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Abstract 
 

Recognizing facial identity requires two skills: telling a person apart from similar 

looking people and recognizing them across changes in their appearance. Until recently, 

the vast majority of studies relied on tightly controlled images to examine face learning 

and recognition. Research using ambient images (i.e., images that capture within-person 

variability in appearance) is necessary to assess the true challenge of face learning and 

recognition in daily life. Only a few studies have examined face learning and recognition 

using ambient images in children, and, to the best of my knowledge, no studies have 

examined them in older adults. My dissertation was designed to address these gaps in the 

literature. 

In Study 1, children aged 6 to 11 were tested to examine two mechanisms that 

underlie face learning in young adults: Ensemble coding and the ability to benefit from 

exposure to variability in appearance in a perceptual matching task. My results revealed 

that both mechanisms are adultlike by the age of 6. First, children extracted the average 

of a set of images of an identity, regardless of whether those images were presented 

simultaneously or sequentially. Second, although their overall accuracy was lower than 

that of young adults, children showed comparable benefit from viewing multiple images 

of a to-be-learned identity in a perceptual face learning task.  In Study 2, I examined 

whether younger children (4- and 5-year-olds) benefit from exposure to multiple images 

when learning a new face in a perceptual task. Although viewing multiple images made 

young children more sensitive to identity, it also led them to adopt a less conservative 

response bias, driven both by an increase in hits and an increase in false alarms. This 

increase in false alarms was not found for older children and adults in Study 1, suggesting 



 

 

 

that the ability to benefit from exposure to variability in appearance during face learning 

is not fully refined before the age of 6. 

In Study 3, I provided the first examination of face learning and recognition in 

older adults using a battery of tasks. On three of the five tasks, older adults showed 

comparable learning and recognition to young adults: 1) Older adults recognized a 

familiar face without error; 2) they showed ensemble coding of facial identity, regardless 

of whether the images were presented simultaneously or sequentially and 3) despite 

making more errors than young adults overall, they showed comparable benefit from 

viewing multiple images of a newly encountered face in the perceptual learning task. In 

the remaining two tasks, older adults showed a different pattern than young adults: 1) 

Older adults made fewer hits and more false alarms than young adults when matching 

images of wholly unfamiliar faces; and 2) after being exposed to low variability in 

appearance in a face memory task, older adults became more conservative than did 

younger adults, despite showing comparable benefits in sensitivity. My results reveal that 

the same abilities that show prolonged development during childhood are those undergo 

changes in aging. Collectively, my dissertation provides novel insights about learning and 

recognizing facial identity during childhood and aging and has important implications for 

understanding models of face processing.  

 
 

  



 

 

 

Acknowledgments  
 

First and foremost, I would like to thank my supervisor Dr. Cathy Mondloch for 

her constant encouragement, guidance, and support throughout the completion my graduate 

training. Your enthusiasm for research is inspiring and your expertise in writing, and 

experimental design have made me a better researcher. Thank you for always going above 

and beyond your duties as a supervisor. After all, there aren’t too many supervisors who 

would go so far as to wash their student’s feet in Texas. I could not have asked for a better 

supervisor. I would also like to thank my amazing committee members Dr. Angela Evans 

and Dr. Karen Arnell for their insightful feedback and support throughout the completion 

of my PhD.  

Thank you to all the past and current members of the Face Perception Lab. Thank 

you to Harmonie Chan, Shelby Howlett and Meryl Ochoa for helping with set up, 

recruitment and data collection for my projects. Thank you to my fellow graduate students 

for your friendship and support. Grad school would not have been as enjoyable without 

you. I would especially like to thank Emily Davis for her collaboration on Study 1, and 

several other projects. Thank you for fighting with the morphing software, programming 

our tasks and for always agreeing to run just one more study. 

Finally, thank you to my family and friends their unconditional support throughout 

the last six years. Thank you to my partner and best friend Cameron for encouraging me to 

reach my goals and for always supporting me, even through my most stressful times.  

   

 

  



 

 

 

Table of Contents 

 
Chapter 1: General Introduction ................................................................................ 1 
Studying Identity Recognition ........................................................................................ 1 
Recognition of Familiar vs. Unfamiliar Faces ................................................................ 4 
Models of Face Recognition ........................................................................................... 6 
Underlying Processes in Adults ...................................................................................... 8 
 Holistic Processing .................................................................................................... 8 

Sensitivity to external contour, shape of features, and their spacing ........................ 10 
 Prototype formation ................................................................................................... 10 
 Learning to recognize ambient images of familiar faces ........................................... 12 
Face Recognition during Childhood ............................................................................... 14 
The Development of Underlying Mechanisms ............................................................... 17 
 Holistic Processing .................................................................................................... 17 
 Sensitivity to external contour, shape of features, and their spacing ........................ 18 
 Prototype formation ................................................................................................... 20 
 Learning to recognize ambient images of familiar faces ........................................... 21  
The Role of Experience .................................................................................................. 22  
Face Recognition in Older Adulthood ............................................................................ 24 
Underlying Processes in Older Adulthood ..................................................................... 26 
 Holistic Processing .................................................................................................... 26 
 Sensitivity to facial cues ............................................................................................. 27 
 Prototype formation ................................................................................................... 28 
The Current Research ..................................................................................................... 29 
References ....................................................................................................................... 33 
 
Chapter 2: Study 1 ........................................................................................................ 49 
 
Introduction ..................................................................................................................... 49 
Experiment 1 ................................................................................................................... 53 

Method ....................................................................................................................... 56 
Results ........................................................................................................................ 59 
Discussion .................................................................................................................. 63 

Experiment 2 ................................................................................................................... 64 
Method ....................................................................................................................... 65 
Results ........................................................................................................................ 70 
Discussion .................................................................................................................. 76 

General Discussion ......................................................................................................... 77 
References ....................................................................................................................... 84 
 
Chapter 3: Study 2 ........................................................................................................ 90 
 
Introduction ..................................................................................................................... 90 
Method ............................................................................................................................ 97 
Results ............................................................................................................................. 101 



 

 

 

Discussion ....................................................................................................................... 105 
References ....................................................................................................................... 114 
 
Chapter 4: Study 3 ........................................................................................................ 118 
 
Introduction ..................................................................................................................... 118 
Method ............................................................................................................................ 127 
Results ............................................................................................................................. 136 
Discussion ....................................................................................................................... 156 
References ....................................................................................................................... 166 
 
Chapter 5: General Discussion .................................................................................... 173 
 
What develops during childhood? .................................................................................. 177 
The Role of Face-Specific Experience vs. General Cognitive Development ................. 181 
 Face-Specific Experience ........................................................................................... 181 
 General Cognitive Skills  ........................................................................................... 183 
 Merging these Two Mechanisms  ............................................................................... 185 
Theoretical Implications ................................................................................................. 188 
Applied Implications  ...................................................................................................... 194 
Future Directions ............................................................................................................ 196 
Conclusions ..................................................................................................................... 201 
References  ...................................................................................................................... 203 
 
 
 

 
 
 

 
 
 
 
 
 
 

 
 

 
  



 

 

 

List of Figures 
 
Figure 1.1.   An example of tightly controlled stimuli .................................................... 2 
 
Figure 1.2.   An example of stimuli that capture natural within-person variability in 

appearance ................................................................................................. 4    
 
Figure 1.3.   An example of stimuli from the Composite-face task ................................ 9 
 
Figure 1.4.   An example of stimuli created to examine sensitivity to facial cues ......... 11 
  
Figure 2.1.   Sample Stimuli from Experiment 1 ............................................................ 58 
 
Figure 2.2.   Mean frequency of “present” responses for Experiment 1 ......................... 60 
 
Figure 2.3.   Ensemble coding scores as a function of age ............................................. 63 
 
Figure 2.4.   Sample Stimuli from Experiment 2 ............................................................ 67 
 
Figure 2.5.   Performance on the perceptual matching task for adults and children in 

Study 2  ...................................................................................................... 73 
 
Figure 3.1.  An example of six images of a target identity from the learning phase in 

Study 2 ....................................................................................................... 98 
 
Figure 3.2.  Change in performance between conditions in Study 2 .............................. 104 
 
Figure 4.1.  Performance on the familiar sorting task for young and older adults in Study 

3 .................................................................................................................... 139 
 
Figure 4.2.  Performance on the unfamiliar matching task for young and older adults in 

Study 3 ......................................................................................................... 141 
 
Figure 4.3.  Performance on the ensemble coding task for young and older adults in Study 

3 .................................................................................................................... 144 
 
Figure 4.4.  Performance on the perceptual learning task for young and older adults in 

Study 3 ......................................................................................................... 149 
 
Figure 4.5.  Performance on the face learning memory task for young and older adults in 

Study 3 ......................................................................................................... 155 
 
  



 

 

 

List of Appendices 
 

Appendix 1. Research Ethics Clearance ......................................................................... 213 
 

Appendix 2. Montreal Cognitive Assessment  ............................................................... 214 

 



 

 

1 

 

CHAPTER 1 
 

General Introduction1 

Recognizing facial identity is a crucial skill in daily social interactions. Adults 

recognize hundreds of familiar faces at a glance: a neighbour both at the gym and in 

wedding photos; actors in numerous movies, despite dramatic variability in their 

appearance; a high school classmate at a 25th reunion—despite physical changes 

associated with aging. What makes this ability so remarkable is that faces are a 

homogeneous class of stimuli. All faces share the same first-order configuration, with 

two eyes above a nose and mouth, increasing both the challenge of telling faces apart and 

that of recognizing someone despite changes in appearance.  

