual salience per se. Instead, a potential 
emotional SNARC-like compatibility effect could emerge, demonstrating 
for the first time that the link between reflexive and voluntary mecha
nisms of covert attentional orienting (with steady eye and head position) 
can be mediated by non-informative target qualia, like the valence of 
facial expressions. To test this, we analyze response times in an atten
tional paradigm specifically designed to probe reflexive components of 
attention, analogous to the exogenous Posner cueing task (Posner, 
1980), using non-informative facial expressions of emotion as targets. In 
such a task, localization performance is augmented by the spatial cor
respondence between an abruptly flashed peripheral cue and the target 
under conditions of short cue-to-target asynchrony. Understanding how 
such a benefit is modulated by target qualia (i.e., type of emotion) is 
fundamental for a more complete operationalization of the processes 
involved in spatial attention.

The possibility that target qualia may affect localization performance 
in our cueing task is suggested by studies testing whether an endogenous 
(but not an exogenous) cue can direct attention toward a location 
consistent with its spatial mental representation. For instance, the ori
enting of attention has been shown to be modulated by many symbolic 
types of cues like non-predictive directional words (e.g., “up,” “down,” 
“left,” “right”, in Hommel, Pratt, Colzato, & Godijn, 2001), valence 
words (e.g., “polite”, “rude”, “God”, “devil”, in Meier & Robinson, 
2004), time-related words (e.g., “yesterday”, “tomorrow”, Chasteen, 
Burdzy, & Pratt, 2010), object words related with typical location in 
space (e.g., “hat”, “boot”, Estes, Verges, & Barsalou, 2008), political 
words (e.g., “liberal”, “conservative”, Mills, Smith, Hibbing, & Dodd, 
2015), numerals (Dodd, Van Der Stigchel, Leghari, Fung, & Kingstone, 
2008; Fischer, Castel, Dodd, & Pratt, 2003).

1.2. Reflexive and voluntary components of attention in the exogenous 
version of the Posner cueing task

The Posner cueing task (Posner, 1980; Posner & Cohen, 1984) and its 
variations have become fundamental tools for understanding human 
spatial attention and specifically how attention can move across our 

visual field even when our eyes are steady. Pioneering findings on the 
exogenous version of the Posner cueing task led to the formulation of a 
stimulus-driven account of spatial attention (Jonides, 1981). The 
stimulus-driven account of spatial attention states that any abrupt 
luminance changes over time produces a reflexive shift of attention. In 
particular, the exogenous version of the Posner cueing task shows how 
attention is captured by regions of the visual field signaled by salient 
stimulus properties, such as abrupt cue onset – peripheral placeholder 
stimuli that appear with a sudden change in luminance (Yantis & 
Jonides, 1984), or color singletons (Pashler, 1988). Following such an 
approach, Theeuwes (1992, 2010) showed that the stimulus with the 
greatest physical salience in the visual field automatically drives the first 
shift of attention, establishing a bottom-up attentional control setting.

Nowadays, there is consistent evidence that the reflexive orienting of 
attention does not depend on perceptual salience per-se (e.g., abrupt 
luminance changes). Folk, Remington, and Johnston (1992) first chal
lenged this idea, proposing a goal-driven account of attentional capture. 
They indeed found a flexibility of the cueing effect dependent on the 
goal as defined by the task. The authors accounted for the flexibility of 
the cueing effect with the contingent involuntary orienting hypothesis. 
According to this hypothesis, a given stimulus captures attention only if 
it matches top-down (rather than bottom-up) attentional control 
settings.

This goal-driven account of attentional capture stands in sharp 
contrast with the stimulus-driven account. More relevant to our study, it 
calls for an integrated approach to spatial attention (Luck, Gaspelin, 
Folk, Remington, & Theeuwes, 2021), including a deep interaction be
tween reflexive and voluntary orienting mechanisms of attention. An 
integrated approach is further consistent with the recent debate 
(Hommel et al., 2019) on the usefulness of using the concept of 
“attention” as a unified process, or rather as abandoning it in favor of the 
subsets of processes and mechanisms that lead to task-specific perfor
mance (but see also Anderson, 2011; Di Lollo, 2018; Hommel & Colzato, 
2015; Krauzlis, Bollimunta, Arcizet, & Wang, 2014; Mole, 2011; Trentin, 
Slagter, & Olivers, 2023).

2. The present study: conceptual framework & expectations

In the exogenous version of the Posner cueing task, left/right local
ization response latencies are known to benefit from cue-to-target 
spatial correspondence when the target is briefly and abruptly flashed 
under conditions of short asynchrony (ranging between 100 and 300 ms) 
between the cue and the target. This is interpreted as a consequence of 
the reflexive components of attention. However, according to an inte
grated approach to spatial attention, localization response latencies 
should further depend on the voluntary component of attention priori
tizing the processing of the target. How these two components 
contribute to shape localization response latencies in an exogenous 
cueing task is an unsolved question. In particular little is known about 
how response latencies in the exogenous cueing task are modulated by 
target’s qualia like faces expressing either the most positive or negative 
emotion in a set. We studied this issue using happy vs. angry faces 
(Experiment 1), and neutral vs. happy or neutral vs. angry faces 
(Experiment 2).

The rationale for using facial expressions of emotions as targets is 
that they are well-known evolutionary relevant tertiary quality, which 
has been found to evoke a well-defined left-to-right mental spatial rep
resentation (Dissegna et al., 2023; Fantoni et al., 2019; Holmes et al., 
2019; Holmes & Lourenco, 2011; Pitt & Casasanto, 2018; Prete, 2020b). 
Limited evidence (e.g., Li et al., 2021; Guzman-Martinez, Grabowecky, 
Palafox, & Suzuki, 2011) shows that a processing facilitation, attribut
able to the simultaneous presentation of target qualities (due to target 
redundancy or multisensory integration), can affect response times 
beyond reflexive attention. In a similar vein, here, we investigated 
whether the compatibility between the spatial mental representation of 
emotion and the task-relevant spatial position might affect the 

D. Federico et al.                                                                                                                                                                                                                                Cognition 267 (2026) 106346 

2 



localization response latencies in an exogenous cueing task.
We presented emotional targets in an isolated fashion and let them 

appear in a lateralized region of the visual field where the spotlight of 
attention was either already allocated or not. This corresponded to a 
modified version of the Posner cueing task for exogenous attention 
orientation, in which facial expressions of emotions are used as targets 
that might appear either in the spotlight of attention, when they are 
displayed in the cued position, or out of the spotlight of attention, as 
when they are displayed in the un-cued position.

2.1. Expectations

Our task was meant to validate the following expectations. 

• E1. Target masking: No effects related to the type of target emotion, 
beyond those determined by cue validity should be observed, given 
that in our localization task the target qualia is non-informative. If 
confirmed, this would speak in favor of an engagement of reflexive 
attention alone (null hypothesis).

• E2. Left-to-right imbalance: A global motor imbalance favoring re
sponses to the left over the right targets regardless of cue condition 
and emotions, should be observed. If confirmed, this would be 
consistent with the idea that motor reactivity, is biased by the 
scanning habit, as related to innate or cultural factors, like the 
reading or writing direction (Chokron & Imbert, 1993; Dissegna 
et al., 2023; Eviatar, 1995; Fantoni et al., 2019; Morikawa & 
McBeath, 1992; Rinaldi, Di Luca, Henik, & Girelli, 2014; Shaki, 
Fischer, & Göbel, 2012; Shaki, Fischer, & Petrusic, 2009; Schurgin 
et al., 2014).

• E3. Emotion anisotropy: A global response latencies imbalance 
dependent on the type of target face to be selected (whether happy 
vs. angry in Experiment 1 or emotional vs. non-emotional in Exper
iment 2) should be observed (Bucher & Voss, 2019; Barratt & Bun
desen, 2012). In particular, in comparative judgment (Baldassi et al., 
2023), emotion detection (Fantoni & Gerbino, 2014; Fantoni, 
Rigutti, & Gerbino, 2016) and categorization (Calvo & Marrero, 
2009; Calvo & Nummenmaa, 2008) task with real facial stimuli 
similar to those used in the current experiments, the imbalance is 
often in favor of happiness: responses are typically faster for happy 
rather than angry targets. Notably a similar imbalance had been also 
obtained with schematic drawings of facial expressions tightly con
trolling for perceptual salience (Kirita & Endo, 1995; Leppänen & 
Hietanen, 2004). If confirmed, such an imbalance would thus likely 
indicate an engagement of voluntary attention driven by emotions, 
beyond the attentional capture produced by the salience of the pe
ripheral exogenous cue. However, a contribution of reflexive atten
tion driven by the perceptual salience of different expressions (e.g. 
white teeth in happy faces) can’t be ruled out in our experiments 
given that we used real facial expression stimuli.

• E4. Compatibility effect: Faster responses should be observed for 
compatible vs. incompatible target’s spatial positions relative to the 
mental spatial representation of emotions. If confirmed, this would 
indicate an irresistible engagement of voluntary attention driven by 
the compatibility between the task relevant spatial position as 
signaled by the target appearance (left/right) and the spatial mental 
representation of target’s emotion, beyond the attentional capture 
produced by the salience of the peripheral exogenous cue.

As regards E4, we considered three alternative hypotheses regarding 
a debated issue on how emotions are horizontally mapped (Fantoni 
et al., 2019; Holmes & Lourenco, 2011; Pitt & Casasanto, 2018; Reuter- 
Lorenz, Givis, & Moscovitch, 1983): 

• Intensity-based E4) Left (emotion absent – neutral) - to - right 
(emotion present - happy/angry) intensity mapping. According to 
this hypothesis, emotional stimuli should capture attention faster 

when positioned on the right side of the space relative to non- 
emotional stimuli (regardless of emotional valence). This hypothe
sis is consistent with findings of Holmes and Lourenco (2011)
showing that in the indirect SNARC paradigm (with participants that 
made gender judgments over emotional faces) a spatial compatibility 
effect consistent with a left-to-right mental representation of 
emotion intensity is found (with faster right-hand response as 
happiness or anger grew larger).

• valence-based E4) Left (emotion present/negative – angry) - to - right 
(emotion present/positive - happy) valence mapping. According to 
this hypothesis, emotional stimuli presented in a spatial position that 
is compatible with their spatial mental representation of valence 
(happy/right, angry/left) should be localized earlier and produce 
faster responses than emotional stimuli presented in an incompatible 
spatial position. This hypothesis is consistent with results by Pitt and 
Casasanto (2018); but see also Casasanto (2009); Casasanto and 
Chrysikou (2011); Dehaene et al. (1993); Reuter-Lorenz et al. 
(1983)), who used a direct SNARC paradigm (with participants that 
made emotion judgments over emotional faces), and is further sup
ported by a recent meta-analysis by Pohl and Miklashevsky (2025).

• category-based E4), with a left-to-right mapping based on stimuli 
categories. According to this hypothesis, emotional expressions, like 
colors and speech sounds, are perceived categorically, not as a direct 
reflection of their continuous physical properties (Etcoff & Magee, 
1992). In Experiment 1, stimuli should be categorized as happy or 
angry; in Experiment 2, they should be categorized as emotion pre
sent or absent. Therefore, a compatibility effect should emerge that is 
consistent both with a valence-based E4 in Experiment 1 (angry-left, 
happy-right) or it’s opposite (angry-right, happy-left), and with an 
intensity-based E4 in Experiment 2 (absent-left, present-right) or it’s 
opposite (absent-right, present-left).

We tested this set of expectations in two complementary experiments 
in which two standard square shapes were used as peripheral place
holders being presented on either side of a fixation cross (Fig. 1). The 
participants were instructed to keep their eyes fixated on the cross. We 
checked the drift of the eyes from the center of the screen recording eye 
movements. The placeholders were either both or singly abruptly 
flashed (80 ms) just before the appearance of a target emotional face 
that was displayed inside one of the two placeholders with a Stimulus 
Onset Asynchrony (SOA) of about 150 ms. Participants performed a 
speeded localization task, self-terminating the target appearance by 
pressing, with the hand ipsilateral to the target’s spatial position (left/ 
right), one of two spatially consistent keys. The target could be pre
sented either on the left or right square in the three Cue conditions: valid 
(if the square undergoes a sudden change in luminance in a position 
consistent with the target), neutral (if both squares undergo a sudden 
change in luminance), invalid (if the square undergoes a sudden change 
in luminance in a position inconsistent with the target).

Each cue condition had the same probability of occurrence so to 
avoid voluntary temporal preparation (Gabay & Henik, 2008, 2010; 
Hayward & Ristic, 2013; Tipper & Kingstone, 2005). Importantly, tar
gets were facial expressions of emotion combined in different ways 
depending on the Experiment (angry, happy, or neutral target emo
tions). In particular, E1, E2, E3 and a valence-based E4 were tested in 
Experiment 1, that did not include neutral faces but only emotional faces 
with opposite polarity along the valence continuum (positive/happy, 
negative/angry). Experiment 2 allowed to discriminate between an 
intensity-based and a valence-based E4, beyond E1, E2, and E3. It 
included neutral faces as targets, combined with emotional faces with 
opposite valence depending on two groups of participants: a positive 
group including the happy face as the emotion present (though rela
tively positive) target and the neutral face as the emotion absent (though 
relatively negative) target; a negative group including the angry face as 
the emotion present (though relatively negative) target and the neutral 
face as the emotion absent (though relatively positive) target.
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2.2. Predictions on response latencies

Let us now consider how our set of expectations produce different 
sets of alternative predictions in our Experiment 1 and 2. In Experiment 
1, the intensity-based E4 alone involves a main effect of Cue regardless 
from the side of the target (left vs. right) and the valence of target 
emotion (positive or negative), being both targets faces extreme emotion 
that should bias attention and motor response in similar way toward the 
right side of the visual field. In Experiment 2 the presence of emotion 
should produce similar effect on response latencies depending on the 
target spatial position and its compatibility with a left-to-right mapping 
of intensity, regardless of the group (being it positive or negative). This 
should produce a Spatial Position × Emotion interaction, with an overall 
response facilitation for the following combinations of Spatial Position| 
Emotion conditions: right|emotion present (positive or negative, 
depending on group conditions) and left|emotion absent (neutral in both 
positive and negative groups), relative to left|emotion present and right| 
emotion, respectively.

