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Paradigms and Measures Used in Visual Search and Change 

Detection Paradigm 

The visual search paradigm (also called the “face in the crowd paradigm” when using 

faces as stimuli) mimics the process of detecting target objects or people from 

multifarious information of everyday lives [1,2]. In a classic visual search paradigm 

experiment (see Figure 1 in the main text), each trial contained a face array, and half 

of the trials contained a target stimulus (i.e., one face showed different expressions 

than the other faces) while the other half of the trials did not contain a target stimulus 

(i.e., all the faces showed the same expression). Participants are asked to detect 

whether a face presented different expressions from the other faces. For the analysis 

of results, the reaction time (RT), accuracy rate (ACC), error rate, and search slope 

(the function of RT and set size) are behavioral indices to evaluate participants’ 

efficiency in detecting the search target. The shallower the search slope of a target 

stimulus, the more efficient the search. Moreover, the search slope can also indicate 

whether the processing method uses a parallel or serial search approach [2]. In 

addition to the behavioral index, Luck and Hillyard [3] found an event-related 

potentials (ERPs) component called N2-posterior-contralateral (N2pc) which has been 

commonly used by recent studies as an indicator to track the visual selective attention 

process. N2pc is mainly distributed in the posterior-contralateral electrodes, appearing 

200–300 ms after stimulus presentation (for a review, see [4]). The latency of the 

N2pc indicates the time point at which attention focused on the target item, while 

amplitude can reflect the amount of attention on the target [4,5]. Additionally, several 

other ERP components—such as N170, early posterior negativity (EPN), and late 

positive potential (LPP)—have usually been used to indicate emotional processing in 

visual attention tasks (for a review, see [6]). 

VWM research on emotional bias has widely used the change detection paradigm. 

This paradigm (also called the “visual short-term memory task” [see [7]] or the 

“match-to-sample probe recognition task” [see [8]]) generally comprises four parts: 

pre-stimulus fixation, memory array, retention interval, and probe array (see Figure 2 

in the main text). Typically, in half of the related trials, the probe array and memory 

array are exactly the same, and in the other half of the trials, one of the memory items 

in the probe array differs from the memory array, and the participant’s task is to detect 

whether or not a change has occurred. Generally, the change detection paradigm asks 

participants to temporarily store the memory array across a blank delay period and 

then compare the memory array with the probe array. Accuracy, Cowan’s K1 [9], and 

d’2 [10], are common behavioral indicators in the change detection paradigm. 

Cowan’s K is often used to measure individuals’ VWM capacity. It is an estimated 

index of the number of items successfully stored in an individual’s VWM. 

Meanwhile, d’ is an index of VWM performance. It is obtained from the signal 

detection theory, representing the distance between the z-transforms of the hit rate and 

false alarm rate [10]. Also, researchers have identified an ERP component called 

 
1 K = set size × (hit rate – false alarm rate). 
2 d’ = Z(hit rate) – Z(false alarm rate). 



“contralateral delay activity” (CDA, also known as “sustained posterior contralateral 

negativity,” SPCN; [11]) as a neural indicator of VWM maintenance. The CDA’s 

amplitude increases with the number of items in an individual’s VWM during the 

maintenance of memory material, and it reaches an asymptote once approximately 

three to four simple objects have been stored, reflecting the limitation of an 

individual’s VWM capacity [12]. In addition, N170, N250 (which usually reflects the 

repetition effect) and P3b (the subcomponent of P300, which is sensitive to the 

resource allocation process) have also been suggested to relate with VWM emotional 

processing (e.g., [13,14]). 



Supplementary Table 1: Studies on emotional face in visual working memory (VWM) by using change detection paradigm.  

 

Study a N Expression 

Stimulus 

type/ 

Stimulus 

set b 

Stimulus 

arousal 

Set 

size 

Encoding 

time (ms) 
Task d 

Behavior 

/Neural 

index 

Results e Comments 

Becker et al. 