Studying Identity Recognition 

Two distinct approaches have been used to study identity recognition. In the more 

traditional approach, researchers present tightly controlled images in which all photos are 

taken with the same camera, from the same distance and under identical lighting 

conditions; hair is typically masked, and blemishes removed (see Figure 1.1). All 

identities pose a neutral expression and are represented by a single photo or two nearly 

identical photos. This approach is ideal for measuring the ability to discriminate 

unfamiliar faces or recognize a face despite systematic, controlled changes (e.g., in 

lighting or viewpoint) because it ensures that perceivers are not relying on non-face cues 

(e.g., shadows, a freckle).  

 
1 This chapter is based on the chapter in press: Matthews, C.M, Maurer, D., & Mondloch, C.J. (In Press). 
Recognizing facial identity: Prolonged development during infancy and childhood. In Kadosh, K. (Ed). 
Oxford University Press Handbook of Developmental Cognitive Neuroscience  
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Figure 1.1. An example of tightly controlled stimuli used in a match-to-sample task in 
which children were asked to decide which of the two bottom images depicts the same 
person as the top image, despite systemic changes in viewpoint and expression. Taken 
from Bruce, V., Campbell, R.N., Doherty-Sneddon, G., Import, A., Langton, S., 
McAuley, S., & Wright, R. (2000). Testing face processing skills in children. British 
Journal of Developmental Psychology, 18(3), 319-333. doi: 10.1348/026151000165715 

 

A limitation of this approach is that using tightly controlled images underestimates 

the challenge of recognizing someone across natural variation in appearance (e.g., 

viewpoint, expression, weight, makeup). In daily life, adults need to be able to recognize 

their friends and family across several contexts in which they might vary their 

appearances, while also telling them apart from similar-looking people. A single photo or 

two nearly identical photos cannot capture the ways in which a person’s appearance 

varies and thus researchers using tightly controlled images may be capturing image 

recognition rather than true face recognition. According to Burton (2013), the reliance on 

tightly controlled images has slowed progress in the field and until recently, prevented 

the examination of the challenge of telling faces together. To address this limitation, in 
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the second approach, researchers examine the ability to recognize facial identity in 

ambient images—images that capture natural within-person variability in appearance (see 

Figure 1.2). In these studies, multiples images of each identity are used, and images 

include variation in aspect such as viewpoint, lighting, expression, hairstyle, makeup, 

weight and age, both within and between identities. This approach precludes image 

recognition, thereby better capturing the type of face processing necessary in everyday 

life.  

It is only within the last 11 years that researchers have begun to shift their approach 

to studying identity recognition to include ambient images. The majority of this research 

has focused on young adults. In my thesis, I examined face learning and recognition 

across ambient images in two age groups that have been largely ignored in the literature: 

children and older adults. The ability to learn and recognize faces is critical for both 

children and older adults’ daily social interactions. Children need to be able to recognize 

people who are highly familiar to them (e.g., parents, teachers, classmates), as well as 

people they have only briefly encountered when they see them again in a new context 

(e.g., a new friend on the playground). In forensic settings, children may be asked to 

identity a suspect when they are the only eyewitness to a crime (e.g., in child sexual 

abuse cases). Older adults comprise the fastest growing age demographic in our society 

and are now living longer than ever before (Statistics Canada, 2019). Many individuals 

remain socially active well into older adulthood and the success with which they integrate 

into new social groups (e.g., seniors’ centres, clubs, new neighbourhood) will be 

influenced by their ability to learn and recognize newly encountered people. In addition 

to having important implications for these age groups, examining both developmental and 
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age-related changes in identity learning and recognition can provide novel insight about 

how these processes function in young adults. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2. An example of stimuli that capture natural within-person variability in 
appearance (i.e., ambient images). All six images are of the same person. Taken from 
Matthews, C. M., & Mondloch, C. J. (2018). Finding an unfamiliar face in a line‐up: 
Viewing multiple images of the target is beneficial on target‐present trials but costly on 
target‐absent trials. British Journal of Psychology, 109, 758-776. 
doi:10.1111/bjop.12301. 
 
 
Recognition of Familiar vs. Unfamiliar Faces 

The ability to recognize identity in ambient images varies tremendously with 

familiarity. The ease with which we recognize familiar faces led to adults to be referred 

to as experts at recognizing faces, and to a reliance on photo identification for verifying 

identity in applied settings (e.g., when crossing the border, buying age restriction goods).  

However, adults’ expertise in recognition is limited to familiar faces. When viewing a 

newly encountered face, as is the case when checking photo identification, adults make 

many errors (e.g., Bruce et al., 1999; Bruce et al., 2001; Burton et al., 2010; Jenkins et al., 
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2011; Kemp et al., 1997; Megreya & Burton, 2006, 2008; Megreya et al., 2013). Adults 

perform very well when asked to recognize newly learned faces in an old/new 

recognition task or in a delayed match-to-sample task, at least when identical images are 

presented during the study and test phases (Duchaine & Nakayama, 2006; Nordt & 

Weigelt, 2017; Proietti et al., 2019). When faces are wholly unfamiliar, performance 

drops when non-identical images of a face are presented—even when the study and test 

images are taken only moments apart (Megreya et al., 2013) or when a simple change in 

lighting, viewpoint or facial expression is made to tightly controlled images (Duchaine & 

Nakayama, 2006; Nordt & Weigelt, 2017). Adults make many errors when matching 

identity in ambient images of unfamiliar faces (e.g., Bruce et al., 1999; Bruce et al., 2001; 

Burton et al., 2010; Jenkins et al., 2011; Kemp et al., 1997; Laurence et al., 2016; 

Megreya & Burton, 2006, 2008; Megreya et al., 2013) but recognize ambient images of 

familiar faces with ease (e.g., Bruce, 1982; Bruce et al., 2001; Jenkins et al., 2011), even 

when image quality is poor (CCTV, Burton et al.,1999) and after large distortions (Hole 

et al., 2002). This is a remarkable ability given the sheer number of faces that adults 

know (estimated to be 5000 on average; Jenkins et al., 2018) and the fact that no other 

object in the visual domain varies in appearance as much as human faces because of both 

intrinsic (e.g., expression, age, health) and extrinsic (e.g., viewpoint, lighting) changes.  

This stark contrast between familiar and unfamiliar face recognition was 

highlighted in a sorting task by Jenkins and colleagues (2011). Adults sorted 40 

photographs (20 images of two people's faces) into piles based on identity. Whereas 

participants who were familiar with the people correctly sorted the images into two piles, 

those who were unfamiliar made about seven piles (i.e., perceived seven people to be 
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present). The dramatic difference in adults’ ability to recognize familiar vs. unfamiliar 

faces is attributable to the nature of their representations in memory. Representations of 

unfamiliar faces are limited by the instance in which the image was captured; a change in 

appearance is often perceived as a change in identity. In contrast, representations of 

familiar faces are robust to variability in appearance, allowing for recognition in novel 

instances (see Burton, 2013, Burton et al., 2005; Burton et al., 2011; Hancock et al., 

2000; Johnston & Edmonds, 2009). 

Models of Face Recognition 

Two influential models account for our ability to recognize thousands of faces. 

According to Bruce and Young’s (1986) model, when we encountered a face, we engage 

in structural encoding. This process includes both view-centered descriptions (i.e., 

information specific to the particular image or instance in which the face is encountered) 

and expression independent descriptions (i.e., an abstract representation of the face 

containing information diagnostic to identity) of the face. When we encounter a person 

that we know, there is a match between the perceptual input and the face recognition unit 

(FRU) that we have stored for that person. Each FRU is comprised of the stored structural 

code that we have extracted from a familiar face, and FRUs are activated when the input 

closely resembles that stored structural code. From there, information about the person 

(e.g., their occupation) as well as their name can be generated. When we first encounter 

an unfamiliar face, we do not have a stored FRU. It is difficult to generate expression-

independent descriptions when viewing someone in only one particular instance. Thus, 

when a face is unfamiliar, Bruce and Young proposed that we engage in analysis of 
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expression and facial speech and directed visual processing (e.g., selectively attending to 

specific areas of the face when asked to compare two unfamiliar identities).  

Another conceptualization of how we encode faces is as unique points in a 

multidimensional face space. According to Valentine’s (1991) influential model, vectors 

in multidimensional face space represent dimensions along which individual faces vary. 