Different predictions are achieved on the two Experiments if a 
valence-based E4 occurs, beyond a possible main effect of the of Cue, 
Spatial Position, as by E2, and of Emotion, as by E3. In Experiment 1 a 
valence-based E4 alone involves a Spatial Position × Emotion interac
tion. This interaction is due to a different modulation of response la
tencies for left and right targets depending on their specific valence. In 
particular, an overall facilitation on response speeds is expected for 
targets displayed in a position compatible with the left-to-right mental 
spatial representation of valence, as by the following combinations of 
Spatial Position|Emotion conditions: right|positive – left|negative, 
relative to left|positive - right|negative. As regards Experiment 2, the 
presence of emotion should produce a similar effect on response la
tencies depending on the target spatial position and its compatibility 
with a left-to-right mapping of valence as dependent on the group (being 
it the positive or the negative one). This should produce a three-way 
Spatial Position × Emotion × Group interaction with an overall 
response facilitation for the following combinations of Spatial Position| 
Emotion|Group conditions: in the positive group, the right|present – 
left|absent, relative to left|present – right|absent vs. in the negative 
group, the left|present – right|absent, relative to right|present – left| 
absent. Notably, this combination of expectations leads to different 
patterns of response latencies for emotion absent targets in the two 
groups. For the positive group, a large left-to-right advantage is ex
pected, as the emotion-absent (neutral) targets are encoded as negative 
relative to the emotion-present (happy) targets. Vice versa, for the 
negative group, a small or even inverted left-to-right advantage is ex
pected, as the emotion-absent (neutral) targets are encoded as positive 
relative to the emotion-present (angry) targets.

A category-based E4 leads to a prediction across experiments that is a 
combination of the predictions arising from a valence-based E4 (for 
Experiment 1) and an intensity-based E4 (for Experiment 2). According 
to a category-based E4 a similar Spatial Position × Emotion interaction 
to the one predicted by a valence-based E4 should be observed in 
Experiment 1. Happy and angry faces, as belonging to different emotion 
categories, are consistently mapped to different spatial categories in our 
task (e.g., angry to the left and happy to the right hemifield), regardless 
of whether the mapping between the mental spatial representation of 
emotions and visual hemifields is valence-based or intensity-based. A 
further reason to run Experiment 2 thus consists in contrasting the 
category-based E4 relative to a valence-based E4. In Experiment 2, 
indeed, the same emotion absent target is associated to emotion present 
targets with opposite valence, but equal intensity (happy or angry faces 
as in our Experiment 2 positive and negative groups). Notably, in this 
case, the category-based E4 would lead to similar predictions as the 
intensity-based E4, given that the exact same categorization and spatial 
association should be predicted for emotion absent targets relative to 
emotion present ones in the two groups of participants.

2.3. A new general chronometric framework (GCF) for response latencies 
in the Posner cueing task for exogenous attention orientation

In order to achieve precise predictions about how the quality of 
targets according to our three alternative expectations (valence-based, 
intensity-based, or category-based E4) might affect spatial attention 
over time in different cue conditions, we considered a new GCF for 
response latencies in the exogenous cueing task used in our study. In 
particular, our expectations are consistent with a model of covert ori
enting of attention, including dedicated mechanisms through which 
attentional control can be set by endogenous (beyond exogenous) fac
tors. As a consequence, we expected attentional selection to depend on 
the compatibility between the target spatial position and its left-to-right 
mental spatial representation, beyond the bottom-up information pro
vided by the cue. This idea is consistent with integrated models of 
attention selection (i.e., Cave & Wolfe, 1990; Darnell & Lamy, 2021), in 
which the strength of the signals generating the highest activation in a 
saliency map (as determined on the basis of bottom-up featural 
dissimilarity) can be modulated by top-down processes.

According to such approach, we propose that the latency of response 
(RT) observed in the different cueing conditions of our experiments 
(RTv, RTi, RTn for the valid, invalid, and neutral conditions, respectively) 
should reveal overlapping and intertwined reflexive and voluntary ori
enting mechanisms (see Appendix A for a glossary of all abbreviations 
referred to GCF used in the manuscript): the latter being known to be 
guided by a variety of top-down factors (Wolfe, 2021) as for instance, 

drift check cue
until space bar press 
when fixation is inside 
the fixation region 

fixation & 
placeholders

[700 - 1300]

fixation & 
placeholders

80 150

target
until response 

[50 - 2000] 

left/right 
response

t (ms)

blank 
screen

1000

Fig. 1. Trial temporal structure. This specific example refers to an invalid cue with a happy target presented into the placeholder whose spatial position is compatible 
with the mental spatial representation of the target emotion, i.e., a happy or emotion present face presented into the right placeholder (see the text for more details).
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selection history, reward and value (Anderson, Laurent, & Yantis, 2011; 
Awh, Belopolsky, & Theeuwes, 2012). An integrated model of attention 
thus calls for the need of disentangling between two attentional mech
anisms: 1) a reflexive mechanism likely driving a shift of exogenous 
attention toward the cue, dependent on abrupt cue appearance; 2) a 
voluntary mechanism likely driving a shift of endogenous attention to
ward the target, dependent on the target quality and/or on association 
between the spatial mental representation of target quality and the task- 
relevant spatial position.

According to such a rationale, any spatial compatibility effect 
observed on response latency should thus be the result of how these two 
mechanisms contribute to the overall shaping of responses in the various 
cue conditions. Importantly, to our knowledge, a chronometric analysis 

of the exogenous cueing task disentangling the independent contribu
tion of reflexive and voluntary mechanisms on response latencies has 
not been proposed to date (Posner, 2005). In the spirit of Sigman and 
Dehaene (2005), we overcome such a knowledge gap, parsing the 
mental operations involved in our Posner paradigm into components 
through posing a new general chronometric problem and solving it. We 
stated the problem as follows. 

To extract the time of allocation of attention toward the cue as likely 
related to the reflexive mechanism (Tref), and the time of allocation 
toward the target as likely related to voluntary mechanism (Tvol), as 
well as the time to plan and execute the motor response (i.e., reac
tivity, Treact) given our SOA (i.e., 150 ms as corresponding to the SOA 
used in our task, which is a time consistent with the occurrence of a 

(A)

80 150
left/right 

response

t (ms)

Tref Treact

80 150 t (ms)

Tref

left/right 
response

TreactTvol Tvol

80 150 t (ms)

left/right 
response

Tvol Treact
(B)

(C)

Fig. 2. The GCF. The chronometry of response latencies in our exogenous cueing task in valid (as shaping RTv in A), neutral (as shaping RTn in B), and invalid (as 
shaping RTi in C) conditions is captured by a sequence of successive events involving the time of reflexive Tref and voluntary Tvol attention, the SOA and the motor 
reactivity Treact. These components combine in different ways in the three cue conditions according to our GCF, as by Appendix B. RTv in A is shaped by Tref 
component (allocating attention in the same placeholder in which the target is presented, as probed by the cue) followed by Treact. RTn in B is shaped by the SOA 
followed by Tvol that in turn is followed by Treact, and RTi in C is shaped by the Tref component followed by two successive Tvol that in turn are followed by Treact (see 
the text for further details). The figure refers to a case in which the target was an angry face presented in a position compatible with the spatial mental representation 
of emotion (i.e., inside the placeholder to the left). The red dotted circles represent steady states of attention, and the red arrows stands for attentional shifts driven by 
either the abrupt appearance of the cue or of the target. However, in some valid and invalid trials (see Panel A and C), it might happen that attention has already been 
shifted to the cued position by the time the target appeared. In these cases, the time between the target appearance and the successive event could be null. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

D. Federico et al.                                                                                                                                                                                                                                Cognition 267 (2026) 106346 

5 



cueing effect, not IOR), from observed RTv, RTn and RTi under the 
following assumptions:

Assumption 1) 

Tvol = Tref + α (1) 

with α being an additive unknown quantifying the difference between 
Tvol and Tref.

Assumption 2) Treact is independent of cue condition and can reflect, 
according to E2, culturally driven imbalance between left and right 
response speeds.

Assumption 3) The planning and execution of motor response as 
modeled by Treact occurs just after the orienting of attention either driven 
by the cue or by the target (as depending on cue conditions).

Notably, this general chronometric problem is well-posed as to be 
solved it calls for the extraction of 3 individual unknowns (Tref, Tvol or 
ΔTreact) from 3 average values of the latencies of responses from the 
appearance of the cue (RTs + SOA, namely RTv, RTn, and RTi). As shown 
in Fig. 2 (from A to C), we conceptualized the problem into a new GCF. 
In order to do that we kept the spotlight metaphor of attention first 
proposed by Posner and Cohen (1984) as a wide umbrella concept, and 
modeled the chronometry of response latency in our Posner cueing task 
in RTv, RTn, and RTi as an analogue function of the time of reflexive 
(Tref), voluntary (Tvol) attention control, the SOA, and Treact. Details of 
how Tref, Tvol, SOA and Treact combine to shape RTv, RTn, and RTi as by 
Fig. 2 are provided in Appendix B. The details of how the pure latency 
components are extracted according to the GCF are reported in Appen
dix C.

2.4. GCF-based predictions on response latency components

Considering that Treact models the time to plan and execute the motor 
response, it can be expected to mirror the way response latencies are 
modulated by target spatial position alone. This latency component 
could thus show a main effect of Spatial Position according to E2. As 
regards the Tref, given that it models reflexive attention, it is expected to 
mirror the way response latencies are modulated regardless of target 
quality. Now let us consider the Tvol (as well as α) latency component. 
This component models the impact of voluntary attention on response 
latencies as due to the prioritization of the target’s processing. As a 
consequence, it is expected to mirror the way response latencies are 
modulated by emotion as by E3 and E4. This should result in spatial 
compatibility effect characterized by a main effect of Emotion (if E3 
occurs) combined with a Spatial Position × Emotion interaction in 
Experiment 1 (according to the valence- or category-based E4, but not to 
the intensity-based E4) and a Spatial Position × Emotion × Group 
interaction in Experiment 2 (according to the valence-based E4, but not 
the intensity- or category-based E4). In particular, the GCF involves the 
following set of predictions:

P1) Spatial compatibility should affect the response latency compo
nent of voluntary but not of reflexive attention. The reflexive orienting 
of attention is indeed driven by bottom-up information that can be 
simply derived from a saliency map reaching a maximum in the point of 
the visual field where the abrupt appearance of the cue occurs.

P2) A spatial compatibility effect should be observed only on the 
invalid or neutral cue condition as only reflexive attention is involved in 
valid trials (Eq. B1), whereas apart from reflexive attention also volun
tary attention is involved in neutral (Eq. B2 and B3) and even more in 
invalid (Eq. B4 and B5) trials. Notably, this would be consistent with 
evidence showing that the effect of the type of target relative to the cue 
is generally observed on invalid rather than valid cue conditions (Luck 
et al., 2021). For instance, Folk et al. (1992), but see also Folk, Rem
ington, and Wright (1994), found a large response speed advantage for 
targets signaled by the same over different cue features (onset or color) 
in cue invalid but not in cue valid conditions.

P3) The spatial compatibility effect should be almost twice as strong 

in the invalid cue condition relative to the neutral cue condition. Unlike 
the neutral cue condition, in the invalid cue condition, attention must be 
shifted not only from the center of the screen but also from the opposite 
side of the screen to the target (RTi in Eq. B4 includes 2Tvol and RTn in Eq. 
B2 includes Tvol).

P4) The presence of a cueing effect is indicated by progressively 
faster response times across conditions: invalid, neutral, and valid. Re
sponses in the valid cue condition are driven purely by the reflexive 
component of attention and are unaffected by the SOA (i.e., RTv < RTn if 
Tref < SOA + Tvol, as by Eq. B1 and B2). Similarly, response times in the 
neutral cue condition should be faster than those in the invalid cue 
condition if the overall time required to allocate attention exceeds the 
SOA (i.e., RTn < RTi if Tref + Tvol > SOA, as by Eq. B2 and B4).

P5) The response latency component of voluntary attention should 
be smaller than the one of reflexive attention. This would occur for a 
negative α that is observed when the difference between response la
tencies in the valid (Eqs. B1) and invalid conditions (Eqs. B3) is smaller 
than SOA. This is known to be a standard result in exogenous cueing 
tasks (Büsel, Voracek, & Ansorge, 2020).

In the current study, we used the analysis of response latency com
ponents, Tref, Tvol, α and Treact (extracted following the procedure 
detailed in Appendix C) to validate P1-to-P5. This is a potent novel tool 
to unveil the attention mechanisms responsible for any possible effect of 
the type of target in an exogenous cueing task. This analysis allows, for 
the first time, to disentangle the contributions of voluntary and reflexive 
attention components on the compound measure provided by response 
latency, as well as by any standard chronometric measure of the mental 
process required to orient/re-orient attention. Furthermore, the analysis 
of the latency components will allow to estimate the impact of any effect 
due to the quality of the target (i.e., compatibility, or emotion imbalance 
effects) on attention, as discussed in detail in Subsection 3.4.1 and 
shown in Fig. 3.

3. General method

3.1. Participants

All participants were Italian speakers (i.e., left-to-right reading di
rection), naïve to the purpose of the study, right-handed, and had 
normal or corrected-to-normal visual acuity. Participants were 113 
students of the University of Trieste that obtained course credits to take 
part in Experiment 1 or Experiment 2: 39 participated to Experiment 1 
(33 females and 6 males, with average age = 22.77 ± 5.23; age range =
[19–47], and 74 in Experiment 2 (60 females and 14 males, with average 
age = 22.97 ± 5.76; age range = [19–52]). Participants of Experiment 2 
were evenly randomized into one of the two between subject conditions 
of our design, with 37 participants assigned to the positive emotion 
Group (average age = 23.19 ± 5.57; age range = [19–46]; 30 females 
and 7 males) and 37 to the negative emotion Group (average age =
22.76 ± 5.57; age range = [19–52]; 30 females and 7 males).