(2014)[15]: Exp. 

1 

64 Neutral, 

angry 

Photograph 

/- c 

- 4 10000 Detect identity 

present/ absent 

Hit rate, 

false alarm 

rate, d', bias 

(c) 

Angry > 

neutral 

 

Test gender 

effect 

Brenner et al. 

(2014)[16] 

29 Positive 

(very happy, 

somewhat 

happy), 

neutral, 

Negative 

(sad, fearful, 

and angry) 

Photograph 

/NimStim 

- 1 200 Detect 

expression 

same/ different 

Acc, RT, 

P100, 

N170, 

N250, theta 

power 

Negative > 

positive 

 

Curby et al. 

(2019)[8]: Exp. 1 

40 Fearful, 

neutral 

Photograph 

/NimStim, 

KDEF, 

CVL  

- 5 1000/4000 Detect probe 

same/ different 

K 1000 ms:  

no effect; 

4000 ms: 

fearful < 

neutral 

 

Curby et al. 

(2019)[8]: Exp. 2 

41 Fearful, 

neutral 

Photograph 

/NimStim, 

KDEF, 

CVL  

- 5 1000/4000 Detect probe 

same/ different 

K 1000 ms:  

no effect; 

4000 ms: 

fearful < 

neutral  

 

Also test 

inverted face 

Curby et al. 

(2019)[8]: Exp. 3 

82 Fearful, 

neutral 

Photograph 

/NimStim, 

KDEF, 

CVL 

- 2,4,6 4000 Detect probe 

same/ different 

K Fearful < 

neutral 

Test emotional 

state, and 

attentional 

control 



Study a N Expression 

Stimulus 

type/ 

Stimulus 

set b 

Stimulus 

arousal 

Set 

size 

Encoding 

time (ms) 
Task d 

Behavior 

/Neural 

index 

Results e Comments 

Curby et al. 

(2019)[8]: Exp. 

4a 

42 Neutral, 

happy, 

fearful, angry 

Photograph 

/Radboud 

Happy = 

fearful; 

fearful ≠ 

angry; 

happy ≠ 

angry 

5 4000 Detect probe 

same/ different 

K Fearful, 

angry < 

happy 

 

Jackson et al. 

(2008)[17] 

35 Angry, 

happy, 

neutral 

Photograph 

/Ekman & 

Friesen 

Happy = 

angry 

1,2,3,4 2000 Detect identity 

present/ absent 

d', fMRI Angry> 

happy; 

angry> 

neutral 

Emotion effect 

showed on 

rSTS, rPFC 

(IFS), and rGPi 

Jackson et al. 

(2009)[7]: Exp. 1 

24 Angry, 

happy, 

neutral 

Photograph 

/Ekman & 

Friesen 

- 1,2,3,4 2000 Detect identity 

present/ absent 

d', K-

iterative 

(Kit) 

 

Angry > 

happy;  

angry > 

neutral 

 

Jackson et al. 

(2009)[7]: Exp. 2 

18 Angry, 

happy, 

neutral 

Photograph 

/Ekman & 

Friesen 

Angry = 

happy 

2,4 2000 Detect identity 

present/ absent 

d', K-

iterative 

(Kit) 

 

Angry > 

happy; 

angry > 

neutral 

High or low-

arousal music 

was played 

during the 

experiment 

Jackson et al. 

(2009)[7]: Exp. 3 

26 Angry, 

neutral 

Photograph 

/Ekman & 

Friesen 

- 2,4 4000 Detect identity 

present/ absent 

d', K-

iterative 

(Kit) 

 

Angry > 

neutral 

 

Jackson et al. 