The nature of these dimensions remains unspecified, but they might represent features 

such as the size of the nose or the distance between the eyes (see Turk & Pentland, 1991 

for description of eigenfaces). The location of an individual face is determined based on 

their value on each of these dimensions relative to a face prototype that represents the 

average of all the faces a person has encountered. Expanding on this theory, Tanaka and 

colleagues (1998a) proposed that each face is surrounded by an attractor field that 

represents the range of variability in appearance that will be accepted as belonging to that 

identity. The size of a face’s attractor field is influenced by the density of face space with 

faces in less densely clustered regions (i.e., distinctive faces, own-race faces) having 

larger attractor fields than faces in more densely clustered regions (i.e., typical faces, 

other-race faces). Expert recognition of familiar faces can be conceptualized as familiar 

faces having large attractor fields that allow for recognition across a wide range of 

within-person variability in appearance. Even when we encounter a familiar face in a new 

context (e.g., with a new hair colour), this new exemplar falls within the boundaries of its 

large attractor field, facilitating recognition. The process of face learning, whereby we 

learn to tolerate variability in the appearance of a newly encountered face, has been 

proposed to reflect the expansion and refinement of attractor fields (Baker & Mondloch, 

2019; Matthews & Mondloch, 2018).  
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Underlying Processes in Adults 

Adults’ ability to recognize and discriminate faces has been attributed to three 

underlying processes. 1) Adults process faces as a gestalt; perception of each feature 

(e.g., the eyes) is influenced by the rest of the face—a pattern dubbed holistic processing 

(Hole, 1994; Tanaka & Farah, 1993; Tanaka et al., 1998b; Young et al., 1987).  2) Adults 

are exquisitely sensitive to differences in feature shape and spacing, allowing them to 

detect very small differences among both unfamiliar and familiar faces (Freire et al., 

2000; Mondloch et al., 2002; Ge et al., 2003). 3) Adults engage in norm-based coding; 

each face is represented based on how (e.g., crooked nose), and how much (e.g., large 

eyes), it differs from a prototype (Rhodes et al., 2014; Valentine, 1991; Valentine et al., 

2016). Adults’ ability to recognize familiar faces despite tremendous variability in 

appearance has been attributed to their building a robust and abstract representation of 

facial identity—analogous to Face Recognition Units in Bruce and Young’s (1986) 

influential model. I will review these processes in adults before discussing the 

development of identity recognition during childhood. 

Holistic Processing 

Holistic processing, a process by which facial features are integrated into a gestalt, 

is a hallmark of adults’ expertise and evident in two experimental tasks. The composite 

face effect occurs when aligning the top and bottom halves of two different faces impairs 

recognition of individual parts (see Figure 1.3). When the composite is comprised of 

familiar faces, adults are slow to recognize the top half, despite being told to ignore the 

bottom half (Young et al., 1987). When the composite is comprised of unfamiliar faces 

and the task is to make same/different judgements about the top halves, adults have a 
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high error rate on same trials (i.e., when the same top half is aligned with different 

bottoms; Hole, 1994). Adults perform better when the two halves are misaligned or the 

face is inverted, disrupting holistic processing (Hole, 1994; Hole et al., 1999; Le Grand et 

al., 2004; Young et al., 1987). In the part/whole task, participants are asked to recognize 

facial features when presented in isolation (e.g., Larry’s nose, part condition) or in the 

context of the whole face (whole condition). Adults more accurately identify the features 

in the whole than in the part condition (Farah et al., 1998; Goffaux & Rossion, 2006; 

Pellicano & Rhodes, 2003; Tanaka & Farah, 1993; Tanaka & Sengco, 1997). Both effects 

are upright face-specific (i.e., not observed for objects such as houses and cars or for 

inverted faces; Tanaka & Farah 1993; Macchi Cassia et al. 2009b).  

 

Figure 1.3. An example of stimuli from the Composite-face task.  The top row depicts 
faces pairs in the misaligned condition and the bottom row depicts faces pairs in the 
aligned condition. In the left panel, the top halves are identical in each pair, and in the 
right panel they are different. The bottom halves are different in all face pairs. Aligning 
the two halves evokes holistic processing; the halves become fused and adults perceive a 
novel identity, making it difficult to decide whether the top halves are the same or 
different. Taken from Le Grand, R., Mondloch, C.J., Maurer, D., Brent, H.P. (2004). 
Impairment in holistic face processing following early visual deprivation. Psychological 
Science, 15(11), 762-768. doi: 10.1111/j.0956-7976.2004.00753.x 
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Sensitivity to external contour, shape of features, and their spacing 

To discriminate between identities adults can rely on subtle differences in the 

shape of facial features, the spacing among them and the shape of the external contour. 

Systematically isolating each of these cues by replacing the original features with those 

of another face, by moving the eyes and mouth, or by replacing the original exterior 

contour with that of another face has repeatedly demonstrated adults’ sensitivity to each 

of these cues (see Figure 1.4). Whether asked to make same/different judgements of 

unfamiliar faces or detect subtle changes to familiar faces, adults are highly accurate, 

with >80% accuracy even when spacing changes are kept within normal limits (Ge et al., 

2003; Freire et al. 2000; Mondloch et al., 2002). Sensitivity to feature spacing is tuned by 

experience: it is reduced for monkey and inverted faces and for houses (Mondloch et al., 

2006b; Robbins et al., 2011). 

Prototype formation  

According to Valentine’s (1991) influential model, individual faces are encoded in 

relation to a prototype—a process known as norm-based coding. This prototype 

represents the average of all the faces a person has encountered and is constantly updated 

based on experience. Faces that are located close to the prototype are rated as more 

typical and attractive than faces located farther away (Potter & Corneille, 2008; Rhodes 

& Tremewan, 1996; Valentine et al., 2004).  
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Figure 1.4. An example of stimuli created to examine sensitivity to feature shape and 
spacing, and external contour.	The original face is shown as the left-most face in each 
panel, along with the altered faces in each set. Panel A depicts the spacing set, created by 
moving the eyes in/out/up/down and moving the mouth up or down. Panel B depicts the 
feature set, created by replacing the original features with those of another identity. Panel 
C depicts the external contour set, created by replacing the original exterior contour with 
that of another face. Taken from Mondloch, C. J., Le Grand, R., & Maurer, D. (2002). 
Configural face processing develops more slowly than featural face processing. 
Perception, 31, 553–566. doi: 10.1068/p3339 
 

To provide evidence of norm-based coding, researchers use an adaptation 

paradigm. Repeated exposure (i.e., adaptation) to faces distorted in a similar direction 

leads to an aftereffect—a temporary shift in the face prototype, influencing the perception 

of subsequent faces. Researchers have examined figural (i.e., attractiveness) aftereffects 

by adapting participants to faces with compressed or expanded features. Such distortions 

lead to the perception of unaltered faces as distorted in the opposite direction and 

similarly distorted faces as more attractive (Rhodes et al., 2003; Webster & MacLin, 
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1999). Researchers have examined identity aftereffects by adapting participants to the 

opposite of an original identity (e.g., “anti-Dan”), derived from a computational face-

space; for example, if Dan had widely spaced eyes, anti-Dan’s eyes are close together. 

After repeated exposure to “anti-Dan”, participants perceive previously ambiguous faces 

along the Dan/anti-Dan trajectory as more similar to the original identity (i.e., Dan; 

Anderson & Wilson, 2005; Leopold et al., 2001). These effects are selective such that 

larger aftereffects are found for opposite faces (e.g., Dan and anti-Dan) than for non-

opposite faces (e.g., Dan and anti-Jim) equal in dissimilarity (Rhodes & Jeffery, 2006). 

The magnitude of identity aftereffects is positively correlated with recognition accuracy, 

providing evidence of the role of norm-based coding in identity perception (Dennett et 

al., 2012; Rhodes et al., 2014). 

Adults’ face space shows evidence of separate prototypes for different face 

categories (e.g., race, sex, age, upright versus inverted) as shown by opposing (category-

contingent) aftereffects. Adapting adults to face categories distorted in opposite 

directions (e.g., compressed Caucasian and expanded East Asian faces) results in 

perceptions of normality being shifted in opposite directions for Caucasian versus Asian 

faces (Jaquet et al., 2008; Little et al., 2008). This suggests that the mature face 

processing system codes faces relative to category-specific norms; had there been a single 

prototype, the aftereffects would have cancelled each other out, leading to no shift in the 

norm.  