Data from 16 participants were excluded from the analysis either 
because of technical problems (two from Experiment 1, four from the 
positive group of Experiment 2, and five from the negative group of 
Experiment 2) or because they collected a number of valid responses 
smaller than 4 (over 8) in at least one of the conditions of our experi
mental design (two from Experiment 1, three from the positive group of 
Experiment 2). Consequently, in Experiment 1 and 2 we analyzed data 
from 35 and 62 participants, respectively.

As regards Experiment 1, we conducted a sensitivity analysis, after 
data collection, for the triple interaction of Cue (valid/neutral/invalid) 
× Spatial Position (left/right) × Emotion (happy/angry) with a sample 
size equal to the final sample included in the analysis (35), and with α 
err. Prob. = 0.05 and Power (1—β err. Prob.) = 0.90. In order to perform 
this analysis, we fitted a lmer model with a random intercept to simu
lated data with a standard deviation of 70 ms (commonly observed in 
localization task similar to the one we performed) for both the random 
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intercept and the residual error. We obtained a denominator df = 3318 
and a numerator df = 1. The critical F was 3.844, with a non-centrality 
parameter λ = 10.514. The minimal detectable effect size was in the 
small range, with ηp

2 = 0.002, calculated using the direct error estimation 
method (Correll, Mellinger, & Pedersen, 2021). As regards Experiment 
2, after data collection, we performed a similar sensitivity analysis to the 
one performed on Experiment1 [with α err. Prob. = 0.05 and Power 
(1—β err. Prob.) = 0.90], for the four-factor interaction of Cue (valid/ 
neutral/invalid) × Spatial Position (left/right) × Emotion (absent/pre
sent) × Group (positive/negative), now obtaining a denominator df =
6066 and a numerator df = 1. The critical F was 3.843, with a non- 
centrality parameter λ = 10.511. The minimal detectable effect size 
was in the small range, with ηp

2 = 0.001.
Participants gave informed consent prior to inclusion in the study. 

They were treated in compliance with national legislation, the Ethical 
Code of the Italian Association of Psychology (approval of the Research 
Ethics Committee of the University of Trieste number 84c/2017), and 
the Code of Ethical Principles for Medical Research Involving Human 
Subjects of the World Medical Association (Declaration of Helsinki).

3.2. Materials, stimuli and design

Stimuli were displayed on a 23.6-in. ViewSonic color monitor (1920 
× 1080, 60 Hz) using a custom program written in Experiment Builder 
(SR-Research, Ontario, Canada), running on a Dell Precision T3500 
machine (Windows 7 Ultimate). Each experimental trial involved the 
presentation on a black background of: (1) a drift check point, (2) a 
fixation cross, (3) two peripheral placeholders; (4) the cues, and (5) a 
target emotional face.

From the participant’s average viewpoint, 58 cm from the monitor, 
the one-centimeter circular shape used as a drift check point measured 
1◦ of visual angle appearing at the center of the screen. The fixation cross 
was composed of a vertical and horizontal 4 points thick lines centered 
on the screen and measuring 2.47◦. The placeholders were 9.78◦ × 9.78◦

square shapes bounded by a white 7 points thick line. The cues were 
yellow-outlined 9.78◦ × 9.78◦ squares briefly shown (lapse time 80 ms) 
in place of the two placeholders, for the neutral cue condition, or in 
place of just one of the two (for the invalid or valid cue condition). Each 
target emotional face was obtained from the same set of eight Caucasian 
Characters (four female and four male) from the Radboud University 
Nijmegen Database (Langner et al., 2010) used by Fantoni & Gerbino 
(2014; but see also Fantoni et al., 2019). We used the same masking 
procedure first adopted by Fantoni and Gerbino (2014) to remove 
emotion-irrelevant parts of the face like hair and ears. These features 
were masked by a black oval vignette measuring 6.92◦ in height and 
5.46◦ in width. The target faces, cues, and placeholders were centered 
on the left and/or right halves of the screen, and their centers subtended 
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Fig. 3. GCF’s predictions. Four possible types of effects (one for each row) 
arising from different combinations of the three free GCF’s parameters, τ = 5 
alone (panels A, B, C) κ = 5 alone (panels D, E, F) γ = 4 alone (panels G, H, I), 
and τ5, κ = 5 & γ = 4 together (panels L, M, N), respectively. In all panels the 
predicted pattern of response latencies is plotted as a function of the target’s 
emotion (in the x-axis), and spatial position (see the legend in the middle) with 
the shape of the symbols coding for the cue (invalid circles, neutral squares and 
valid triangles). All predicted patterns are implemented using a Treact = 195, a 
Tref = 155 and a α = − 130. The horizontal red dotted lines represent the 
baseline latency value predicted by the GCF in the three cue conditions ac
cording to Eq. 4 for the invalid (3Tref + Treact + α = 400), Eq. 3 for the neutral 
(SOA + Tref + Treact + α = 370), and Eq. 2 for the valid (Tref + Treactα = 350) as 
accounting for the cue effect as by GCF’s P2. Arrows represent the effect of each 
GCF’s free parameter, that independently shapes the predicted pattern ac
cording to our set of expectations (from E1 to E4) and that combines in a 
summative way as illustrated in panels L, M and N according to Eqs. 2-to-4. 
More details about the possible GCF’s patterns of predictions are provided in 
the text. (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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an eccentricity of about 11.69◦. This stimulus eccentricity, as first found 
by Bayle, Schoendorff, Hénaff, and Krolak-Salmon (2011), but see also 
Fantoni et al. (2019), ensured an effective peripheral encoding of each 
face.

Eye movements were recorded with an EyeLink 1000 Desktop Mount 
system (sampling rate: 1000 Hz; Average gaze position accuracy of 
0.15◦; SR Research, Ontario, Canada). We used the head-free tracking 
setting. The recording was from the left eye, but viewing was binocular. 
A standard 13-point calibration phase was performed before the 
beginning of each experiment.

Experiment 1 was a full within factorial design with Cue (valid, 
neutral, invalid), Spatial Position (left/right) and Emotion (positive/ 
negative) as factors. Experiment 2 was a mixed factorial design, with 
Cue (valid, neutral, invalid), Spatial Position (left/right) and Emotion 
(present/absent) as the within-subject variables, and with Group (pos
itive/negative) as the between-subject variable.

3.3. Procedure

The task was a modified version of the Posner cueing task with 
exogenous cues. Participants were asked to show up at the lab with no 
eye makeup to guarantee a precise and accurate parsing of gazing by the 
eye tracker. They sat in a dimly illuminated, acoustically isolated room. 
All the experimental sessions consisted of the random presentation of 96 
trials resulting from the complete factorial combination of 8 Character ×
3 Cue × 2 Spatial Position × 2 Emotion. Before entering the experi
mental session participants first completed a practice session in which 
the targets were geometric shapes (a triangle or a square). The practice 
consisted in the random presentation of 12 trials resulting from the 
factorial combination of 3 Cue × 2 Spatial Position × 2 Geometric 
Shape. After the practice participants began the experimental session. 
The procedure was identical across both experiments. In the first 
experiment, participants were presented with a face displaying either an 
angry or happy expression. In the second experiment, one group 
encountered faces showing either a neutral or happy expression (posi
tive group), while the other group was exposed to faces with either a 
neutral or angry expression (negative group). In this case, the full 
factorial combination for each Group (positive/negative) was 8 Char
acter × 3 Cue × 2 Spatial Position × 2 Emotion.

The task was preceded by the following on-screen instructions: “Your 
task is to indicate in which square, flanking the fixation cross, the target 
appears. If the target appears in the left square, press the ‘z’ key. If it 
appears in the right square, press the ‘m’ key. One or both squares may 
light up before the target appears. Ignore them and respond only when 
the target shows up. Respond as quickly and accurately as possible. To 
help you keep your gaze fixed at the center of the screen, a dot will be 
presented before each trial. If your gaze lands near that dot, then when 
you press a key, the trial will start. If not, the trial won’t begin, and 
you’ll hear a sound.” After the instructions, the participants’ hand and 
body positions were carefully set, and the experimental session began 
with the eye-tracking calibration phase. This calibration phase was 
repeated throughout the experiment every time the gaze was tracked 
outside the central fixation spot despite the participant reported gazing 
at the center of the screen. Each trial of the experiment was initiated by a 
drift check phase. In this phase a point appeared at the center of the 
monitor and the participant was required to steadily fixate on it before 
pushing the space bar. If the gaze was outside the circular fixation region 
(radius = 2◦) surrounding the point, a brief (0.1 ms) high-pitch tone was 
emitted, the trial didn’t start, and the participant had to try again the 
drift check. If the gaze was inside the fixation region, a mid-pitch tone 
was emitted as soon as the space bar was pressed, and the trial started. 
The fixation cross together with the two placeholders appeared lasting a 
random time interval between 700 ms and 1300 ms. The random in
terval was used to prevent anticipatory shift of attention (Dissegna et al., 
2023; Kalesnykas & Hallett, 1987). After the time interval the cue was 
displayed lasting 80 ms, the two place holders turn white again and the 

target was displayed after 150 ms (SOA). The next trial began after one 
of the two response keys was pressed.

3.4. Data analysis

To test our expectations, and GCF’s predictions, on a possible spatial 
compatibility effect on the voluntary but not on the reflexive latency 
components of attention, we used R v.4.4.1 with RStudio IDE (Posit 
team, 2024; R Core Team, 2024) and analyzed through lmer (lme4 
package, Bates, 2010; Bates, Mächler, Bolker, & Walker, 2015) the 
following indices of performance from subject’s speeded localization 
responses in our exogenous cueing task: (1) response latencies of correct 
responses; (2) the three latency components - Tref, Treact, and Tvol.

The analysis was performed on a total of 3195 responses over the 
total of 3360 trials for Experiment 1, 2726 over a total of 2880 trials for 
the positive group of Experiment 2, and 2958 over the total of 3072 trials 
for the negative group of Experiment 2. Correctly recorded trials were 
first encoded by removing incorrect responses (responses to the right 
when the target was displayed to the left and vice versa) and then 
removing responses occurring after one or more fixations performed into 
any one of two square regions (11.36◦) surrounding the two place
holders, after the cue onset. In order to detect fixations, we used the 
“saccade picking” approach of the EyeLink online parser. This approach 
utilizes instantaneous velocity and acceleration thresholds to identify 
the start and end of saccades. Samples exceeding these thresholds are 
classified as saccades, while those below are considered fixations. The 
thresholds are set at 30◦/s for velocity and 8000◦/s2 for acceleration.

Only a small percentage of responses were incorrect, being 30 in 
Experiment 1 (0.9 %), 29 in the positive group of Experiment 2 (1.0 %), 
and 24 in the negative group of Experiment 2 (0.8 %). Responses 
involving a fixation led to the exclusion of 80 trials in Experiment 1 (2.4 
%), 69 in the positive group of Experiment 2 (2.4 %), and 65 in the 
negative group of Experiment 2 (2.1 %). From the subset of correct re
sponses and responses not including a fixation on the left/right cue, we 
further removed all the responses with a response latency deviating by 
more than three standard deviations from each subject’s individual 
mean. These were 55 responses in Experiment 1 (1.6 %), 56 in the 
positive group of Experiment 2 (1.9 %), and 25 in the negative group of 
Experiment 2 (0.8 %).

As regards the analysis of Tref, Treact, and Tvol (α) latency components, 
they were extracted from the individual set of 12 response latencies 
resulting from the conditions of our experimental design (Cue × Spatial 
Position × Emotion) averaged across the 8 Characters, following the 
procedure detailed in Appendix C and by the application of Eq. C4, B5 
and C6 for Tref, Treact and α (and Tvol), respectively. The procedure led to 
the extraction of four per-subject values for each latency component. 
Therefore, the analysis on each latency component was performed on a 
total of 140 values for Experiment 1, 120 values for the positive group of 
Experiment 2, and 128 values for the negative group of Experiment 2.

All lmer models were fitted using REML and included all main effects 
and interactions as the fixed structure. We selected the random structure 
following the procedure reported by Pinheiro and Bates (2000); Baayen, 
Davidson, and Bates (2008); Bates (2010). We contrasted lmer models 
with increasingly random structure complexity, using the likelihood 
ratio test so to obtain two-tailed p-values based on χ2 statistics as a 
synthetic measure of the differential goodness of fit (Kliegl, Wei, Dam
bacher, Yan, & Zhou, 2011). In particular we selected the model whose 
goodness of fit resulted to be significantly better than all lmer models 
with a simpler random structure, but that not differed from all lmer 
models with a more complex random structure. AICc-index (AIC 
adjusted for small sample size) and BIC-index were used as supporting 
comparative measures of the goodness of fit. Furthermore, we used type 
3-like two-tailed p-values for significance estimates of lmer’s fixed effects 
and parameters, adjusting for the F-tests the denominator degrees-of 
freedom with the Satterthwaite approximation based on SAS proc. 
mixed theory. Among the indices that have been proposed as reliable 
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measures of the predictive power and of the goodness of fit for lmer 
models, we selected the concordance correlation coefficient rc, which 
provides a measure of the degree of agreement between observed and 
predicted values in the [− 1,1] range (Rigutti, Fantoni, & Gerbino, 2015; 
Vonesh, Chinchilli, & Pu, 1996). Post-hoc comparisons and contrasts 
were performed using the emmeans R package (Lenth, 2024) with a 
multivariate t-distribution adjustment for multiple comparisons, which 
accounts for dependencies among parameter estimates by incorporating 
the model’s covariance structure (Hothorn, Bretz, & Westfall, 2008). As 
a measure of standardized effect size, we provided Cohen’s d, using the 
formula for mixed models (Westfall, Kenny, & Judd, 2014). The raw 
data and R code used for the analyses reported in this article are avail
able in the Supplementary Material accompanying this publication 
[dataset].