(2009)[7]: Exp. 5 

40 Angry, 

happy, 

neutral 

Photograph 

/Ekman & 

Friesen, 

KDEF 

Morphed to 

the same 

intensity 

2,4 2000 Detect identity 

present/ absent 

d', K-

iterative 

(Kit) 

 

Angry > 

happy;  

angry > 

neutral 

16 participants 

performed with 

Ekman face set, 

24 performed 

with KDEF face 

set 



Study a N Expression 

Stimulus 

type/ 

Stimulus 

set b 

Stimulus 

arousal 

Set 

size 

Encoding 

time (ms) 
Task d 

Behavior 

/Neural 

index 

Results e Comments 

Jackson et al.  

(2012)[18]: Exp. 

1 

25 Angry, happy Photograph 

/Ekman & 

Friesen 

- 2 2000 Detect identity 

present/ absent 

d', RT Angry = 

happy 

Intervening 

neutral words 

vs. no words 

during 

maintenance  

Jackson et al.  

(2012)[18]: Exp. 

2 

27 Angry, happy Photograph 

/Ekman & 

Friesen 

- 2 2000 Detect identity 

present/ absent 

d', RT Angry face 

was boosted 

by intervened 

emotional 

word, but 

happy face 

was not 

affected by it 

Intervening 

negative, 

positive, or 

neutral words 

during 

maintenance 

Jackson et al. 

(2014)[19]: Exp. 

1 

22 Angry, happy Photograph 

/Ekman & 

Friesen 

Angry= 

happy 

1,2,3,4 2000 Detect identity 

present/ absent 

Hits, false 

alarm rate, 

d', RT 

Angry > 

happy 

Emotional faces 

presented at 

encoding phase. 

Jackson et al. 

(2014)[19]: Exp. 

2 

13 Angry, happy Photograph 

/Ekman & 

Friesen 

Angry= 

happy 

1,2,3,4 2000 Detect identity 

present/ absent 

Hits, false 

alarm rate, 

d', RT 

Angry = 

happy 

Emotional faces 

presented at 

retrieval phase 

Jackson et al. 

(2014)[19]: Exp. 

3 

25 Angry, happy Photograph 

/Ekman & 

Friesen 

Angry= 

happy 

2 2000 Detect identity 

present/ absent 

Hits, false 

alarm rate, 

d', RT 

No effect of 

word valence 

for happy 

faces, but 

negative 

intervening 

word boosted 

angry face 

WM 

performance 

Intervening a 

word valence 

categorization 

during 

maintenance 

Langeslag et al. 

(2009)[13] 

29 Angry, 

happy, 

neutral 

Photograph 

/Ekman & 

Friesen 

Angry= 

happy 

1,3 2000 Detect identity 

present/ absent 

Pr, Br, RT, 

P1, N170, 

P3b, N250r 

Angry > 

neutral; 

happy > 

neutral 

 



Study a N Expression 

Stimulus 

type/ 

Stimulus 

set b 

Stimulus 

arousal 

Set 

size 

Encoding 

time (ms) 
Task d 

Behavior 

/Neural 

index 

Results e Comments 

Lee and Cho 

(2019)[20]: Exp. 

1 

32 Fearful,  

happy, 

neutral 

Photograph 

/KUFEC 

Feaful: 

 4.2 

Happy: 

4.46 

4 1200 Detect identity 

same/ different 

d' Fearful, 

neutral group 

> happy, 

neutral 

group;  

fearful >  

neutral; 

happy > 

neutral 

 

Half of 

participants 

performed 

fearful and 

neutral faces, 

while half 

performed 

happy and 

neutral faces 

Lee and Cho 

(2019)[20]: Exp. 

2 

32 Fearful,  

happy, 

neutral 

Photograph 

/KUFEC 

Feaful:  

4.2 

Happy: 

4.46 

4  1200  

(300 ms 

for each 

face) 

Detect identity 

same/ different 

d' Fearful, 

neutral group 

> happy, 

neutral 

group;  

fearful > 

neutral 

Memory array 

stimuli 

presented 

sequentially 

Lee and Cho 

(2019)[20]: Exp. 