Learning to recognize ambient images of familiar faces  

The ability to recognize faces in ambient images is the true marker of expert 

recognition—something that is limited to familiar faces in adults. Adults’ ability to 
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recognize familiar faces despite tremendous variability in appearance has been attributed 

to their building a robust and abstract representation of facial identity—analogous to Face 

Recognition Units in Bruce and Young’s (1986) influential model. Within-person 

variability in appearance makes the recognition of a newly encountered face difficult, but 

exposure to such variability facilitates face learning in adults (e.g., Andrews et al., 2015; 

Baker et al., 2017; Dowsett et al., 2016; Ritchie & Burton, 2017). Adults’ ability to find 

an identity in a lineup is improved after viewing multiple images of that person (Dowsett 

et al. 2016; Matthews & Mondloch, 2018); viewing images captured on different days 

(i.e., high variability) is more beneficial than viewing images captured on the same day 

(i.e., low variability; Ritchie & Burton, 2017). Variability may be beneficial because 

adults can represent multiple versions of a person's face (Burton et al., 2016; Young & 

Burton, 2017) and/or because they form an average representation that contains reliable 

diagnostic cues but excludes cues specific to a particular instance (Burton et al., 2005; 

Kramer et al., 2015). Adults extract average representations rapidly and automatically—a 

process known as ensemble coding (Davis et al., 2020; Kramer et al., 2015); after briefly 

viewing four images of a person's face, they report having seen the average of those four 

images and the images themselves with comparable frequency.  

In short, adults’ expertise with faces is attributable to holistic processing, 

sensitivity to facial cues (i.e., external contour, the shape of facial features, and their 

spacing) and norm-based coding. Nonetheless, this expertise is limited to faces with 

which adults are familiar. Exposure to the ways in which a person varies their appearance 

facilitates the process by which newly encountered faces become familiar.  
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Face recognition during childhood 

Research with children has traditionally focused on their ability to match 

unfamiliar faces and recognize newly learned faces when images incorporate limited, 

systematic variability in appearance. Children’s recognition of previously learned faces 

shown from a new viewpoint improves between the ages of 5 to 12 years (Croydon et al., 

2014), with evidence of additional improvement until age 30 (Germine et al., 2011). The 

ability to match images of a target across minor changes in lighting, viewpoint and 

expression also improves across childhood (Bruce et al., 2000; Carey et al., 1980; de 

Heering et al., 2012; Megreya & Bindemann, 2015; Mondloch et al., 2003), as does the 

ability to recognize an unfamiliar face when paraphernalia (e.g., hats, glasses) is added or 

removed (Diamond & Carey, 1977; Friere & Lee, 2001). Performance is better with 

familiar faces. By age 5 there is an advantage for familiar over unfamiliar faces when 

matching identity in tightly controlled images and, like adults, children rely on internal 

features to recognize familiar faces, but external features for unfamiliar faces (Bonner & 

Burton, 2004; Ge et al., 2008; Wilson et al., 2009, but see Newcombe & Lie, 1995). 

Familiarity also protects 6-year-olds from making errors based on paraphernalia 

(Diamond and Carey, 1977). 

Despite these findings some researchers have argued that recognition of identity 

even of unfamiliar faces is fully quantitatively mature by the age of 5, with further 

improvements arising only from general cognitive development (Crookes & Robbins, 

2014; McKone et al., 2012; Weigelt et al., 2014). Weigelt and colleagues found face-

specific improvement in recognition memory throughout childhood (i.e., memory for 

faces improved more than memory for other categories, such as cars) but no evidence of 
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face-specific perceptual development after 5 years of age (i.e., improvements on 

perceptual tasks were similar for faces and other categories). In a memory task, Crookes 

and Robbins (2014) confirmed that error rates increase when newly learned faces are 

shown from a different versus the same viewpoint, but the increase was comparable in 8-

year-olds and adults after equating performance in the same-view condition by reducing 

set size for children. All of these studies used tightly controlled images of unfamiliar (or 

newly learned) faces with minimal variability, stimuli that are ideal for measuring 

children's sensitivity to different types of information, but that do not measure the type of 

expertise adults use to recognize familiar faces across natural variability in appearance 

(e.g., changes in lighting, hairstyle, expression, age, weight; see Burton, 2013 for 

discussion). Recognizing identity in ambient images (i.e., those that capture natural 

variability in appearance) is likely a face-specific skill because no other visual category 

varies in a comparable way and, for most observers, only faces are recognized at the 

individual level (see Baker et al., 2017 for discussion). Moreover, adults’ ability to 

recognize identity in ambient images is limited to familiar faces, but most developmental 

research has relied on unfamiliar faces.  

A strong test of fully quantitatively mature face recognition requires comparisons 

of familiar and unfamiliar faces and the use of ambient images to examine children’s 

ability to form such robust representations—akin to Face Recognition Units (FRUs) in 

Bruce and Young’s (1986) model. The few studies using ambient images of unfamiliar 

faces with children have reported age-related improvement and, when adults were tested, 

significant differences between children and adults (Baker et al., 2017; Laurence & 

Mondloch, 2016; Neil et al., 2016). Accuracy on Jenkins et al.’s (2011) sorting task with 
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unfamiliar faces increases between the ages of 6 to 14 years (Neil et al., 2016). This 

prolonged development is evident even when the task is made child-friendly by reducing 

cognitive demands (Laurence & Mondloch, 2016). The developmental pattern for 

familiar faces is quite different. The only study using ambient images suggests that the 

ability to recognize a familiar face in ambient images is adultlike by 6 years of age 

(Laurence and Mondloch, 2016): children aged 6 years and older sorted ambient images 

of their own teacher (nearly) without error. However, many 4- and 5-year-olds 

recognized only a subset of their teacher’s images, despite knowing her for 3 to 9 months. 

Even the youngest children’s errorless performance on control trials indicates their failure 

to recognize their teacher cannot be attributed to general cognitive skills.  

Behavioural evidence of prolonged development of identity recognition, at least for 

unfamiliar faces, is consistent with evidence that face-selective regions in the brain 

undergo substantial changes during childhood (e.g., Cohen Kadosh et al., 2013a, 2013b, 

Golarai et al., 2007, 2010, 2017; Scherf et al., 2007). The fusiform face area (FFA) 

which, in adults, responds more to faces than non-face objects (Kanwisher et al., 1997) 

and which is involved in representing invariant aspects of facial identity (i.e., information 

that does not change across instances; see Haxby et al., 2000), increases in size (Golarai 

et al., 2007; Peelen et al., 2009; Scherf et al., 2007) and becomes more selective to faces 

versus non-face objects (Aylward et al., 2005; Golarai et al., 2010; Peelen et al., 2009) 

during childhood and adolescence. This region also becomes increasingly sensitive to 

facial identity during childhood (Natu et al., 2016; Nordt et al., 2018). For example, in an 

adaptation paradigm, 7- to 10-year-olds exhibited weaker adaptation in the FFA in 

response to different images of the same person than did adults (Nordt et al. 2018), 
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consistent with children’s difficulty recognizing identity across even slight changes in 

appearance. Collectively, behavioural and neural evidence suggest prolonged 

development of identity recognition for unfamiliar faces and, in the very few studies to 

date, faster development for familiar faces. 

The Development of Underlying Mechanisms 

An abundance of research has examined the development of three mechanisms 

shown to underlie adults’ ability to recognize and discriminate faces: holistic processing, 

sensitivity to facial cues and prototype formation. Only one study has examined the 

development of the ability to build robust representations of newly encountered faces—a 

key mechanism involved in adults’ expertise with familiar faces. While some of these 

mechanisms are mature by early childhood, others show prolonged development.   

Holistic Processing 

Holistic processing emerges during infancy and is mature by 4 years of age. When 

making same/different judgments about the top halves of unfamiliar faces, 4- and 6-year-

olds show a composite face effect comparable to that of adults (de Heering et al., 2007; 

Mondloch et al., 2007), an effect that emerges by 3.5 years (Macchi Cassia et al., 2009b). 

At age 6 children show a composite face effect for familiar faces (Carey & Diamond, 

1994). By age 4, children are more accurate in the whole than in the part condition of the 

part/whole task (Pelicano & Rhodes, 2003; Pelicano et al., 2006; Tanaka et al., 1998b). 

Holistic processing is face-specific during childhood—at least to some degree: although 

children as young as 3.5 years do not show a composite effect for cars (Macchi Cassia et 

al. 2009b), 8- to 10-year-olds do show one for watches, albeit a smaller effect than that 

observed for faces (Meinhardt-Injac et al., 2017), and children as young as 5 do not show 
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the part/whole effect with inverted faces (Pelicano & Rhodes, 2003; Tanaka et al., 

1998b). Collectively these studies provide no evidence that immature holistic processing 

contributes to the slow development of face recognition during childhood (see Crookes & 

McKone, 2009 for a similar conclusion). 