3.4.1. Modeling data with the GCF
The final analyses of Experiment 1 and 2 used the GCF to contrast the 

predictive power of the three alternative types of spatial compatibility 
effects (intensity-, valence- or category-based E4) combined with a 
possible left-to-right imbalance (E2) and/or emotion anisotropy (E3). 
Fig. 3 depicts how the GCF allows to achieve precise predictions on the 
distribution of latencies over the factorial combination of our experi
mental design. In particular, we included three free parameters, κ, γ and 
τ modeling E2, E3 and E4 respectively, into Eq. B1, B3 and B5 as 
follows1: 

RTv = Tref + [Treact +(κ if Position = right| − κ if Position = left )
]

(2) 

RTn = SOA+Tref + [α+(τ if target = incongruent with E4| − τ if target

= congruent with E4 )+ (γ if target

= incongruent with E3| − γ if target

= congruent with E3
)]

+ [Treact +(κ if Position = right| − κ if Position

= left) ]
(3) 

RTi = 3Tref +2[α+(τ if target = incongruent with E4| − τ if target

= congruent with E4 )+ (γ if target

= incongruent with E3| − γ if target

= congruent with E3
)]

+ [Treact +(κ if Position = right| − κ if Position

= left) ]
(4) 

Figure 3A, B, and C depict the case in which only the spatial 
compatibility effect is present as modeled in a way consistent with the 
valence-based E4 by a τ = 5. This case produces a full crossover pattern 
that according to GCF’s structure varies in magnitude depending on the 
cue condition (Fig. 3, shape of symbols). The crossover is large, medium, 
and null in the invalid (with a left-to-right advantage of 4τ for negative 
emotions and a reversed left-to-right advantage of − 4τ for positive 
emotions, as by Fig. 3A), neutral (with a left-to-right advantage of 2τ (for 
negative emotion and a reversed left-to-right advantage of − 2τ as by 
Fig. 3B) and valid (with 0τ, Fig. 3C) cue conditions respectively. This 
pattern of GCF predicted latencies results into a Cue × Spatial Position ×
Emotion interaction combined with a main effect of Cue.

Figure. 3D, E and F depict the case in which only the κ parameter is 
non-null and equal to 5 in a way consistent with a left-to-right imbalance 
favoring the left rather than the right response. This leads into two main 
effects: Cue and Spatial Position (with a constant left-to-right advantage 
of 2κ. Figs. 3G, H and I depict the case in which only the γ parameter is 
non-null and equal to 4 in a way consistent with an emotion anisotropy 
favoring the negative over the positive emotion. As by the GCF’s 
structure, the anisotropy varies in magnitude depending on the cue 
condition, being large, medium and null in the invalid (with a negative 
emotion advantage of 4γ in Fig. 3G), neutral (with a negative emotion 
advantage of 2γ in Fig. 3H (and valid (Fig. 3H) cue conditions respec
tively. This pattern of GCF predicted latencies results into a Cue ×
Emotion interaction combined with two main effects, Cue and Emotion.

The case in which all three parameters contribute to the shaping of 
response latencies is illustrated in Fig. 3L, M and N, with τ = 5, κ = 5 and 
γ = 4. In this case, the full crossover pattern due to τ alone (in Fig. 3A, 
and B) is mutated into a funnel-shaped pattern because of k. The funnel 
is also sheared over emotions because of γ. This sheared funnel pattern 
varies in magnitude depending on the cue condition, being large, me
dium and null in the invalid (with a left-to-right advantage of 4τ + 2κ for 
negative emotion and a smaller though occasionally reversed, as in 
Fig. 3L, left-to-right advantage of − 4τ + 2κ for positive emotion), 
neutral (with a left-to-right advantage of 2τ + 2κ for negative emotion 
and a smaller left-to-right advantage of − 2τ + 2κ for positive emotion, as 
in Fig. 3M), and valid (Fig. 3N) cue conditions respectively. This pattern 
of GCF predicted latencies results into a Cue × Spatial Position ×
Emotion interaction combined with a Cue × Emotion interaction and 
three main effects: Cue, Spatial Position and Emotion.

We extracted the REML estimates of the three latencies components 
α, Tref, Treact and of the three free parameters κ, γ and τ by fitting our data 
with a lmer model combining Eq. 2, 3 and 4 into the following equation: 

RTpredicted = 150DSOA +Tref Dref +
(
α+ τ Dτ + γ Dγ

)
Dvol +Treact + κ Dκ (5) 

Equation (5) includes a set of 6 stepwise functions modeling the 
presence/absence and weight of different latencies components (Dvol, 
Dref, DSOA) and free parameters (Dk, Dγ, Dτ). In particular, Dvol models the 
weight of the voluntary latency component of attention across cue 
conditions being 2, 1 or 0 for invalid, neutral, or valid cue condition, 
respectively. Dref models the weight of the reflexive latency component 
of attention across cue conditions being 3 for invalid, or 1 for valid and 
neutral cue condition, respectively. DSOA models the presence/absence 
of a response latency due to SOA across cue conditions being 1 for 
neutral, or 0 for the valid and invalid cue conditions respectively.

The weight of the free parameters standing for a possible left-to-right 
imbalance (E2), an emotion anisotropy (E3) or any type of compatibility 
effect (intensity-, valence- or category-based E4), is modeled by Dκ, Dγ or 
Dτ respectively. All the three weights for the free parameters are polarity 
encoded, with a negative sign (− 1) standing for a localization perfor
mance gain (producing a predicted reduction in response latencies), and 
a positive sign (+1) standing for a localization performance loss (pro
ducing a predicted increase in response latencies). Specifically, Dk is 
negative (− 1), or positive (+1) for left or right target’s spatial position, 
as consistent with a left-to-right imbalance favoring the left or the right 

1 In Equation 2, 3, and 4, κ models E2 as regulating a possible imbalance 
between left or right motor reactivities (being positive or negative for left or 
right response advantages, respectively, depending on scanning habits or 
handedness). The free parameter γ models E3 as regulating a possible global 
effect on the voluntary component of attention of the type of emotion, whether 
negative, positive, or neutral, as depending on the Experiment. For instance, an 
emotion anisotropy producing a happiness advantage in Experiment 1 will be 
produced encoding negative and positive emotion as opposite poles of a discrete 
emotional space. This is obtained with a positive γ causing a decrease or an 
increase in the RTs when the target emotion is a positive or a negative emotion 
respectively. The targets of Experiment 2 are encoded in similar way now 
modeling an emotional capture effect. This is obtained with a positive γ causing 
a decrease or an increase in the RTs when the target emotion is present or 
absent respectively. The free parameter τ models E4 (from a to c) as regulating a 
possible effect on attention, of the compatibility between the target spatial 
position and the spatial mental representation of target emotion. Negative, 
positive, or absent emotion are encoded as opposite poles of a discrete 
emotional space. This is obtained by associating the spatial mental represen
tation of target emotion with target’s spatial position depending on the type of 
left-to-right mapping whether it is consistent with intensity-, valence- or 
category-based E4. In particular, τ is positive when the association is consistent 
with any one of the mappings expressed by E4.
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response (E2). Dγ is negative (− 1) for negative (in Experiment 1)/pre
sent (in Experiment 2), or positive (+1) for positive (in Experiment 1)/ 
absent (in Experiment 2) emotion conditions, as consistent with an 
emotion anisotropy favoring the positive or negative emotions (E3). Dτ is 
encoded according to a polarity correspondence principle (Proctor & 
Cho, 2006) with polarities assigned based on different Spatial Position ×
Emotion combination, depending on the type of mapping between 
emotion and left-to-right response space. According to the intensity- 
based E4, Dτ(namely Dτi) is null in Experiment 1, as in terms of in
tensity our targets were equal, being both fully emotional faces irre
spective of the type of emotion. As regards Experiment 2, Dτi is negative 
(− 1) in the emotion absent with a left spatial position or in the emotion 
present with right spatial position condition, and positive (+1) in the 
emotion absent with a right spatial position or in the emotion present 
with left spatial position condition. According to the valence-based E4, 
Dτ (namely Dτv) in Experiment 1 is negative (− 1) for angry faces to the 
left or for happy faces to the right and positive (+1) for angry faces to the 
right or for happy faces to the left. In Experiment 2, Dτi is negative (− 1) 
for neutral or negative faces of the positive or negative group, respec
tively, presented to the left, as well as for neutral or positive faces of the 
negative or positive group, respectively, presented to the right. Dτv is 
positive (+1) for neutral or negative faces of the positive or negative 
group, respectively, presented to the right, as well as for neutral or 
positive faces of the negative or positive group, respectively, presented 
to the left. As regards the category-based E4, Dτ (namely Dτc) assumes 
the same values of those used to operationalize the intensity-based E4 in 
Experiment 1 and vice-versa the same values of those used to oper
ationalize the valence-based E4 in Experiment 2. A baseline model that 
according to E1 does not predict any effect of target qualia on response 
latencies in our task is implemented assuming a null Dτ and Dγ.

The REML estimate of κ, γ and τ parameters provides a synthetic 
measure of the magnitude of each possible effect due to a left-to-right 
imbalance (with τ standing for E2), an emotion anisotropy (with τ 
standing for E3) or any type of compatibility effect (with τ standing for 
E4 depending on how Dτ is implemented, with τi and τv standing for an 
intensity and a valence-based mapping respectively). These estimates 
are further used to contrast the different predictive contributions of our 
three alternative models of the mapping between emotion and the left- 
to-right response space (whether valence, intensity, or category-based) 
vs. a baseline model not including any relationship between emotion 
and spatial position. This involved fitting the data with lmer models, 
including Dτv vs. a null Dτ in Experiment 1, and Dτi vs. Dτv vs. a null Dτ in 
Experiment 2.

4. Results and discussion

4.1. Experiment 1: exogenous cueing task without the neutral

Average response latencies of our speeded localization task in 
Experiment 1 are shown in Fig. 4. Data in the three cue conditions 
(Fig. 4A, for invalid, Fig. 4B, for neutral, Fig. 4C, for valid) are shown for 
targets’ expressions presented in the left or right spatial position (with 
green and blue colors encoding the left and right position), either as a 
function of emotion (Fig. 4A, B, C), or as a function of values extracted 
following our GCF predictions (Fig. 4D). We found a novel type of spatial 
compatibility effect, consistent with a valence-based E4 represented by a 
τ = 1.685 ± 0.925, and a left-to-right imbalance in favor of the left 
rather than the right-hand responses represented by κ = 6.945 ± 2.055. 
Our compatibility effect, unlike those found in several previous studies 
(Estes et al., 2008; Hommel et al., 2001; Meier & Robinson, 2004; Mills 
et al., 2015), occurs in an exogenous – not an endogenous – cueing task 
and depends on the encoding of target (not cue) properties. We will call 
this novel effect Target-dependent Emotional Attentional Spatial Compati
bility Effect (TEASC Effect).

From the pattern of average response latencies shown in Fig. 4, it’s 
evident that irrespective of the cue condition, the distributions of 

average response latencies for positive/happy vs. negative/angry targets 
were in strong agreement with the predictions of GCF including the 
TEASC effect, affecting the voluntary attentional component. This effect 
is combined with a left-to-right imbalance, consistent with E2, affecting 
the motor reactivity component producing a global left-to-right advan
tage (ΔRTR-L = RTRight - RTLeft), but not an emotion anisotropy. A clear 
funnel pattern consistent with the combination of valence-based E4 and 
E2 was observed on response latencies in both the invalid and neutral 
cue conditions but not on the valid cue condition. As by GCF’s P2 we 
observed a larger ΔRTR-L for negative/angry rather than positive/happy 
targets in the invalid and neutral conditions but not in the valid one. 
Fig. 4 helps to clarify how the TEASC effect varies across cue conditions: 
the blue line connecting pairs of circles and squares belonging to 
different emotions (in A and B for invalid and neutral cue conditions, 
respectively) and encoding the right spatial position is slanted in 
opposite direction relative to the red line encoding the left spatial po
sition. The way the blue and red lines connecting the triangles of the 
valid cue conditions is different and rather inconsistent with a TEASC 
effect.

4.1.1. Individual response latencies
We corroborated these observations by fitting the pattern of indi

vidual response latencies to the best fitting lmer model (BIC = 36,243.5, 
AICc = 36,152.6, rc = 0.618, 95 % CI [0.599, 0.636]). This turned out to 
be a lmer model with a random structure that included the random 
intercept and the slopes for Cue and Spatial Position, respectively. The 
goodness of fit of such a model (df = 15) was indeed larger than a 
simpler model (df = 10) with only a random intercept (χ2 = 53.513, df =
5, p < 0.001) but not different from any other more complex model (all 
ps > 0.583). The variability of the funnel pattern over cue conditions 
was statistically supported by a Cue × Spatial Position × Emotion 
interaction (F1,3088 = 5.021, p = 0.025) consistent with a TEASC effect 
based on a valence mapping (valence-based E4). According to GCF’s P2 
this effect was present in invalid and neutral but not in the valid cue 
conditions.