3 

32 Fearful,  

happy, 

neutral 

Photograph 

/KUFEC 

Feaful: 4.2 

Happy: 

4.46 

4  1200  

(300 ms 

for each 

face) 

Detect identity 

same/ different 

d' Fearful, 

neutral group 

= happy, 

neutral 

group;  

fearful > 

neutral 

Memory array 

stimuli 

presented 

sequentially and 

a blank interval 

of 300 ms 

appeared 

between images 



Study a N Expression 

Stimulus 

type/ 

Stimulus 

set b 

Stimulus 

arousal 

Set 

size 

Encoding 

time (ms) 
Task d 

Behavior 

/Neural 

index 

Results e Comments 

Linden et al. 

(2011)[21]: Exp. 

1 

20 Angry, 

happy, 

neutral,  

sad,  

fearful 

Photograph 

/Ekman & 

Friesen 

Angry, 

fearful 

higher than 

all other 

condition, 

sad & 

happy > 

neutral 

2 2000 Detect identity 

present/ absent 

d' Angry > 

fearful; 

happy > 

fearful; 

neutral > 

fearful 

Also test 20 

melancholiac 

depression and 

20 non-

melancholic 

depression 

participants, and 

sad face benefits 

showed in 

melancholic 

group 

Liu et al. 

(2020)[14] 

38 Happy,  

sad 

 

Photograph 

/Chinese 

facial 

expression 

of emotion 

system 

Happy = 

sad 

2 2000 Detect identity 

present/ absent 

Hits, CR, 

FA, RTs, d' 

N170, VPP, 

N250, P3b, 

LPP 

Happy > sad  



Study a N Expression 

Stimulus 

type/ 

Stimulus 

set b 

Stimulus 

arousal 

Set 

size 

Encoding 

time (ms) 
Task d 

Behavior 

/Neural 

index 

Results e Comments 

Maran et al. 

(2015)[22]: Exp.1 

24 Angry, 

happy, 

anxious, 

neutral 

Photograph 

/NimStim 

No 

difference 

in 

perceived 

intensity 

4 2000 Detect identity 

present/ absent 

d' Neutral 

arousing 

condition: 

angry > 

happy; angry 

> anxious; 

angry > 

neutral; 

happy > 

anxious. 

Negative 

arousing 

condition: 

equalized 

VWM 

performance 

for all 

expression 

Under 

unpleasant/ 

neutral affect 

emotional state 



Study a N Expression 

Stimulus 

type/ 

Stimulus 

set b 

Stimulus 

arousal 

Set 

size 

Encoding 

time (ms) 
Task d 

Behavior 

/Neural 

index 

Results e Comments 

Maran et al. 

(2015)[22]: Exp.2 

30 Angry, 

happy, 

anxious, 

neutral 

Photograph 

/NimStim 

No 

difference 

in 

perceived 

intensity 

4 2000 Detect identity 

present/ absent 

d' Neutral 

arousing 

condition: 

angry > 

happy; angry 

> anxious; 

angry > 

neutral. 

Positive 

arousing 

condition: 

equalized 

VWM 

performance 

for all 

expression 

Under 

pleasant/neutral 

affect emotional 

state 

Sessa et al. 

(2011)[23] 

28 Fearful, 

neutral 

Photograph 

/Ekman & 

Friesen, 

KDEF 

- 2,4 200 Detect identity 

same/ different 

d', K, Kit, 

RT, CDA 

Fearful > 

neutral 

 

Sessa et al. 

(2018)[24] 

29 Neutral, 

subtle angry, 

full angry 

 

Photograph 

/KDEF 

Morphed 

from 

neutral to 

full angry 

2 500 Detect 

expression 

same/ different  

Mean 

proportion 

of correct 

responses, 

CDA 

Full angry > 

neutral > 

subtle angry 

 

Simione et al. 

(2014)[25]: Exp. 