Sensitivity to external contour, shape of features, and their spacing 

Sensitivity to each of these cues emerges during infancy but the age at which adult-

like performance is achieved varies. Six-year-olds are adult-like when making 

same/different judgments about unfamiliar faces that differ in external contour, and 

nearly so when such faces differ in feature shape, with little to no statistical difference at 

age 10 (Mondloch et al., 2002; Mondloch et al., 2010b). When unfamiliar faces differ in 

feature spacing, accuracy increases between 6 and 14 years of age and even 14-year-olds 

make more mistakes than adults (Mondloch et al., 2002; Mondloch et al., 2003, see Freire 

& Lee, 2001 for evidence of age-related improvement in a delayed match-to-sample 

task). Even when the task is adapted to increase the viewing time and exaggerate feature 

spacing beyond natural limits, 8-year-olds are still not as accurate as adults (Mondloch et 

al., 2004), although when featural distortions are extreme, children aged 7 to 11 perform 

comparably to adults in a memory task (Gilchrist & McKone, 2003). Threshold 

sensitivity also decreases: the smallest difference in spacing that children are able to 

detect decreases between 7 and 11 years of age (Baudouin et al., 2010). Although less 

sensitive to feature spacing than adults, even 6- to 8-year-olds show face-specificity—an 

adult-like advantage for recognizing feature spacing in upright human over inverted 

human and monkey faces (Mondloch et al., 2002; Mondloch et al., 2006b).  
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Although 4-year-olds detect differences in feature spacing under certain 

circumstances (e.g., when judging distinctiveness, McKone & Boyer, 2006; when asked 

to recognize facial features in the part/whole task, Pellicano et al., 2006), it is unlikely 

that they use feature spacing to recognize facial identity. Four-year-olds are at chance at 

distinguishing familiar(ized) faces from distractors that differ only in feature spacing 

(Mondloch et al., 2006a), regardless of whether the faces had been learned from a 

storybook or were personally familiar—best friends from the child’s daycare (Mondloch 

& Thompson, 2008) or even their own face2 (Mondloch et al., 2006a). Chance 

performance cannot be attributed to general immature cognition because these same 

children performed (nearly) without error when the distractor differed in feature shape or 

external contour. Similarly, 4-year-olds were at chance in a simultaneous match-to-

sample task in which they were instructed to find the twins when one member of each 

triad differed in feature spacing (Mondloch & Thompson, 2008). This is the same age at 

which children have difficulty recognizing their own teacher in ambient images 

(Laurence & Mondloch, 2016). Given that sensitivity to feature spacing matures quite 

late in childhood, while other mechanisms (e.g., holistic processing, sensitivity to feature 

shape and external contour) are fully developed by 4 to 6 years of age, immature 

sensitivity to feature spacing may underlie children’s deficits in recognizing facial 

identity.  

 

 

 
2 Although Freire & Lee (2001) reported that 4-year-olds were capable of using differences in feature 
spacing to identify faces in a delayed match-to-sample task, subsequent analyses (McKone & Boyer, 2006) 
revealed that performance in this age group was not above chance.  
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Prototype formation  

Children as young as 4 years old appear to represent faces in a multidimensional 

face space that shares at least some properties with that of adults (reviewed in Jeffery & 

Rhodes 2011). Four-year-olds perceive differences in facial distinctiveness, a judgment 

that requires reference to a face prototype (McKone & Boyer, 2006). Similarly, 6- to 10-

year-olds rate caricatures (images manipulated to exaggerate differences between a face 

and the average) as more distinctive than anti-caricatures (images manipulated to enhance 

similarities between a face and the average; Chang et al., 2002). 

By early childhood, children also show characteristics of norm-based coding. 

Adaptation produces figural aftereffects in children 4 to 12 years old (Anzures et al., 

2009; Hills et al., 2010; Jeffery et al., 2010; Short et al., 2011) and identity aftereffects in 

children 5 to 9 years old (Jeffery et al., 2011; Nishimura et al., 2008; Pimperton et al., 

2009). As in adults, these identity aftereffects are selective for pairs of opposite faces 

(e.g., Dan & anti-Dan; Nishimura et al., 2008). The size of children’s aftereffects is 

comparable to that of adults (Jeffery et al., 2010; Nishimura et al., 2008; Pimperton et al., 

2009) and, like adults, children experience stronger aftereffects after adaptation to more 

extreme distortions (Jeffery et al., 2010, 2011, 2013). 

Nonetheless, children are less sensitive to deviations from the norm than are adults. 

When rating unaltered and distorted (e.g., compressed or expanded) faces based on 

attractiveness, 8-year-olds require more extreme distortions to reliably rate the unaltered 

faces as more attractive (Anzures et al., 2009; Crookes & McKone, 2009; Jeffery et al., 

2010). Children utilize the same dimensions as adults when coding facial identity but rely 

on only one of these dimensions at a time (predominately eye colour), whereas adults use 
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multiple dimensions simultaneously (Nishimura et al., 2009). Further, 5-year-olds show 

no evidence of category-specific norms for race, sex or age (Short et al., 2014). Category-

specific prototypes emerge during middle childhood but are not observed for all 

categories; 8-year-olds show race-specific aftereffects (Short et al., 2011) but even 10-

year-olds do not show orientation-specific aftereffects (Robbins et al., 2012), suggesting 

that separable norms for faces of different categories continues to develop during 

childhood. Collectively, this evidence suggests that although children engage in norm-

based coding, their face space continues to be refined throughout childhood.  

Learning to recognize ambient images of familiar faces  

To date, only one study has examined children’s ability to learn a newly 

encountered face. Baker et al. (2017) familiarized children (aged 6 to 12) with an identity 

through a 10-minute video in which a woman read them a story. In the low-variability 

condition, the video was filmed in on a single day, incorporating some changes in 

expression and viewpoint. In the high-variability condition, the video was filmed across 

three days, incorporating changes in expression and viewpoint, as well as changes in 

camera, lighting, hairstyle, and makeup. In the control condition, participants were 

familiarized with the identity by viewing a single image. After familiarization, 

participants completed Laurence and Mondloch’s (2016) child-friendly sorting task. 

Relative to the no-training group, adults showed evidence of learning after viewing the 

low-variability video, whereas children only showed evidence of learning after viewing 

the high-variability video. This suggests that children are less efficient than adults at 

learning a newly encountered face. It is noteworthy that this task required children to 

hold a representation of the person from the video in memory to later recognize them in 
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the child-friendly sorting task. Researchers have yet to examine children’s ability to learn 

a new face from exposure to variability in a perceptual task, where memory demand are 

greatly reduced. I address this question in Chapters 2 and 3.  

The Role of Experience  

Age-related improvement in developmental studies has been interpreted as 

evidence that experience with faces plays a key role. Several lines of evidence suggest 

that face-specific experience impacts the development of many aspects of face 

processing. Exposure to siblings' faces affects development. By 3 years of age, children 

without a sibling show superior discrimination and a selective inversion effect for adult 

relative to child or infant faces. Three-year-olds with a sibling (younger or older) and 6-

year-olds with a younger sibling show comparable discrimination and inversion effects 

for both infant/child and adult faces (Macchi Cassia et al., 2009a, 2012, 2013, 2014). This 

sibling effect persists into adulthood: only mothers who had a younger sibling show an 

inversion effect for infant faces (Macchi Cassia et al., 2009a). The number of faces 

encountered during development also influences face processing. Adults raised in small 

towns are less accurate at recognizing faces learned in a memory task and at matching the 

identity of unfamiliar faces than adults from large towns (Balas & Saville, 2015, 2017). 

Small-town adults also demonstrate an N170 that is less specific to faces (Balas & 

Saville, 2015). Similarly, adults who were home-schooled are poorer at sorting ambient 

images of unfamiliar faces than adults who encountered many more faces by attending 

school (Short et al., 2017).  

Perhaps the most compelling evidence for the role of experience comes from 

studies examining the own-race advantage, a phenomenon in which we tend to have 
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superior recognition of own- vs. other-race faces. This effect has been attributed to 

individuals typically having more experience with the faces of their own races than those 

of other races. The own-race advantage is evident during adulthood on the very tasks that 

show prolonged development during childhood: recognizing learned unfamiliar faces in 

memory tasks (e.g., Golby et al., 2001; MacLin & Malpass, 2001; Meissner & Brigham, 

2001, Wright et al., 2003, Zhou et al., 2018), matching identity across images of 

unfamiliar faces (Laurence et al., 2016; Megreya et al., 2011; Meissner et al., 2013; 

Proietti et al., 2019), and detecting changes in feature shape and spacing (Hayward et al., 

2008; Mondloch et al., 2010a; Rhodes et al., 2009; Zhao et al., 2014) 3. Although social 

cognitive factors might contribute to these effects (Hugenburg et al., 2010; Young et al., 

2012) and the ORE is reduced when perceived threat increases (e.g., with angry 

expressions; Ackerman et al., 2006), the fact that these effects emerge during infancy 

(i.e., before developing the classic outgroup homogeneity bias) suggests experience is 

critical (Anzures et al., 2013; Kelly et al., 2005, 2007; Tanaka et al., 2013). In contrast, 

adults do not show an own-race advantage on the tasks that mature early: when 

recognizing highly familiar faces (Zhou & Mondloch, 2016), ensemble coding (Davis et 

al., 2020) or learning faces from ambient images in a perceptual matching task (Matthews 

& Mondloch, 2018). Collectively, these results provide converging evidence that face-

specific experience drives development during childhood. 