In particular, the ΔRTR-L obtained for happy faces was similar in the 
three cue conditions, being of 12.7 ± 6.6 ms (t(228) = 1.908, p = 0.057, 
d = 0.144) in the neutral cue condition and not significantly different 
from such a measure for both the invalid (ΔRTR-L in invalid minus ΔRTR-L 
in neutral cue conditions = − 3.7 ± 8.2, t(3059) = − 0.446, pmvt = 0.896, 
d = − 0.042) and valid cue condition (3.4 ± 8.1 ms, t(3052) = 0.431, 
pmvt = 0.907, d = 0.039). This is different from what observed for angry 
faces, in which the ΔRTR-L in the valid cue condition (2.8 ± 6.7 ms (t 
(229) = 0.427, p = 0.670, d = 0.031) was smaller than the one in the 
neutral (− 18.2 ± 8.1 ms, t(3053) = − 2.234, pmvt = 0.072, d = − 0.206) 
as well as than the one in the invalid cue condition (− 18.9 ± 8.2 ms, t 
(3053) = − 2.303, pmvt = 0.060, d = − 0.214), that in turn resulted to be 
similar to each other (0.7 ± 8.2 ms, pmvt = 0.996, d = 0.008), being of 
about 21.0 ± 6.7 ms, (t(231) = 3.153, p = 0.002, d = 0.238) and of about 
21.7 ± 6.7 ms (t(239) = 3.226, p = 0.001, d = 0.246), respectively (for 
more details see Appendix D Experiment 1).

The Cue × Spatial Position × Emotion interaction was further 
qualified by a main effect of Spatial Position (F1,76 = 11.159, p = 0.001), 
a main effect of the Cue (F1,34 = 89.6, p < 0.001), and a significant 
Spatial Position × Emotion interaction (F1,3091 = 4.25, p = 0.039).The 
main effect of Spatial Position was due to a positive ΔRTR-L consistent 
with E2: responses to targets on the right were significantly slower than 
responses to targets on the left (13.9 ± 4.1 ms (t(34) = 3.390, p = 0.002, 
d = 0.158). The main effect of the Cue was consistent with the standard 
exogenous cueing effect predicted by GCF’s P4. The effect was due to a 
global advantage produced by the valid cue relative to the neutral cue 
condition of about 19.0 ± 3.5 ms (t(34) = 5.353, pmvt < 0.001, d =
0.215) and a global disadvantage of the invalid cue relative to neutral of 
25.6 ± 3.6 ms (t(34) = 7.033, pmvt < 0.001, d = 0.290). The Spatial 
Position × Emotion interaction was due to the fact that the funnel 
pattern was observed in two out of the three cue conditions (neutral and 
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invalid), as expected based on GCF’s P2.
No other statistically significant effects were observed (p > 0.31). 

Notably, we found no evidence of an emotion anisotropy (E3), as the 
effect of Emotion was not significant(F1,3091 = 0.291, p = 0.590), as well 
as the Cue × Emotion interaction (F1,3090 = 0.178, p = 0.673), with 
responses to angry targets being as fast as responses to happy targets (0.8 
± 2.4 ms, t(3053) = 0.324, p = 0.746, d = 0.009).

4.1.2. Response latency components of attention
We conducted a further analysis on the three different response la

tency components involved in our task, extracted according to the GCF, 
following the procedure detailed in Appendix C (but see also Subsection 
3.4): the motor reactivity (Treact), the reflexive (Tref), and the voluntary 
(Tvol and α) latency components. Our analysis was meant to reveal how 
the quality of targets and the task-relevant spatial position impact the 
time of allocation of attention according to our alternative expectations 
on a possible TEASC effect consistent with E4 and a possible left-to-right 
imbalance consistent with E2.

As depicted in Fig. 5, the pattern of Tref (Fig. 5C), Tvol and α (Fig. 5A, 
B), and Treact (Fig. 5D) are all consistent with GCF’s predictions. Looking 
at the four panels of Fig. 5 it is easy to notice that consistently with GCF’s 
P1, the TEASC effect due to a valence-based mapping of emotions im
pacts the voluntary component of attention (Fig. 5A, B), but neither the 
reflexive component of attention (Fig. 5C) nor the motor reactivity 
(Fig. 5D). The ΔαR-L (Fig. 5A), and ΔTvolR-L (Fig. 5B) has opposite signs 
across emotions, with both α and Tvol being smaller when the target is to 
the left (red circles and lines) rather than to the right (blue circles and 
lines) for angry but not for happy faces in a way consistent with TEASC 
effect. Also, the patterns of Tref (Fig. 5B) and Treact (Fig. 5D) are 
consistent with GCF’s predictions. Treact is indeed affected by the side of 
response only showing a positive ΔTreactR-L that is almost constant across 
emotions, which is consistent with Assumption 2 and the idea that target 
spatial position should impact only the planning and execution of motor 
response. The almost flat distribution of Tref (Fig. 5C) agrees with the 
fact that in our task, all factors that might affect reflexive attention were 
kept constant, with the physical saliency of the cue being modulated by 
the exact same abrupt luminance change across conditions.

The results of the statistical analyses corroborated these observa
tions, as revealing a Spatial Position × Emotion interaction diagnostic of 
a TEASC effect consistent with a valence-based E4, only on the voluntary 
components of attention like Tvol (F1,102 = 4.874, p = 0.030) and 
(although marginally significant) α (F1,102 = 3.487, p = 0.0645), but not 
on Tref (F1,102 = 0.913, p = 0.341) and Treact (F1,102 = 0.143, p = 0.707). 
The Spatial Position × Emotion interaction on Tvol and α was due to a 
larger left-to-right advantage for angry rather than happy (ΔTvolR-L in 
angry minus ΔTvolR-L in happy = 12.5 ± 5.7 ms, t(102) = 2.208, p =
0.030, d = 0.623; ΔTR-L in angry minus ΔTR-L in happy = 21.7 ± 11.6 ms, 
t(102) = 1.867, p = 0.065, d = 0.597). The left-to-right advantage on Tvol 
and α was positive for angry targets (ΔTvolR-L = 9.3 ± 4.0 ms, t(102) =
2.327, pmvt = 0.043, d = 0.463; ΔαR-L = 17.8 ± 8.2 ms, t(102) = 2.169, 
pmvt = 0.063, d = 0.491), but negative for happy targets (ΔTvolR-L = -3.2 
± 4.0 ms, t(102) = − 0.796, pmvt = 0.673, d = − 0.159; ΔαR-L = − 3.9 ±
8.2 ms, t(102) = − 0.472, pmvt = 0.860, d = − 0.107). No further effects 
were found on either Tvol (p > 0.281) or α (p > 0.106).

None of the factors of our experimental design significantly affected 
Tref (p > 0.087). This is consistent with GCF’s P1. On the other hand, as 
consistent with GCF’s Assumption 2, Treact was modulated only by the 
spatial position of the target, as revealed by the main effect of Spatial 
Position (F1,102 = 8.588, p = 0.011) due to a significant ΔTreactR-L of 
about 13.5 ± 5.0 ms (t(34) = 2.674, p = 0.011, d = 0.211). No further 
effects were observed on Treact (p > 0.232).

4.1.3. Predicting response latencies with GCF
We tested the goodness of our GCF’s predictions by remapping the 

entire set of individual response latencies with the most parsimonious 
linear combination of attentional components consistent with GCF as 
formalized by Eq. 5 (Fig. 4D). In particular, as detailed in Subsection 
3.4.1, we fitted a baseline model with only κ as free parameter (note that 
this model in Experiment 1 is also consistent with an intensity-based 
mapping of emotion), and two further GCF models, rather consistent 
with a TEASC effect due to a valence or categorical mapping of emotion: 
a two-free-parameters GCF model including τv as an additional param
eter relative to the κ only parameter of the baseline model, and a three- 
free-parameters GCF model including all three parameters, κ, γ, and τv 
see Fig. 3 for an example of how these 3 parameters impact response 
latency as predicted by GCF). Fig. 4D shows how the same pattern of 
response latencies shown in Fig. 4A, B, and C, are distributed after being 
remapped by the best-fitting two-free parameters GCF-based model, 
with a significant and positive estimate for κ (6.945 ± 2.055, t(33.525) 
= 3.379, p = 0.002), in line with E2, and a marginally significant and 
positive estimate for τv(1.685 ± 0.925, t(3094.528) = 1.822, p = 0.069), 
in line with a valence-based E4. This remapping, with only 2 free pa
rameters, fully accounted for the effects we found when considering 
individual latencies. This is confirmed by the results of the lmer analysis 
testing the effects of the Cue, Spatial Position and Emotion, once the 
effect predicted by the two-free parameters GCF model on individual 
response latencies is controlled and included as a fourth covariate in the 
same analysis performed on the dataset shown in Fig. 4. The response 
latencies estimated by the two-free parameters GCF model resulted to be 
the only significant factor (F1,3186 = 2381.378, p < 0.001) with the Cue 
becoming no longer statistically significant (F1,3186 = 0.244, p = 0.622, 
sum of square dropping from 400,029 to 1061), together with the 
Spatial Position (F1,3186 = 0.444, p = 0.506, sum of square dropping 
from 49,816 to 1931), the two-way Spatial Position × Emotion inter
action (F1,3186 = 0.175, p = 0.676, sum of square drop from 18,968 to 
761) as well as the three-way Cue × Spatial Position × Emotion inter
action (F1,3186 = 1.103, p = 0.294, sum of square from 22,415 to 4803). 
As by Fig. 4D, individual latencies increased proportionally as GCF’s 
latencies estimates increased at a rate of about 1.031 ± 0.020 latency 
units every unit increment of GCF’s estimates (t = 51.368, df = 3193, p 
< 0.001, d = 1.825), regardless of the target’s Spatial position, the Cue 
and the Emotion (χ2 = 1.557, df = 3, p = 0.669). Notably the latencies 
predicted by the two-free parameters GCF model matched the metric of 
observed latencies as the relationship between observed and predicted 
latencies is accounted for by a linear relationship with non-significant 
intercept (− 11.639 ± 7.676 ms; t(3194) = − 1.516, p = 0.130) and a 
unitary slope (t(3194) = 1.085, p = 0.278).

The two-free parameters GCF model with 12 df accounted for a 
similar amount of variance of a more complex model (15 df) including 
the full factorial combination of all experimental conditions in our 
design (r2 = 45.4 % vs. 45.4 % respectively, with rc in Table 1, third 
column). It resulted to be the best-fitting model (Table 1, first and sec
ond raw). In order to test the impact of emotional anisotropy as modeled 
by γ, we also contrasted the two (12 df) vs. the three (13 df) free- 
parameters GCF model. This latter model accounted for the same ef
fects as the two free-parameters model, although showing a non- 
significant γ (− 0.478 ± 0.925, t(3092.743) = − 0.517, p = 0.605) and 
a worst goodness of fit both in terms of AICc and BIC (Table 1, third 
raw). Notably, a baseline GCF model (11 df) including only the REML 
estimates of κ = 6.955 ± 2.054 (t(33.519) = 3.386, p = 0.002) as the 
only free parameter, under-performed relative to the two-free- 
parameters GCF model (Table 1, fourth raw), as it did not account for 
both the two-way (F1,3186 = 4.336, p = 0.037) and three-way in
teractions (F1,3186 = 5.114, p = 0.024) when included as a third covar
iate in the same analysis performed on the dataset shown in Fig. 4.
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In sum, individual response latencies showed no evidence that fac
tors beyond those captured by the two-free parameter GCF model 
affected speeded decision performance in our localization task.

4.2. Experiment 2: exogenous cueing task with the neutral emotion

Fig. 6 shows average response latencies of our speeded localization 
task in Experiment 2, following the same rationale used in Fig. 4. Data in 
the three cue conditions (Fig. 6A and E, for invalid, Fig. 6B and F, for 
neutral, Fig. 6C and G, for valid) are shown (encoded by the shape of the 
symbols) for targets’ expressions presented in the left or right spatial 
position (encoded by color as by the legend), as a function of emotion in 
the x-axis (that differently from Fig. 4 involved the presence/absence of 
facial expression), and group (Fig. 6A, B, C for the positive group, and 
Fig. 6 E, F, G for the negative group). In Fig. 6D and H, data are 
remapped as a function of values empirically extracted following our 
GCF’s predictions (Fig. 6D and H for the positive and negative group 
respectively), with a TEASC effect consistent with a valence mapping of 
emotion quantified by a τ = 1.474 ± 0.609, and a left-to-right imbalance 
in favor of the left rather than the right-hand responses of about with a κ 
= 5.553 ± 1.400.

In both the invalid cue conditions (Fig. 6A and E) but not in the valid 
cue conditions (Fig. 6C and G), we observed a funnel pattern of response 
latencies like the one obtained in the invalid cue condition of Experi
ment 1, that is consistent with the combination of a valence-based E4 
and E2, producing a TEASC effect. As expected, based on valence-based 
E4, the funnel pattern is reversed in the positive and negative emotion 
groups. In the negative group (Fig. 6E), the left-to-right advantage is 
indeed large for the emotion present (a relatively negative/angry 
emotion) rather than the emotion absent (a relatively positive/neutral 
emotion) condition. The opposite occurs in the positive group (Fig. 6A), 
in which the left to right advantage is small for the emotion present (a 
relatively positive/happy emotion) rather than the emotion absent (a 
relatively negative/neutral emotion) condition. As a consequence, the 
effect on the neutral face is dependent on the group it belongs to, 
consistently with a valence-based E4, but not with an intensity-based or 
category-based E4. Indeed, neutral faces behaved as a positive pole of 
the emotional continuum when associated with a negative face, and a as 
negative pole of the emotional continuum when associated with a pos
itive face.