1 

19 Angry, 

happy, 

neutral 

Schematic 

face 

- 4 150/400 Report the 

expression at 

the probed 

location 

Acc Emotion > 

neutral, but 

no difference 

between 

angry and 

happy 

 



Study a N Expression 

Stimulus 

type/ 

Stimulus 

set b 

Stimulus 

arousal 

Set 

size 

Encoding 

time (ms) 
Task d 

Behavior 

/Neural 

index 

Results e Comments 

Simione et al. 

(2014)[25]: Exp. 

2 

20 Angry, 

happy, 

neutral 

Schematic 

face 

- 3,5 150 Report the 

expression at 

the probed 

location 

Acc Angry > 

neutral; angry 

> happy 

 

Spotorno et 

al.(2018)[26]: 

Exp. 1 

48 Angry, happy Photograph 

/Radboud 

- 1,2,3,4 1500 ×set 

size 

Drag the face 

to the original 

location 

Acc, 

precision, 

swap error, 

oculomotor 

activity 

Happy > 

angry 

 

Spotorno et 

al.(2018)[26]: 

Exp. 2 

48 Angry, happy Photograph 

/Radboud 

database 

- 4 6000 Drag the face 

to the original 

location 

Acc, 

precision, 

swap error, 

oculomotor 

activity 

Happy > 

angry 

Test the effect 

of the 

maintenance 

time 

Švegar et al. 

(2013)[27] 

24 Afraid, 

angry, 

disgusted, 

happy, 

neutral,  

sad, surprised 

Photograph 

/AKDEF,  

KDEF 

- 6 2000 Detect 

expression 

same/different 

Percentage 

of correct 

answers; 

RT 

Happy > all 

the other 

emotions 

while no 

difference 

among other 

emotions 

 

Thomas et al. 

(2014)[28]: Exp. 

1 

25 

 

Angry, 

happy, 

neutral 

Photograph 

/Ekman & 

Friesen 

- 4 2000 Detect identity 

present/absent 

d', RT Angry > 

happy 

Compare the 

uniform 

memory array 

and singleton 

memory array 
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Stimulus 

type/ 

Stimulus 

set b 

Stimulus 

arousal 

Set 

size 

Encoding 

time (ms) 
Task d 

Behavior 

/Neural 

index 

Results e Comments 

Thomas et al. 

(2014)[28]: Exp. 

2 

32 Angry, 

happy, 

neutral 

Photograph 

/Ekman & 

Friesen 

- 4 2000 Detect identity 

present/ absent 

d', RT, eye 

movement 

Angry > 

happy 

The procedure 

was same as the 

singleton 

condition in 

Exp.1, but they 

also monitored 

the eye 

movement here 

and verbal 

suppression was 

omitted. 

Xie et al. 

(2017)[29]: 

Exp. 1 

60 Positive set 

(5 happy + 1 

neutral); 

negative set 

(5 sad + 1 

neutral) 

Schematic 

face 

Positive = 

negative 

4 500 Localize the 

changed face 

K Positive = 

negative; K 

(neutral 

color)> K 

(emotional 

face); 

higher WM 

capacity 

maintain 

more happy 

faces 

WM capacity 

measured by 

color 



Study a N Expression 

Stimulus 

type/ 

Stimulus 

set b 

Stimulus 

arousal 

Set 

size 

Encoding 

time (ms) 
Task d 

Behavior 

/Neural 

index 

Results e Comments 

Xie et al. 

(2017)[29]: 

Exp. 2 

42 Positive set 

(5 happy + 1 

neutral); 

negative set 

(5 sad + 1 

neutral) 

Schematic 

face 

Positive = 

negative 

4 500 Localize the 

changed face 

K Positive = 

negative; K 

(emotional 

face)> K 

(neutral line 

drawing 

symbols); 

higher WM 

capacity 

maintain 

more happy 

faces 

WM capacity 

measured by 

line-drawing 

symbols 

Zhou et al. 