Despite this evidence, it is important to consider that the accumulation of 

experience with faces during childhood is confounded with general cognitive 

development (i.e., improvement in non-face processes such as memory and attention). 

 
3 The results for holistic processing are mixed (Crookes et al., 2013; Hayward et al., 2013; Michel et al., 
2006a,b; Mondloch et al., 2010a; Tanaka et al., 2004). 
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This has led some researchers to argue that any age-related improvement during 

childhood is attributable solely to general cognitive development (Crookes & Robbins, 

2014; McKone et al., 2012; Weigelt et al., 2014). Studies demonstrating that young adults 

show an own-race advantage on some tasks assessing face learning and recognition 

provide compelling evidence that face-specific experience plays an important role 

(Laurence et al., 2016; Megreya et al., 2011; Zhou et al., 2018). Just as children lack 

experience with faces in general, adults lack experience with other-race faces. Such 

comparisons control for differences in general cognitive skills – unlike children, adults 

have fully developed cognitive skills (e.g., memory, attention). However, evidence of a 

role for experience does not preclude a role for general cognitive skills. Studies 

examining the own-race advantage in young adults do not provide insight about the role 

of general cognitive skills in children. Thus, converging evidence from other populations 

that vary in experience and/or general cognitive skills is essential (see Apperly et al., 

2009; Gottlieb, 1976 for a discussion of various roles of experience in development).  

Face recognition in older adulthood 

Older adults are a unique population that can provide important insights into the 

extent to which mechanisms underlying face recognition are impacted by face specific 

experience vs. general cognitive mechanisms. Aging is associated with a decline in the 

same general cognitive skills (e.g., memory, attention, executive functions) that have a 

prolonged development during childhood (e.g., Demspter, 1992; Kail & Salthouse 1994; 

Zelazo et al., 1994). But, unlike children, older adults have accumulated a wealth of 

experience with faces. Despite this abundant experience, research using tightly controlled 

images has revealed that older adults make more errors than young adults across a range 
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of experimental protocols: In recognition memory tasks, in which participants are asked 

to decide whether or not a presented face was one that appeared in a previous learning 

phase (Bartlett & Fulton, 1991; Bartlett et al., 1989; Edmonds et al., 2012; Martschuk & 

Sporer 2018; Searcy et al., 1999); in eyewitness identification paradigms, in which 

participants are asked to find a target from lineup (Memon et al., 2003; Searcy et al., 

1999; Searcy et al., 2001); and on matching tasks, in which memory demands are reduced 

(Habak, Wilkinson, & Wilson, 2008; Megreya & Bindemann, 2015). To date, no study 

has examined older adult’s ability to recognize identities across ambient images. 

Evidence that older adults make more errors than young adults even when tested with 

tightly controlled images suggests that they may be especially impaired when recognizing 

identity in images that capture natural variability in appearance.  

Behavioural evidence of a decline in face recognition abilities with aging is 

consistent with neural evidence of reduced sensitivity in face-specific regions of the brain 

in older adulthood. In young adults, the fusiform face area (FFA) is more responsive to 

faces than non-face objects (e.g., houses; Kanwisher et al., 1997). This differentiation 

between faces and objects is reduced in older adults, suggesting that aging is associated 

with reduced face-specificity in the FFA (Park et al., 2004; Park et al., 2012; see Koen & 

Rugg, 2019 for a review). There is also some evidence that older adults may become less 

sensitive to facial identity with age. Goh et al. (2010) used a repetition suppression 

paradigm in which participants made same/different judgements about faces that were 

either identical (0% difference), morphed to be perceptually similar (40% difference) or 

different (100% difference). Both young and older adults showed adaptation in the FFA 

to repetitions of the identical face, but older adults showed greater adaptation effects than 
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did young adults when viewing perceptually similar faces. To investigate older adults’ 

neural representations of familiar faces, Wiese et al. (2017) used a repetition priming 

paradigm and measured the N250—an ERPs component associated with representations 

of familiar faces. Older adults showed reduced N250 priming effects relative to young 

adults, providing neural evidence of a deficit in recognizing familiar faces. Collectively, 

these results suggest that the fidelity of older adults’ neural representations of facial 

identity may decline with age.   

Underlying Processes in Older Adulthood 

Relative to the childhood literature, fewer studies have examined whether the 

processes that underlie adults’ recognition abilities undergo age-related changes in older 

adulthood. Here, I review studies that examined holistic processing, sensitivity to facial 

cues and prototype formation in older adults. To my knowledge, no studies have 

examined face learning across ambient images in older adulthood.  

Holistic Processing  

There is evidence to suggest that holistic processing remains intact in older 

adulthood. Several studies have reported that older adults show a composite face effect 

comparable to that of young adults (Konar, Bennett, & Sekuler, 2013; Wiese, Kachel & 

Schweinberger, 2013; Meinhardt-Injac et al., 2014; Meinhardt-Injac et al., 2017). 

Similarly, Boutet and Faubert (2006) reported an equivalent part-whole effect in older 

and younger adults. The only study to test older adults with non-face objects suggests that 

their holistic processing may be less face-specific than that of young adults. Like 

children, but unlike young adults, older adults show a composite face effect for both faces 

and watches, though a smaller effect for watches (Meinhardt-Injac et al., 2017). Few 
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studies report deficits in holistic processing in older adulthood. Hildebrandt et al. (2010) 

failed to find a composite face effect or a whole-part advantage for older adults. Boutet 

and Faubert (2006) used a memory-based task in which participants were asked to 

memorize names of faces and then identify the top halves of composite faces. The 

authors did not find a significant composite face effect for older adults, though they did 

report a trend in the direct of a composite face effect. Meinhardt-Injac et al. (2017) 

highlight that differences in testing procedures might explain these inconsistencies. The 

majority of evidence suggests that older adult’s difficulties in identity recognition are not 

attributable to deficits in holistic processing. 

Sensitivity to Facial Cues  

Few studies have examined older adults’ sensitivity to cues used to discriminate 

between faces. Using a delayed same/different discrimination task, Chaby and colleagues 

(2011) found that older adults did not differ from young adults at detecting veridical 

manipulations to the features (i.e., moving the eyes and mouth closer together or further 

apart) but were significantly less sensitive than young adults at detecting horizontal 

manipulations (i.e., moving the eyes closer together or further apart). A similar pattern of 

results was found by Slessor et al. (2013) in a face matching task. Taking a different 

approach, Murray and colleagues (2010) had young and older adults rate the bizarreness 

of faces. Older adults did not differ from younger adults in their ratings of feature-

distorted faces, but rated faces with distortions that altered the relations between features 

as less bizarre than young adults. Collectively, the few studies examining older adults’ 

ability to use facial cues suggest that aging is associated with reduced sensitivity to 
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feature spacing—a deficit that might contribute to older adults’ difficulty recognizing 

identity.   

Prototype Formation  

 To the best of my knowledge, no research has examined norm-based coding in older 

adults using adaptation. However, there is evidence that older adults are less sensitive to 

deviations from normality than young adults. When presented with an unaltered and a 

distorted (e.g., compressed or expanded) face, older adults are less accurate than young 

adults at detecting which face is more normal (Short & Mondloch, 2013). There is also 

evidence that older adults are less sensitive to identity than young adults. Proietti and 

colleagues (2015) administered an identity detection task, in which participants were 

asked to identify images of a target identity that had been morphed with an average face 

at 20% steps, manipulating the strength of the identity. Young adults were more accurate 

than older adults overall on this task. The authors also report a marginal interaction 

between identity strength and participant age, such that young adults produced a steeper 

slope for the relationship between identity strength and accuracy than older adults. This 

reflects greater improvement in accuracy in young vs. older adults as identity strength 

increased. Taken together, these results suggest that relative to young adults, older adults’ 

representations of faces are less well refined.  

In summary, the research examining mechanisms underlying identity recognition 

during aging reveals parallels to the developmental literature. The mechanisms that show 

age-related decline in older adulthood are those that have prolonged development during 

childhood; relative to young adults, both children and older adults are less sensitive to 

facial cues and their representations of faces are less well refined. In contrast, holistic 
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processing appears to be preserved with aging, and is mature by early childhood. In both 

the developmental and aging literatures, little to nothing is known about the mechanisms 

that contribute to building robust representations of familiar faces that allow for 

recognition in ambient images.  