4.2.1. Individual response latencies
The key result arising from the analysis on individual response la

tencies based on the best fitting lmer model (BIC = 62,920.3, AICc =
62,940.7, rc = 0.648, 95 % CI [0.635, 0.661]) with the same random 
structure of the one of Experiment 1,2 was the Cue × Spatial Position ×
Emotion × Group interaction (F1,5493 = 3.894, p = 0.049) that, ac
cording to the results of Experiment 1, is again consistent with a TEASC 

effect driven by a valence (valence-based E4), but not an intensity (in
tensity-based E4) or a categorical (category-based E4) mapping of 
emotion. The funnel pattern in the invalid cue condition indeed reversed 
in a way consistent with a valence-based E4, across the two groups, with 
the ΔRTR-L in the positive group being globally larger (12.2 ± 7.9 ms, (t 
(5248) = − 1.541, pmvt = 0.232, d = 0.148) for the neutral emotion 
absent condition (27.5 ± 6.5 ms (t(388) = 4.225, p < 0.001, d = 0.340) 
relative to the happy emotion present condition (15.3 ± 6.5 ms, t(396) 
= 2.341, p = 0.020, d = 0.186). Vice versa, in the negative group, the 
funnel pattern in the invalid cue condition, was reversed by 30.9 ± 10.9 
ms (t(5248) = 2.829, pmvt = 0.014, d = 0.375. Such reversal was due to 
the strong reduction of about 18.8 ± 7.6 ms (t(5428) = 2.481, pmvt =

0.026, d = 0.230) of the ΔRTR-L in the neutral emotion absent condition 
relative to the ΔRTR-L in the angry emotion present condition (16.7 ±
6.3 ms, t(391) = 2.645, p = 0.009, d = 0.203). Furthermore, in a way 
partially consistent with GCF’s P2 and P3, and with results of Experi
ment 1, the funnel pattern was reduced in the neutral and valid cue 
conditions in both positive and negative group and did not reverse be
tween the two groups in either the valid or neutral cue condition (for 
more details see Appendix D Experiment 2).

The cue effect and the left-to-right imbalance across the two groups 
were similar to those observed in Experiment 1, as supported by a main 
effect of the Cue (F1,60 = 235.244, p < 0.001) and a main effect of Spatial 
Position (F1,130 = 18.963, p < 0.001). Again, we observed: (1) a global 
advantage produced by the valid cue relative to the neutral cue condi
tion of about − 15.1 ms ± 2.0 ms (t(60) = − 7.653, pmvt < 0.001, d =
− 0.183), and a global disadvantage of the invalid cue relative to neutral 
of about 24.6 ms ± 2.5 (t(60) = 9.905, pmvt < 0.001, d = 0.298), 
consistent with the standard exogenous cueing effect expected on the 
basis of GCF’s P4; (2) reliably faster selections for left (357.0 ± 6,7 ms) 
rather than the right targets (ΔRTR-L = 11.2 ms ± 2.8 ms (t(60) = 3.990, 
p < 0.001, d = 0.136), consistent with E2. The Cue × Spatial Position ×
Emotion × Group interaction was further qualified by a significant 
three-way Spatial position × Emotion × Group interaction (F1,5493 =

6.018, p = 0.014) due to a tendency of the funnel pattern to reverse in 
the two groups, in a way consistent with a combination of E2 and a 
valence-based E4, when the data are pooled across cue conditions. The 
ΔRTR-L in the emotion present relative to emotion absent conditions was 
positive (6.513 ± 4.333 ms, t(5495.442) = 1.503, p = 0.133, d = 0.079) 
in the negative group and negative (− 2.755 ± 4.514 ms, t(5495.845) =
− 0.610, p = 0.541, d = − 0.033) in the positive group.

4.2.2. Response latency components of attention
As in Experiment 1, we analyzed the distribution of the four response 

latency components shown in Fig. 7 for the eight conditions of our 
experimental design. The results of the lmer analysis and the pattern of 
latency components depicted in Fig. 7 for positive (Fig. 7A, B, C, and D) 
and negative groups (Fig. 7E, F, G, and H) revealed two reliable effects 
common to both Experiments. Again, a TEASC effect is present only on 
the Tvol component of latencies with the direction of this effect varying 
depending on the group. This pattern is consistent with GCF’s P2 and a 
valence-based E4, but not with an intensity or category-based E4. 
Additionally, a response imbalance effect favoring the left over the right 
target is present only on Treact, consistently with GCF’s Assumption 2. A 
TEASC effect was evidenced by the 3-way Spatial Position × Emotion ×

Table 1 
Outcome of the likelihood ratio test (with χ2 and p-values) used to contrast alternative models (baseline, full factorial combination and three-parameters GCF model) 
with the best fitting two-parameters GCF model (reported in the first row as a reference), together with the goodness of fit measures associated with each model.

Model N◦ Parameter Fit Measures Likelihood Ratio Test

AICc BIC rc rc 95 %CI χ2 df p

GCF Valence-based df = 12 2 36,148.1 36,220.8 0.617 [0.599, 0.636]
Full factorial combination df = 15 36,152.6 36,243.5 0.618 [0.599, 0.636] 1.557 3 0.669
GCF Valence-based df = 13 3 36,149.9 36,228.6 0.617 [0.635, 0.661] 0.269 1 0.604
GCF Baseline df = 11 2 36,149.4 36,216.1 0.617 [0.598, 0.635] 3.321 1 0.068

2 The best fitting lmer model had 23 df and the same random structure of the 
one of Experiment 1 with a random intercept and slope for Cue and Spatial 
Position, respectively. This model had a larger goodness of fit than a simpler 
model (df = 18) with only a random intercept (χ2 = 72.199, df = 5, p < 0.001) 
but not different from any other more complex model (all ps > 0.087).
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Fig. 6. Distribution of average response latency in Experiment 2 with emotion present and emotion absent targets. A, B, C and E, F, G depicts the average response 
latencies in invalid (A and E - circles) neutral (B and F - squares) and valid (C and G - triangles) cue conditions as a function of target emotion (in the x-axis) and the 
spatial position (see the legend on top of panels D). As by the labels on the x-axis, in the positive group (A, B, C), emotion present stands for a relatively positive/ 
happy emotion, while in the negative group (E, F, G), the emotion present stands for a relatively negative/angry emotion, and vice versa for the emotion absent 
labels. D and H depict the response latencies in the positive (D) and negative (H) groups remapped as a function of the best-fitting valence-based GCF model with τ =
1.474 and κ = 5.553. Error bars represent ±1 standard error of the mean.
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Group interaction on Tvol only (F1,102 = 3.745, p = 0.055). Specifically, 
in the negative group, the ΔTvolR-L of 3.4 ± 4.0 ms (t(180) = − 0.857, p =
0.392, d = − 0.198) observed on the neutral emotion absent condition 
was smaller by about 8.1 ± 5.7 ms (t(180) = 1.427, pmvt = 0.286, d =
0.471), than the ΔTvolR-L observed on emotion present condition. This 
trend was reversed by 15.8 ± 8.2 ms (t(180) = 1.935, p = 0.055, d =
0.919) in the positive group. Here, the ΔTvolR-L (10.8 ± 4.1 ms (t(180) =
2.599, p = 0.010, d = 0.628) for the neutral emotion absent condition 
decreased of about 7.7 ± 5.9 ms (t(180) = 1.312, pmvt = 0.345, d =
0.448) in the happy emotion present condition.

The left-to-right response imbalance was evidenced by the main ef
fect of Spatial Position on the Treact component of latencies only (F1,60 =

4.7686, p = 0.033), with a ΔTreactR-L of 9.0 ± 4.1 ms (t(60) = 2.184, p =
0.033, d = 0.147). No further effects were found on either Tvol (p >
0.066), Treact (p > 0.200), α (p > 0.140) or Tref (p > 0.069).

4.2.3. Predicting response latencies with GCF
We tested the goodness of different GCF’s implementation using the 

same procedure applied in Experiment 1 to remap response latencies 
according to Eq. 5 now including the REML estimates of the 3 free pa
rameters modeling E2 (κ), E3 (γ) and/or E4 either according to a 
valence-based mapping (valence-based E4 as modeled by τv) or an 
intensity/category-based mapping (intensity-based or category-based 
E4 as modeled by τi). Fig. 6D and H depicts how the same pattern of 
response latencies shown in Fig. 6A, B, C (for the positive group) and 
Fig. 6E, F G (for the negative group) are distributed after GCF-based 
remapping. Again, the response latencies predicted by a two-free- 
parameters valence-based mapping GCF model including only κ(5.553 
± 1.400, t(60.512) = 3.967, p < 0.001) and τv (1.474 ± 0.609, t 
(5500.923) = 2.421, p = 0.016) as free parameters, fully accounted for 
the entire patterns of data obtained in Experiment 2. Notably, when 
including the values predicted by our model as a fifth covariate, the 
response latencies estimated by the two-free parameters GCF valence 
based-mapping model resulted to be the only significant factor (F1,5667 
= 4833.516, p < 0.001). The Cue became no longer statistically signif
icant (F1,5667 = 0.273, p = 0.601, sum of squares dropping from 815,008 
to 924), together with the Spatial Position (F1,5667 = 1.902, p = 0.168, 
sum of squares dropping from 65,697 to 6430), the Spatial × Position ×
Emotion × Group interaction(F1,5667 = 0.0007; p = 0.979, sum of 
squares dropping from 20,850 to 2), and the four-way interaction Cue ×
Spatial × Position × Emotion × Group (F1,5667 = 0.165, p = 0.685, sum 
of squares dropping from 13,491 to 558). As by Fig. 6D and H, individual 
latencies increased proportionally as the latencies estimated by the two 
free-parameters valence-based mapping GCF’s model increased at a rate 
of about 1.026 ± 0.014 latency units for every unit increment of GCF’s 
estimates (t = 73.248, df = 5682, p < 0.001, d = 1.943), regardless of 
Cue, Spatial Position, Emotion and Group (χ2 = 1.736, df = 11, p =
0.999). As in Experiment 1, the latencies predicted by the two free- 
parameters valence-based mapping GCF’s model matched the metric 
of observed latencies (Intercept = − 9.340 ± 5.118 ms; t vs. 0 (5682) =
− 1.825, p = 0.068; slope = 1.026 ± 0.014, t vs. 1(5682) = 1.305, p =
0.192).

The two-free-parameters GCF valence-based mapping model (12 df) 
accounted for the same amount of variance of a more complex model (23 
df) including the full factorial combination of all experimental condi
tions in our design (r2 = 48.6 % vs. 48.6 % respectively, with and rc in 
Table 2, third column) and was again the best fitting model (Table 2, 
first and second raw). In order to test the impact of emotional anisotropy 
as modeled by γ we also contrasted the two (12 df) vs. a three (13 df) 
free-parameters valence-based mapping GCF model including γ. As in 
Experiment 1, this latter model accounted for the same effects of the 
two-free-parameters model, although showing a non-significant γ 
(− 0.478 ± 0.925, t(3092.743) = − 0.517, p = 0.605) and a worse 
goodness of fit (Table 2, third raw). Finally, neither the baseline model 
with a κ = 5.548 ± 1.401, nor a two parameter intensity-based mapping 
models with a positive κ (5.553 ± 1.401, t(60.481) = 3.962, p < 0.001) 
and an almost null τi (− 0.367 ± 0.609, t(5500.891) = − 0.602, p =
0.547) accounted for the three-way (F1,5667 = 6.1944; p = 0.013) and 
four-way interactions (F1,5667 = 4.010; p = 0.045) when included as a 
fifth covariate in the same analysis performed on the dataset shown in 
Fig. 6 (Table 2, fourth and fifth raw respectively).

Again, based on the pattern of individual response latencies obtained 
when including into the set of target emotion a neutral one as in 
Experiment 2, there is no evidence that other factors beyond the 
decomposition of response latencies formalized by GCF affected speeded 
decisions performance in our task. This result is similar to what observed 
in Experiment 1 in which the targets were fully emotional. Experiment 1 
and 2 consistently show that the voluntary component of attention in 
our exogenous cueing task is affected by the compatibility between the 
target’s spatial position and the spatial mental representation associated 
to target’s valence, producing a TEASC effect. We validated the gener
alizability of this inference by fitting the entire set of data with a single 
two-parameters-valence-based GCF model. Such a model, accounted for 
most of the effects we found when considering individual latencies 
arising from both fully emotional (as in Experiment 1) and non- 
emotional (as in Experiment 2) faces (more details in Appendix E).

5. General discussion

We reported two experiments on the link between the emotions 
conveyed by facial expression (happy, angry and neutral) and response 
latencies in a Posner cueing task. In both experiments, participants had 
to localize a lateralized (left/right) facial expression with a bimanual 
response, following the appearance of an irrelevant peripheral cue 
(valid/neutral/invalid). According to the standard theory of spatial 
attention, such a task should involve only the contribution of exogenous 
(i.e., purely sensory-dependent) – but not endogenous – mechanisms of 
covert attentional orienting. Results from both experiments show, 
instead, that endogenous mechanisms do matter also in an exogenous 
cueing task. Specifically, the compatibility between the spatial mental 
representation elicited by the target qualia and the task-relevant spatial 
position at hand affects response latencies in different ways across cue 
conditions, with a clear effect for invalid cues, progressively decreasing 
for neutral and valid cue conditions.

Table 2 
Outcome of the likelihood ratio test (with χ2 and p-values) used to contrast alternative models (baseline, full factorial combination, three-parameters valence-based 
GCF and two-parameters intensity-based GCF model) with the best fitting two-parameters valence-based GCF model (reported in the first row as a reference), together 
with the goodness of fit measures associated with each model.

Model N◦ Parameter Fit Measures Likelihood Ratio Test

AICc BIC rc rc 95 %CI χ2 df p

GCF Valence-based df = 12 2 62,840.6 62,840.7 0.648 [0.635, 0.661]
Full factorial combination df = 23 62,840.7 62,920.3 0.648 [0.635, 0.661] 1.736 11 0.999
GCF Valence-based df = 13 3 62,842.6 62,929.0 0.648 [0.635, 0.661] 0.040 1 0.841
GCF Baseline df = 11 628,445 62,917.6 0.647 [0.634, 0.234] 5.858 1 0.016
GCF Intensity/Category-based df = 12 2 62,846.2 62,925.8 0.647 [0.634, 0.660]
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The type of compatibility effect we found across experiments is 
consistent with a modulation of response latencies due to a valence- 
based mapping. We found that response latencies improved when the 
spatial mental representation of valence matched the side of response. In 
Experiment 1, participants were faster if a happy face appeared on the 
right (and an angry face on the left). In Experiment 2, participants in the 
positive group showed the same advantage if a neutral face appeared on 
the left when the competing target was happy, whereas participants in 
the negative group showed an advantage if a neutral face appeared on 
the right when the competing target was angry. This is a novel type of 
attentional spatial compatibility effect that, unlike those found in 
several previous studies (Estes et al., 2008; Hommel et al., 2001; Meier & 
Robinson, 2004; Mills et al., 2015), occurs in an exogenous – not 
endogenous – cueing task, and depends on the target rather than on the 
cue. We called this effect the Target-dependent Emotional Attentional 
Spatial Compatibility – TEASC effect.