(2021)[30] 

31 Happy,  

sad 

 

Photograph 

/Chinese 

facial 

expression 

of emotion 

system 

Happy = 

sad 

2 2000 Detect identity 

present/absent 

Hits, CR, 

FA, RTs, d' 

N170, VPP, 

P3b, LPP 

Happy = sad Depressed 

group: sad > 

happy 

 

Abbreviations:  

Column 1 (Study): Exp., Experiment  

Column 2 (N): N, participants numbers 

Column 9 (Behavior/Neural index): Acc, accuracy; RT, reaction time; d', VWM performance index, d' = Z(hit rate) – Z(false alarm rate); K, VWM capacity 

index, K= set size × (hit rate – false alarm rate); fMRI, functional magnetic resonance imaging; K-iterative (Kit), calculated by an iterative procedure, please 

see details in Jackson et al. [7]; Pr, discrimination index, Pr = hit rate – false alarm rate; Br, response bias index, Br = false alarm rate/(1-Pr), Please see more 

details for Pr and Br in Langeslag et al. [13]; CR, correct rejections; CDA, contralateral delay activity, also known as sustained posterior contralateral 

negativity, SPCN, neural index of VWM maintenance. 

Column 11 (Comments): rSTS, right superior temporal sulcus; rPFC, right prefrontal cortex; IFS, inferior frontal sulcus; rGPi, right globus pallidus internus 

a. The missing experiment here is due to the sub-experiment unrelated to the change detection paradigm or the main topic of this review, e.g., Experiment 2 in 

Becker et al. [15] is more related to race than emotional processing; Experiment 4 in Jackson et al. [7] is a discrimination task; Experiment 2 and 3 in Linden et 

al. [21] are emotional classification task and arousal/valance rating task, respectively.  

b. We listed here both the stimulus material types (photograph or schematic face) and the stimulus set of photographs for a better comparison between different 

stimulus databases. The main database used in previous studies included: Ekman & Friesen set [31]; KDEF, Karolinska Directed Emotional Faces database 



[32], AKDEF, Averaged Karolinska Directed Emotional Faces [33]; NimStim database [34]; CVL Face Database [35]; Radboud Face Database [36]; KUFEC, 

Korea University Facial Expression Collection [37]; Chinese facial expression of emotion system [38]. 

c. "-" means the information was not reported in the relevant publications.  

d. Here we classified the tasks into four types based on what the researchers reported in relevant studies: 1) detect identity present/absent, 2) detect identity 

same/different, 3) detect expression same/different; 4) detect probe same/different. "Present/absent" refers to studies using multiple stimuli in the encoding 

array, with only one single stimulus in the central of the probe array, and the main task of the participant was to report whether or not the single probe was 

presented in the memory array; "Same/different" refers to studies using multiple stimuli (or single stimulus in the probe array but the face present in one of the 

locations from the study array rather than central space) both in the memory array and the probe array, and participants needed to indicate whether the probe 

array was identical to the memory array or whether one of the faces had changed. "Detect identity" refers to the expression irrelative to the study, and 

participants only needed to detect whether the identity had changed, whereas "Detect expression" meant that the participants needed to detect whether the 

expression on the probe array was identical to the memory array while the identity stayed unchanged or needed to be ignored. Additionally, "Detect probe" 

refers to the relevant study that did not emphasize detecting the expression or the identity but required participants to determine whether the whole probe face 

(both identity and expression) was identical to the memory items. In addition, a few studies have used a similar but not the classical change detection task, we 

decided to include those studies here for a better comparison. For those studies, we have only presented the specific tasks reported in the relevant studies 

without placing them in any of the above categories. 

e. Only the main and most consistent results are reported here. " > " refers to the bias toward the former expression compared to the latter one; " < " refers to the 

bias toward the latter expression compared to the former one; " = " refers to no significant difference between the two expressions. 
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