The Current Research  

Several studies have examined how young adults learn and recognize identity in 

ambient images (e.g., Dowsett et al. 2016; Jenkins et al., 2011; Matthews & Mondloch, 

2018; Ritchie & Burton, 2017). However, little is known about how these abilities 

develop during childhood and whether they change with aging in older adulthood. The 

current research addresses this gap in the literature by examining the process of face 

learning and recognition in children (aged 4 to 11 years) and older adults. By the age of 

6, children easily recognize personally familiar faces despite variability in their 

appearance (Laurence & Mondloch, 2016). However, their face learning may be less 

efficient than that of young adults. Baker et al. (2017) showed that children (ages 6-12) 

require exposure to more variability in appearance than do young adults to learn a newly 

encountered face in a memory task. In the current research, I first examined the 

development of how a newly encountered face becomes familiar between the ages of 6-

11. Specifically, I examined the development of two mechanisms known to underlie 

adults’ face learning: ensemble coding and the ability to benefit from exposure to 

variability in appearance. Next, I examined one of these mechanisms—the ability to 

benefit from exposure to variability in appearance—in younger children. Four- and five-

year-olds fail to recognize some images of a highly familiar face (i.e., their teacher) 

despite having known her for 3 to 9 months (Laurence & Mondloch, 2016). 



 

 

30 

 

Understanding how these young children learn to recognize a newly encountered face can 

provide insights into their difficulty recognizing familiar faces. Finally, I provided the 

first examination of face learning and recognition across ambient images in older adults. 

By examining older adults, I aimed to both investigate the pattern of face learning and 

recognition with aging, as well as provide insights about the role of experience vs. 

general cognitive abilities in the development of face learning and recognition. 

In Study 1, I examined two mechanisms of face learning in children ages 6-11. 

Research examining face learning in adulthood suggests that two processes contribute to 

building robust representations of newly encountered faces: the formation of an average 

that incorporates diagnostic cues but excludes pictorial cues (Burton et al., 2005; Kramer 

et al., 2015) and representing idiosyncratic variability in appearance, allowing one to 

extrapolate beyond previously seen exemplars to recognize new instances (Burton et al., 

2016; Young & Burton, 2017). Across two experiments, I examined children’s ability to 

engage in ensemble coding and benefit from viewing multiple images when learning a 

new face in a perceptual matching task. Children as young as 6 showed comparable 

ensemble coding to adults and, despite being less accurate than adults overall at 

recognizing a newly learned face, showed comparable benefit from viewing multiple 

images during learning. These results suggest that both of these face learning 

mechanisms are developed by the age of 6.  

In Study 2, I examined whether the ability to use exposure to variability in 

appearance to recognize an identity in novel instances is developed in children young 

than 6 years of age. Four-and five-year-olds have difficulty recognizing a familiar face 

across changes in appearance and telling them apart from similar looking people. 



 

 

31 

 

Understanding the process by which newly encountered faces become familiar can 

provide insights into these difficulties. No study to date has examined face learning using 

ambient images in this age group. In Study 2, I examined whether 4- and 5-year-olds 

benefit from viewing multiple images in a perceptual matching task. Young children 

identified more images of a newly learned face after viewing multiple images of that 

person. However, viewing multiple images also led many children to make 

misidentification errors—an effect not found for older children and adults. These results 

suggest that this mechanism for face learning is not fully refined before the age of 6.  

In Study 3, I examined face learning and recognition at the opposite end of the 

lifespan. Past research has demonstrated that older adults make more errors than young 

adults when tested with tightly controlled images (e.g., Bartlett & Fulton, 1991; Bartlett 

et al., 1989; Edmonds et al., 2012; Habak et al., 2008; Martschuk & Sporer 2018; 

Megreya & Bindemann, 2015; Searcy et al., 1999). However, research has yet to examine 

older adults’ ability to learn and recognize identity in ambient images. Across five tasks, I 

compared young and older adults’ recognition of familiar and unfamiliar faces, and their 

ability to extract average representations of an identity (i.e., ensemble coding), use 

multiple images to enhance identity matching when memory demands are eliminated, 

and form representations of a newly encountered identity in memory. Young and older 

adults showed comparable performance in three tasks: when recognizing a familiar face 

across ambient images, ensemble coding, and learning a new identity from multiple 

images in a perceptual task. However, compared to young adults, older adults had even 

more difficulty matching images of unfamiliar faces and despite showing comparable 

benefits in sensitivity, older adults adopted a more conservative response bias after being 
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exposed to low variability in appearance in a face memory task, resulting in them failing 

to recognize novel instances of a newly learned identity. Collectively, the results of the 

three studies in my dissertation provide novel insights about the development of face 

learning and recognition across the lifespan. By the age of 6, children show adultlike 

ensemble coding and benefit from viewing within-person variability—two mechanisms 

known to underlie face learning in adults. However, the ability to use exposure to within-

person variability to facilitate recognition in novel instances is not fully refined in 4- and 

5-year-old children. In older adulthood, both ensemble coding and the ability to benefit 

from viewing within-person variability in appearance remain intact. Interestingly, older 

adults showed differences relative to young adults on the same tasks that show prolonged 

development during childhood—when matching unfamiliar faces across instances and 

when learning a face from exposure to low variability in appearance in a memory task. 

My findings contribute to our knowledge of the roles of experience and general cognitive 

abilities in the development of identity learning and recognition. Older adults’ deficits 

mirror those of children, despite older adults having accumulated a wealth of experience 

with faces in their lifetime. Thus, experience alone is cannot explain this pattern. To the 

extent that processes involved in the development of face learning and recognition 

abilities reflect those involved in their maintenance during aging, my results suggest a 

role for general cognitive abilities.  
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Chapter 2 

Study 1: The development of mechanisms underlying face learning4  

Recognizing the identity of individual faces is critical for daily social interactions 

and in numerous applied settings (e.g., the security industry; eye-witness testimony). A 

vast literature has investigated adults’ expertise in face recognition and its development 

during childhood. To ensure that discrimination and recognition could not be attributed to 

pictorial cues (e.g., hairstyle, shadows, freckles), researchers used tightly controlled 

images in which all photographs were taken from the same distance, with the same 

camera, and under identical lighting conditions. Each identity typically was represented 

by a single photo or two nearly identical photos, hair and clothing were covered, and 

blemishes removed. Using such stimuli researchers have investigated the development of 

identity matching (Bruce et al., 2000; Crookes & Robbins, 2014; Megreya & Bindemann, 

2015; Mondloch et al., 2003), holistic processing (Macchi Cassia et al., 2009; Mondloch 

et al., 2007; Pellicano & Rhodes, 2003), sensitivity to feature shape and spacing 

(Baudouin et al., 2010; Freire & Lee, 2001; Mondloch et al., 2002; McKone & Boyer, 

2006), and norm-based coding, a process by which each face is compared to the average 

of previously encountered faces (Anzures et al., 2009; Jeffery et al., 2010; Nishimura et 

al., 2009; Nishimura et al., 2008; Short et al., 2011; Short et al., 2014). These studies 

show that the mechanisms underlying adults’ expertise emerge by 6 years of age, with 

many mechanisms showing continued improvement throughout childhood. 

 
4 This chapter is based on the published article: Matthews, C. M., Davis, E. E., & Mondloch, C. J. (2018). 
Getting to know you: The development of mechanisms underlying face learning. Journal of Experimental 
Child Psychology, 167, 295-313. doi: 10.1016/j.jecp.2017.10.012 
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Despite providing numerous insights about children’s ability to recognize and 

discriminate facial images, such studies ignore an important aspect of identity perception: 

Recognizing identity despite natural variability in appearance (see Burton, 2013). In daily 

life the appearance of any individual face varies because of changes in both intrinsic 

(e.g., make-up, hairstyle, emotional expression, health) and extrinsic (e.g., lighting, 

distance, point of view) factors—the very factors that were controlled in the vast majority 

of developmental studies. Recognizing identity in ambient images—images that capture 

natural variability in appearance—is challenging. Two pictures of the same person can 

look very different and pictures of two different people can look highly similar. 

Nonetheless it is this ability that allows children to recognize their peers at school, in the 

movie theatre and on the soccer field. It is only recently that researchers have turned to 

this side of adults’ face recognition; almost nothing is known about its development. 

Adult’s Ability to Recognize Faces Despite Variability in Appearance 

Adults’ ability to recognize identity in ambient images is dramatically impacted by 

familiarity. Jenkins et al., (2011) asked adults to sort 40 photographs into piles such that 

each pile contained all of the images of one person. Unbeknownst to participants, the pile 

comprised 20 pictures of two people. Whereas participants who were familiar with the 

identities made two piles, those who were unfamiliar with them made about seven piles 

(i.e., perceived seven identities).  

The impact of familiarity on adults’ ability to recognize faces is attributed to familiar 

and unfamiliar faces differing in the extent to which their representations are image-

dependent. Whereas familiar faces are characterized as having robust abstract 

representations allowing recognition across a range of inputs, recognition of unfamiliar 
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faces relies on lower-level image properties and is heavily tied to a specific instance (see 

Burton et al., 2005; Burton et al., 2011; Hancock et al., 2000; Johnston & Edmonds, 

2009). 