5.1. Empirical & theoretical relevance of our finding

The relevance of our empirical finding is twofold. First, it provides 
novel evidence that can provide fundamental hints for the resolution of 
one debated issue related to the type of mental spatial representation 
associated to facial expression of emotions: whether it is based on a 
valence or an intensity-based mapping (Fantoni et al., 2019; Holmes & 
Lourenco, 2011; Pitt & Casasanto, 2018; Pohl & Miklashevsky, 2025; 
Reuter-Lorenz et al., 1983). Only a valence-based mapping of emotions 
is indeed compatible with both the results of our experiments, meaning 
that such a type of mapping (but not other types of mapping) must be 
considered as a relevant factor affecting the voluntary orienting of 
attention in a localization task, which should involve pure reflexive 
attention. To our knowledge, here we provide for the first-time evidence 
in favor of a valence-based mapping of emotion in the field of spatial 
reflexive attention.

Second, the task employed in this study should be independent from 
target quality, however results suggest that response latencies are 
affected by target quality. This is novel evidence supporting the rele
vance of voluntary factors in the modulation of the orienting of covert 
attention, even in a task that is devised to reveal the contribution of 
purely reflexive, sensory-based mechanisms of attention. Specifically, 
what we found is inconsistent with approaches to spatial attention based 
solely on perceptual salience (like the abrupt cue onset or color 
singleton) as a factor accounting for the cueing effect. Our findings are 
instead consistent with most recent integrated approaches to spatial 
attention (Luck et al., 2021), including a deep interaction between 
exogenous and endogenous orienting mechanisms of attention. In line 
with this approach, evidence indicates that ecologically pertinent 
stimuli that have acquired learned value through repeated pairings with 
reward, such as socially relevant stimuli like facial expression of 
emotion (Hodsoll, Viding, & Lavie, 2011; Koster, Verschuere, Burssens, 
Custers, & Crombez, 2007), eye direction (Craighero, Nascimben, & 
Fadiga, 2004), as well as symbolic magnitude (Galfano, Rusconi, & 
Umiltà, 2006) can implicitly receive preferential processing. This sug
gests that implicit factors like the valence per se are important in 
attention selection.

Furthermore, our results are consistent with those models of atten
tion selection that – although still conceiving the allocation of attention 
as a serial scanning process developing over time – challenge the orig
inal formalization of attention mechanisms (Posner & Cohen, 1984). 
Consider the original Posner and Cohen (1984) metaphor of attention as 
a spotlight moving across regions of the visual field driven by a saliency/ 
discontinuity map characterized by multiple competing salient regions. 
Within such a framework the un-cued region has been proposed to be 

progressively inhibited depending on the degree of perceptual dissimi
larity between the cue’s perceptual properties and the distractors (Itti & 
Koch, 2000). This process can be accounted for by lateral inhibition that 
produces “winner-take-all” dynamics (Grossberg, 1973; Mysore & 
Knudsen, 2011; Wang, 2002). Recent theories suggest that one way to 
reconcile models of attention purely based on saliency map with those 
advocating for a central role of voluntary control is by considering that 
physically salient stimuli do have an intrinsic ability to attract and 
capture attention, but that inhibitory processes can suppress these 
stimuli if participants exert cognitive voluntary control (Gaspelin & 
Luck, 2018; Luck et al., 2021). In such a view, although the strength of 
the signals in a saliency map strongly depends on featural dissimilarity 
as originally proposed by Jonides (1981), but see also Posner (1980); 
Yantis and Jonides (1984); Posner and Cohen (1984); Miller (1989); 
Müller and Findlay (1987), top-down information governed by current 
behavioral goals and implicit knowledge can increase the relative 
strength of signals from competing locations (Cave & Wolfe, 1990; Koch 
& Ullman, 1984). This idea has been first supported by Ipata, Gee, 
Gottlieb, Bisley, and Goldberg (2006) macaque monkeys study showing 
that an inhibitory process can sometimes prevent attentional capture 
even if a stimulus produces a priority signal (but see also Cosman, Lowe, 
Zinke, Woodman, & Schall, 2018; Gaspelin & Luck, 2018; Vatterott, 
Mozer, & Vecera, 2017).

5.2. An integrated approach to spatial attention based on a new general 
chronometric framework

An integrated approach to spatial attention is consistent with the 
concept that selection is driven by a priority (rather than saliency/ 
discontinuity) map combining stimulus salience (based on sensory fac
tors), relevance (based on task defined goals) and implicit factors. 
Among these implicit factors, there is the mental spatial representation 
of stimuli that are particularly important for survival and wellbeing, 
such as facial expression of emotion (Fecteau & Munoz, 2006). This 
agrees with a model of attention selection with strongly overlapping and 
intertwined reflexive (i.e., exogenous) and voluntary (i.e., endogenous) 
orienting mechanisms (Hommel et al., 2019).

According to this approach, our study provided a further contribu
tion in the theoretical field, as we demonstrate for the first time how 
endogenous and exogenous components of attention independently 
shape response latencies in our task. We indeed fitted our data to a new 
general chronometric framework for response latencies in the Posner cueing 
task for exogenous attention orientation. Our framework decomposes 
response latencies into a sequence of events that characterize the time 
course of attention during the task, from the abrupt appearance of the 
cue to the response. The sequence includes three fundamental partial 
latency components. One component is assumed to be dependent on 
reflexive mechanisms of attention primarily driving a purely automatic 
shift of exogenous attention toward the cue. The second component is 
assumed to be dependent on voluntary mechanisms of attention, pri
marily driving a pure controlled shift of endogenous attention toward 
the target. The third component is dependent on individual motor 
reactivity. According to such a framework, we found that the TEASC 
effect affected only the latency component dependent on voluntary 
mechanism of attention, but not the ones depending on reflexive 
mechanisms of attention and on motor reactivity. Further consistent 
with our framework was the finding that the rather robust response time 
advantage found for targets appearing on the left (compared to those on 
the right) in both Experiment 1 and 2 affected only the motor reactivity, 
but not the voluntary and the reflexive of latency components. Ac
cording to Dissegna et al. (2023), it is likely that the direction of this 
imbalance was supported by cultural factors, being our sample of 
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participants selected from western cultures and exposed to left-to-right 
writing/reading direction (Chokron, Bartolomeo, Perenin, Helft, & 
Imbert, 1998; Chokron & Imbert, 1993; Reuter-Lorenz & Posner, 1990). 
According to such interpretation, we found that this bias did not impact 
the orienting of attention in our task (Dissegna et al., 2023; Eviatar, 
1995; Rinaldi et al., 2014; Schurgin et al., 2014). Whether the scanning 
habit bias is related to innate or cultural factors is still a matter of debate 
(Chokron, 2002; Nicholls & Roberts, 2002).

As further evidence of the validity of our general framework pre
dictions, we showed that a model combining the three partial latency 
components (empirically extracted from observed data), and only two 
free parameters (one accounting for a compatibility effect driven by the 
attentional voluntary latency component and the other accounting for a 
left-to-right response imbalance driven by the motor reactivity latency 
component) accounted for the response latencies variability explained 
by the combination of our experimental factors. The model accounted 
for most of the effects observed in Experiment 1 and 2 separately and to 
those observed joining the data of the two experiments (Appendix E), 
supporting the reliability of our chronometric framework for predicting 
response latencies in the exogenous cueing task. Our framework might 
be conceived as a chronometric formalization of how the priority 
weights accumulate at each location of the visual field across time, and 
attention is shifted to the location with the highest accumulated priority, 
at the moment relevant for selection (Darnell & Lamy, 2021).

5.3. Future research

Further studies are needed to understand whether the three different 
latency components, that according to our framework, shape response 
latencies subsume either sequential (as implemented in the current 
version of our model) or parallel mechanisms as allowing for a certain 
degree of temporal superposition between the voluntary, the reflexive, 
and the motor reactivity components.

Moreover, as regards the TEASC effect our study does not allow to 
clarify whether it is fully dependent on the spatial mental representation 
induced by the target emotion or by some other perceptual features that 
might be linked to facial expression per-se and that differentially capture 
attention during the task (Pitt & Casasanto, 2018). A generalization of 
the effect with purely symbolic stimuli is thus needed to provide a 
univocal demonstration of the robustness of the dependence of the 
TEASC effect on high-level representational rather than low-level 
perceptual processes.

A limit of our study regards the assumption underlying our chrono
metric framework of a complete separability between reflexive and 
voluntary attentional mechanisms, that in some instances in principle 
could be violated. This would have been the case if a response latencies 
imbalance dependent on the type of target face to be selected (happy or 
angry in Experiment 1; emotional or neutral in Experiment 2) had been 
observed. Given that we used stimuli that did not allow to tightly control 
for perceptual salience (e.g., real facial expression of emotion), we 
cannot completely rule out reflexive attention in the time of allocation of 
attention toward the target. Given that we found no evidence for this 
imbalance with our real facial expression stimuli further research with 
schematic drawings of facial expressions might better reveal how re
flexive and voluntary components interact in the shaping of the time of 
allocation of attention toward the target.

6. Conclusions

We found that response latencies in a Posner cueing task – which 
should involve only the contribution of reflexive purely sensory- 
dependent mechanisms of covert attentional orienting – were affected 
by voluntary mechanisms, depending on a spatial mental representation 
of emotion based on a valence mapping. This is a proof of the multi
faceted nature of the attentional process, which is further supported by 
the dramatic variety of abilities nowadays attributed to such a concept 
(e.g., Eysenck & Keane, 2000). This means that attention is everything 
except simple, and that as suggested by Hommel et al. (2019), the 
statement “Everyone knows what attention is” by James (1890) need to 
be revised. Here we showed that a better understanding of attention is 
indeed possible through modeling the performance in attentional task 
using a chronometric representation of how the overall latencies of re
sponses can be partitioned in a sequence of independent events, 
including voluntary and reflexive latency components. Reconsidering 
such a partitioning for interpreting performance in many tasks involving 
the orienting of selective attention might provide new insights into 
finding an operational definition of attention.

Supplementary material

This section contains the supplementary materials accompanying the 
article. It includes: 

• the datasets (in .csv format) used in the analyses reported in the 
paper for Experiment 1 (cueing task without the neutral condition) 
and Experiment 2 (cueing task with the neutral condition);

• the R code used to perform all statistical and sensitivity analyses.

The datasets are fully compatible with the R scripts provided and can 
be directly analyzed using them.
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Appendix A. GCF glossary

Table A1

Abbreviation Description

RTv Response latency in the valid cue condition
RTn Response latency in the neutral cue condition
RTi Response latency in the invalid cue condition
Tref Time to allocate attention toward the cue
Treact Time to plan and execute motor response
Tvol Time to allocate attention toward the target
α Additive unknown quantifying the difference between Tvol and Tref
κ GCF’s parameter modeling the left-to-right imbalance (E2)
γ GCF’s parameter modeling the emotion anisotropy (E3)
τ GCF’s parameter modeling the spatial compatibility effect (E4).
DSOA GCF’s weight modeling the presence/absence of a response latency due to SOA across cue (1 in neutral, 0 otherwise)
Dref, GCF’s weight modeling the strength of the reflexive latency component of attention across cue conditions (3 in invalid, 1 otherwise)
Dvol GCF’s weight modeling the strength of the voluntary latency component of attention across cue conditions (2 in invalid, 1 in neutral, null in valid)
Dκ GCF’s weight modeling the left-to-right imbalance (E2, − 1 if the target is on the left, 1 if the target is on the right)
Dγ GCF’s weight modeling the emotion anisotropy (E3, − 1 if the target is a positive emotion, 1 if the target is negative emotion)
Dτ GCF’s weight modeling the spatial compatibility effect (E4, − 1 if the target is in a spatial position compatible with an intensity-, valence- or category-based mapping of 

emotion, 1 otherwise)

Appendix B. relationship between RTs & pure latency components

According to the GCF (as illustrated in Fig. 2), the combination of successive events involving the time of reflexive Tref and voluntary Tvol attention, 
the SOA, and the motor reactivity Treact shape the chronometry of response latencies in our exogenous cueing task in valid (as shaping RTv in A), 
neutral (as shaping RTn in B), and invalid (as shaping RTi in C) cue conditions as follows: 

RTv = Tref +Treact (B1) 

Eq. B1 formalizes the fact that given an analogue shift of attention, and given that the time from the cue to the response in valid cue condition is 
inevitably larger than SOA (as being SOA + response latency), the overall latency of response in valid cue condition will be a summative measure of 
two latency components both immaterial on target qualia (Assumption 2) given that attention is allocated in the exact same position in which the 
target appears and does not need to be disengaged. Fig. 2A depicts how these two components are sequentially arranged in the time-course of a trial. 
The first latency component of attention is due to the orienting of reflexive attention driven by the abrupt appearance of the cue Tref, is followed by a 
latency component of motor reactivity Treact. 

RTn = SOA+Tvol +Treact (B2) 

by substituting Tvol as by Eq. 1 (Assumption 1) we obtained: 

RTn = SOA+Tref +α+Treact (B3) 

Eq. B2 and B3 formalize the fact that in neutral cue condition it is likely that the focus of attention is kept stable on the central fixation region until 
the target is displayed (i.e., after SOA), given that the cue does not provide any relevant positional information about the target appearance 
(Assumption 3). After SOA, attention is voluntarily shifted toward the target and is allocated on it with Tvol latency. This shift is controlled by 
endogenous attention – that according to integrated models of attention – we expected to be valence driven. Again, just as for RTv, when attention is 
allocated over the target, a response is delivered with Treact latency as depicted in Fig. 2B. 

RTi = Tref +2Tvol +Treact (B4) 

by substituting Tvol as by Eq. 1 (Assumption 1) we obtained 

RTi = 3Tref +2α+Treact (B5) 

Eq. B4 and B5 formalize the fact that in invalid cue conditions the focus of attention is first involuntary captured by the abrupt appearance of the 
cue, shifted toward it, and allocated on it with Tref latency. After Tref, as soon as the target appears in the un-cued position, attention is disengaged and 
voluntarily shifted toward the target. Under the assumption of a constant velocity attentional shifting (Assumption 1), the latency of such an operation 
should sum to 2Tvol (see Eq. B4), with the focus of attention being first shifted from the position opposite to the target to the center (Tvol) and then 
shifted from the center to the target (Tvol). The response is then delivered with Treact latency (Fig. 2C).

Appendix C. Pure latency components extraction

In order to extract our pure latency components in the different cue conditions of our exogenous cueing task, we have considered how response 
latencies in the different cue conditions have been expected to be informative about the mental process required to orient/re-orient attention from one 
side of the visual field to the other, when a task-relevant/irrelevant cue was given in standard Posner cueing tasks (e.g., Hayward & Ristic, 2013; Klein, 
2000; Posner, 1980; Posner & Cohen, 1984). All three possible subtractive combinations of RTv, RTi, RTn pairs, have been so far considered to provide 
relevant chronometric information as follows: 
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1) Engagement of attention, Δeng = RTv − RTn, as standing for a measure of how long it takes to move the attentional focus from a neutral, to a task- 
relevant point;

2) Disengagement of attention, Δdis = RTi − RTn, as standing for a measure of how long it takes to disengage attention from a task irrelevant location, 
before being able to move to a relevant one;

3) Total attention shift, Δtot = RTv − RTi, as standing for a measure of how long it takes to move attention across the visual field, from a task-irrelevant 
to a task-relevant location.

Substituting Tref, Tvol, SOA and Treact as by Eq. B1, B3 and B5 into Δor, Δdis and Δtot we obtained:
Δtot = RTv − RTi =

(
Tref + Treact

)
−

(
3Tref + 2α + Treact

)
, that can be reduced as follows: 

Δtot = − 2
(
Tref +α

)
(C1) 

Δen = RTv − RTn =
(
Tref + Treact

)
−

(
Tref + α + Treact + SOA

)
, that can be reduced as follows: 

Δen = − (α+ SOA) (C2) 

Δdis = RTi − RTn =
(
3Tref + 2α + Treact

)
−

(
Tref + α + Treact + SOA

)
, that can be reduced as follows: 

Δdis = 2Tref +α − SOA (C3) 

First, we noticed that none of the above chronometric measures provide pure chronometric information about the latency of mental process 
required to orient/re-orient attention neither when driven by sensory information alone as by the cue (as Tref), nor when driven by internal factors as 
by the mental representation of the target (as α or Tvol). Instead, they are all compound chronometric measures in which none of the pure chronometric 
components are isolated from each other. For this reason, we did not reduce our data by means of the standard chronometric analysis as it is not 
informative about how exogenous and endogenous components independently shape the response latency over the different cue conditions.

Anyhow Tref and Tvol can be extracted through combining Δtot, Δeng, and Δdis. In particular we extracted Tref combining Δeng and Δdis as follows: 
Tref =

Δeng+Δdis+2SOA
2 . By substituting Δeng and Δdis with RTs we thus obtain: 

Tref =
RTi + RTv − 2RTn + 2SOA

2
(C4) 

We further extracted by combining Δeng and SOA as follows: α = −
(
Δeng + SOA). By substituting Δeng with RTs we thus obtain: 

α = RTn − RTv − SOA (C5) 

From Assumption 1, Eq. 1 we extracted Tvol by the sum between Eq. C4 and C5.
We extracted the Treact component by inverting any one of the equations for RTv (Eq. B1) RTi (Eq. B5) and RTn (Eq. B3) in Treact. Consider RTv. 

Inverting Eq. 1 for Treact results into the following relationship, Treact = RTv −
Δeng+Δdis+2SOA

2 , that by substituting Δeng and Δdis can be expressed as a 
function of RTs as follows:

Treact = RTv −
RTi+RTv − 2RTn+2SOA

2 , which is reducible as follows: 

Treact =
RTv − RTi

2
+RTn + SOA (C6) 

Appendix D. Results details

D.1. Experiment 1

To better assess the different magnitude of the TEASC effect in the neutral and invalid cue conditions, we contrasted ΔRTR-L in the angry relative to 
happy targets in neutral and invalid cue conditions, keeping the valid cue condition as a reference, with positive values encoding a difference 
consistent with a TEASC effect. In particular relative to the reference value observed in the valid cue condition of about − 13.3 ± 8.1 ms (t(3050) =
− 1.631, p = 0.103, d = − 0.151), the TEASC effect observed in the invalid cue condition (12.7 ± 8.3 ms, t(3058) = 1.530, p = 0.126, d = 0.144) was 
marginally larger of about 26.0 ± 11.6 ms (t(3054) = 2.234, pmvt = 0.066, d = 0.295), and also larger in the neutral cue condition 21.6 ± 11.6 ms, t 
(3054) =1.879, pmvt = 0.145, d = 0.245), as measuring 8.4 ± 8.1 ms (t(3050) = 1.027, p = 0.304, d = 0.095), consistently with GCF’s P3. Although 
small, the different relative magnitude of the TEASC effect observed in invalid and neutral cue condition is consistent with GCF’s P3.

D.2. Experiment 2

In the neutral condition, the funnel pattern did not reverse across the t wo groups (− 3.0 ± 10.8 ms; t(5429) = − 0.283; pmvt = 0.989; d = − 0.036), 
which is in part in contrast with GCF’s P2. As expected based on GCF’s P2, the funnel pattern did not reverse also in the valid cue condition (0.3 ± 10.7 
ms; t(5427) = − 0.027; pmvt = 1; d = 0.004).The ΔRTR-L observed in the positive group when the target emotion was absent, in both neutral and valid 
cue conditions (10.1 ± 6.4 ms, t(377) = 1.562, p = 0.119, d = 0.123; 6.9 ± 6.4 ms, t(370) = 1.075, p = 0.283, d = 0.084) was not significantly different 
from the ΔRTR-L observed when the target emotion was present (ΔRTR-L present vs absent: 1.0 ± 7.8 ms, t(5429) = 0.131, pmvt = 0.989, d = 0.012; 
(ΔRTR-L present vs absent: 2.8 ± 7.4 ms, t(5424) = 0.416, pmvt = 0.896, d = 0.034). A similar pattern was observed in the negative group. The ΔRTR-L 
observed for the angry emotion present condition, in both neutral and valid cue conditions (13.3 ± 6.2 ms, t(364) = 2.149, p = 0.032, d = 0.161; 7.1 ±
6.2 ms, t(365) = 1.144, p = 0.254, d = 0.086) was not significantly different from the ΔRTR-L observed for the neutral emotion absent conditions (ΔRTR- 

L present vs absent: − 2.0 ± 7.46 ms, t(5429) = − 0.272, pmvt = 0.954, d = − 0.024; ΔRTR-L present vs absent: 3.1 ± 7.4 ms, t(5424) = − 0.416, pmvt =

0.896, d = − 0.038). When pooling across cue conditions the ΔRTR-L in the emotion present relative to emotion absent conditions was positive (6.6 ±
4.3 ms, t(5427) = 1.528, pmvt = 0.237, d = 0.080) in the negative group and negative (− 2.8 ± 4.5 ms, t(5428) = − 0.617, pmvt = 0.786, d = − 0.034) in 
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the positive group, with a difference between the two of . 9.4 ± 6.6 ms, t(5427) = 1.503, pmvt = 0.133, d = 0.114.
Appendix E. Joining the results of experiment 1 and 2

Fig. A1 shows how the pattern of response latencies pooled over experiments for cue valid (Fig. A1A - cicles), neutral (Fig. A1B - squares), and 
invalid (Fig. A1C - triangles) cue conditions, are distributed as a function of the values predicted by the best-fitting two-free-parameters valence-based 
GCF model (Fig. A1D), with a significant and positive estimate for κ (6.057 ± 1.158, t(94.955) = 5.230, p < 0.001), in line with E2, and a significant 
and positive estimate for τb (1.551 ± 0.512, t(8597.343) = 3.027, p = 0.002), in line with valence-based E4. As by Fig. A1D, individual latencies 
increased proportionally as GCF’s latency estimates increased at a rate of about 1.027 ± 0.011 latency units for every unit increment of GCF’s es
timates (t = 90.300, df = 8153, p < 0.001, d = 1.917) with GCF’s model prediction being close to the metric of observed latencies (intercept = − 10.253 
± 4.237 ms, t vs 0 (8877) = − 2.420, p = 0.015; slope: t vs 1(8878) = 2.449, p = 0.014).

The two-free-parameters valence-based GCF model accounted for most of the effects we found when considering individual latencies arising from 
both fully emotional (as in Experiment 1) and non-emotional (as in Experiment 2) faces as corroborated by the results of an lmer analysis involving the 
full factorial combination of Spatial Position × Emotion × Cue × Experiment, with a new encoding for the Emotion variable. In particular, Emotion’s 
conditions were now defined in relative terms, encoding targets’ polarity according to group belongingness and to facial expression, with happy and 
angry faces being encoded as positive and negative targets (in both experiments), respectively, and neutral faces (in Experiment 2) being encoded as 
positive or negative depending on whether they belong to the positive or negative group, respectively.
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Fig. A1. Distribution of average response latencies pooled across Experiment 1 and 2. A, B, and C illustrate the average response latencies in invalid (A - circles) 
neutral (B - squares), and valid (C - triangles) cue conditions, as a function of the target emotion (in the x-axis) and the spatial position (see the legend on top). The 
negative and positive labels on the x-axis and legend encode the relative emotion of the target, with negative standing for angry (in Experiment 1 and 2) or neutral 
faces in the positive group of Experiment 2, and with positive standing for happy (in Experiment 1 and 2) or neutral faces in the negative group of Experiment 2. 
Panel D depicts the same pattern of observed data shown in (A, B, and C) remapped as a function of the values predicted by the best-fitting valence-based GCF model 
with τ = 1.551 and κ = 5.057. Error bars represent ±1 standard error of the mean.

The key result of the lmer analysis is the significant three-way Cue × Spatial Position × Emotion interaction (F1,8587 = 9.480, p = 0.002) that was 
nulled when adding the predicted values of the two- free-parameters valence-based mapping GCF model as a fifth covariate (F1,8854 = 1.862, p =
0.172, sum of squares dropping from 40,776 to 6945). The response latencies estimated by the two-free parameters GCF’s model accounted for most of 
the remaining effects, including the Cue (F1,8862 = 0.307, p = 0.580, sum of squares dropping from 1,103,404 to 1143), the Spatial Position (F1,8862 =

1.881, p = 0.170, sum of squares dropping from 108,895 to 7010), the two-way Spatial Position × Emotion interaction (F1,8862 = 0.078, p = 0.781, 
sum of squares dropping from 39,208 to 289).

An lmer model including as a predictor only the latencies estimated by the two-free-parameters valence-based mapping GCF model (12 df) accounts 
for a similar amount of variance (r2 = 47.9 % vs. 47.9 %) of a more complex model (23 df) including the full factorial combination of all experimental 
conditions in our joint design and resulted to be the best-fitting model of the two (AICcdf=12 = 99,042.6 vs. AICcdf=23 = 99,062.5; BICdf=12 = 99,127.7 
vs. BICdf=23 = 99,225.4; χ2 = 2.296, df = 11, p = 0.997).

The only effect that the two-free-parameters valence-based mapping GCF model did not account for was a two-way Cue × Spatial Position 
interaction (F1,8862 = 3.837, p = 0.050). This interaction was due to a larger left-to-right advantage in the invalid ((ΔRTR-L = 14.7 ± 3.1, t(261) =
4.711, p < 0.001, d = 0.171) and neutral (ΔRTR-L = 14.7 ± 3.1 ms, t(250) = 4.763, p < 0.001, d = 0.167) cue conditions, relative to the valid (ΔRTR-L =

8.2 ± 3.1 ms, t(250) = 2.644, p = 0.009, d = 0.093) cue condition (ΔRTR-L in neutral minus ΔRTR-L in valid = 6.5 ± 3.3 ms, t(8492) = 1.964, pmvt =
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0.090, d = 0.079; ΔRTR-L in invalid minus ΔRTR-L in valid = 6.5 ± 3.4 ms, t(8590.977) = 1.943, pmvt = 0.094, d = 0.079). We interpreted this imbalance 
as a by-product of the dependence of the TEASC effect from the type of emotion. TEASC was strong for negative emotions, as evidenced by the different 
ΔRTR-L across cue conditions, that according to the GCF’s P2 varied from large (21.8 ± 3.9 ms, t(638) = 5.552, p < 0.001, d = 0.257), intermediate 
(16.4 ± 3.9 ms, t(614) = 4.218, p < 0.001, d = 0.179) to small (4.9 ± 3.9 ms, t(608) = 1.258, p = 0.209, d = 0.065) in invalid, neutral to valid cue 
conditions, respectively. With negative targets, the ΔRTR-L of the invalid vs. valid (16.9 ± 4.7 ms) and valid vs. neutral (11.5 ± 4.7 ms) being both 
significant (t(8492) = 3.571, pmvt = 0.001, d = 0.192; t(8492) = 2.447, pmvt = 0.038, d = 0.113). The TEASC effect was instead weak for positive 
emotions, as evidenced by the almost constant ΔRTR-L across cue conditions as revealed by the non-significant difference between the ΔRTR-L of the 
invalid vs. valid, valid vs. neutral, invalid vs. neutral (all pmvt > 0.488).

Appendix F. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.cognition.2025.106346.

Data availability

Data belonging to the current study are uploaded as supplementary 
files to facilitate reproducibility and transparency of the reported 
results.
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