How do adults build a robust representation of a newly encountered face? Exposure 

to variability in appearance is key (Andrews et al., 2015; Bindemann & Sandford, 2011; 

Dowsett et al., 2016; Menon et al., 2015; Ritchie & Burton, 2017). For example, adults’ 

ability to find a target face in an array of 30 photographs improves as the number of 

sample images of the target increases from one to six (Dowsett et al. 2016), and their 

ability to recognize new instances of an identity increases with the variability of images 

to which they were previously exposed (10 images taken on a single day vs. 10 images 

taken on different days; Ritchie & Burton). These findings are consistent with evidence 

that variability leads to optimal training of perceptual expertise in other domains 

(detecting dangerous items in luggage, Gonzalez & Madhavan, 2011; texture 

discrimination, Hussain et al., 2012). 

Exposure to multiple instances of an identity provides two benefits. First, it leads to 

the formation of an average that incorporates cues that are diagnostic of identity but 

excludes non-diagnostic (pictorial) cues (Burton et al., 2005; Kramer et al., 2015). 

Second, storage of previously encountered instances allows for a representation of how 

each individual face varies, allowing for recognition of new instances (Burton et al., 

2016; Young & Burton, 2017)—a phenomenon we will refer to as extrapolation beyond 

exemplars.  

The Development of Face Learning During Childhood 

To date, only two studies have examined children’s ability to recognize unfamiliar 
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faces in ambient images. In a child-friendly version of the Jenkins et al.’s (2011) sorting 

task, children aged 6 to 12 years were shown an image of a target identity mounted on a 

toy house. Children were given a stack of photos and asked to place all of the pictures of 

the target into the house while keeping everyone else out. When the target was 

unfamiliar, children made more errors than adults and accuracy increased between 6 and 

12 years of age (Baker et al., 2017; Laurence & Mondloch, 2016). Children are more 

likely than adults to interpret a change in appearance as a change in identity, perhaps 

because they have less experience than adults with faces in general. This interpretation is 

consistent with evidence that adults’ ability to recognize ambient images of an unfamiliar 

face is impacted by experience with the category of faces from which the identity is 

drawn; adults make about twice as many piles when sorting images of other-race than 

own-race faces (Laurence et al., 2016; Zhou & Mondloch, 2016). 

Until recently, the very few studies investigating children’s ability to recognize 

personally familiar faces used tightly controlled images (Bonner & Burton, 2004; Ge et 

al., 2008; Mondloch & Thompson, 2008; Newcombe & Lie, 1995; Wilson et al., 2009).  

However, in one study (Laurence & Mondloch, 2016) children completed the child-

friendly sorting task with a highly familiar identity—their own teacher. Children aged 6 

years and older performed (nearly) without error, suggesting that they are able to build a 

robust representation of faces.  

Nonetheless, two pieces of evidence suggest that the transition from an image-

dependent to image-independent representation is less efficient in children than adults. 

First, many 4- and 5-year-olds made errors despite knowing their teacher for 3 to 9 

months (Laurence & Mondloch, 2016). Second, Baker et al. (2017) provided direct 
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evidence that children need exposure to more variability than adults to learn a new facial 

identity. They familiarized adults and children with a new identity by showing them a 10-

minute video in which the model read a storybook; the video was filmed on a single day 

(low variability) or across 3 days (high variability; camera, lighting, hairstyle, and make-

up varied across days). Whereas adults showed evidence of learning in both the low- and 

high-variability conditions, children showed evidence of learning only in the high-

variability condition. Baker et al. concluded that children are less able than adults to 

extrapolate beyond the range of inputs directly experienced in order to recognize new 

instances of an identity.  

Here we investigate why children learn newly encountered faces less efficiently than 

adults. In Experiment 1, we examined the development of ensemble coding of facial 

identity (the rapid and automatic extraction of an average); in Experiment 2, we 

examined the children’s ability to extrapolate from exemplars in a perceptual matching 

task. 

Experiment 1 

In Experiment 1, we examined the development of ensemble coding. Ensemble 

coding refers to the rapid formation of the average of a set of items (e.g., mean 

orientation, Robitaille & Harris, 2011; mean gaze direction, Sweeny & Whitney, 2014; 

mean facial expression, Haberman & Whitney, 2007). Recent evidence suggests that 

adults rapidly and automatically encode the mean identity of an array of faces (see 

Ritchie et al., 2018). In studies investigating ensemble coding of facial identity, 

participants are briefly presented with an array of four images. They are then shown one 

image and asked to indicate whether that person was present in the study array. When the 
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array comprises images of four different identities, four types of probe stimuli are 

presented: an identity from the array, the morphed average of the identities in the array, a 

novel identity, or a morphed average of four novel identities. The correct answer is 

present in only one condition: when the probe stimulus is an identity from the array. 

Ensemble coding is evident when participants respond present to identities from the array 

and the morphed average of those identities more than they response present to novel 

identities or a morphed average of novel identities. Adults engage in ensemble coding of 

facial identity for both familiar and unfamiliar faces, regardless of whether test images 

are identical to those in the study array or novel images of the same identities (de Fockert 

& Wolfenstein, 2009; Neumann et al., 2013). 

Very little is known about the development of ensemble coding during early 

childhood (but see Sweeny et al., 2015 for evidence of ensemble coding for circle size in 

preschool children). To date, only one study has examined the development of ensemble 

encoding of facial identity during childhood (but see Rhodes et al., 2014 for a study 

contrasting ensemble coding in older children with that of children with autism). Rhodes 

et al. (2017) presented children aged 6 to 18 with arrays comprising images of four 

different people. Ensemble coding was evident in children as young as 8 years of age and 

possibly in even younger children (as noted by the authors, their small sample of 6- (n = 

5) and 7- (n = 1) year-olds precluded strong conclusions about whether ensemble coding 

was evident by 6 years of age). Nonetheless recognition of the set average increased with 

age, even after controlling for recognition of individual exemplars, suggesting that 

ensemble coding increases across childhood. 

Although ensemble coding of four different identities allows the viewer to extract the 
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gist of a crowd (e.g., average mood, age, ethnicity, trustworthiness), knowledge of 

identity per se from an array comprising different people might have limited utility. 

Kramer et al. (2015) argued that a primary function of ensemble coding of identity might 

be the rapid formation of an average of a particular identity; according to this argument, 

ensemble coding might be the first step towards face learning. They presented adults with 

four different images of the same person and report strong ensemble coding; the average 

of those four images was recognized as having been present more than the average of 

four different images of the same person. Furthermore, ensemble coding was evident 

when stimuli were presented both simultaneously and sequentially. Ensemble coding in 

the context of sequential presentation is especially noteworthy as this condition most 

closely maps how we learn faces in daily life (e.g., during social interactions; while 

watching television); it is rare that we learn a new face by viewing four images 

simultaneously. 

In Experiment 1 we examined ensemble coding in children aged 6 to 10 years of age 

using the methodology of Kramer et al. (2015): study arrays comprised four different 

images of the same person, arrays were presented both simultaneously and sequentially, 

and images captured natural variability in appearance. As in Kramer et al. we included 

four test probes: exemplar/match (an image from the array), average/match (the average 

of the images in the array), exemplar/non-match (a new image of the identity in the 

array), and average/non-match (the average of four new images of the identity in the 

array). This design allowed us to determine whether ensemble coding is adult-like when 

the images in each array represent a single identity and whether children show ensemble 

coding even when exemplars are presented sequentially.  
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Method 

Participants. The adult sample was recruited at a mid-sized university from an 

online Psychology Research Pool. The sample comprised 40 Caucasian undergraduate 

students (37 female; Mage = 19.40, SD = 1.65).  All adult participants were compensated 

with course credit. An additional 10 participants were excluded from analyses because 

they recognized an identity from the experiment (n = 5), selected either “present” or 

“absent” on ≥ 90% of trials (n = 3) or because of a technical error (n = 2).  

The child sample was recruited through the university community recruitment 

program. The sample comprised 41 Caucasian children, ages 6-10 years old (21 female 

Mage = 7.95 years, SD = 1.52). All child participants were compensated with a toy and a 

participation certificate. An additional four children were excluded from analyses 

because they selected either “present” or “absent” on ≥ 90% of trials (n = 3) or because of 

a technical error (n = 1). 

Stimuli. Eight images of 40 identities were downloaded from Facebook with consent 

from the Facebook user.  Facebook was used to capture natural within-person variation. 

All identities were females between the ages of 18 and 30. The photo criteria were as 

follows: a) no items obstructing the face, including glasses; b) pose was standing or 

sitting to avoid overhanging shadows from lying down; and c) photo was taken close to 

face to avoid reducing resolution during photo editing. Images were rotated to align the 

eyes, given a black background and cropped. No face shape information was removed 

and within-person variability was preserved.  

The eight images of each identity were split into two groups. The first group 

comprised the study arrays; the second was used to create test images for non-matching 
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trials. A morph of each set of four images was created using Fantamorph morphing 

software. Thus, for each identity we had 10 images (eight originals and two averages).  

For simultaneous presentation, an array of four photos was created using Adobe 

Photoshop. Each photo was randomly assigned to one of the four locations in the array 

with a distance of 3.5 cm between photos. Each study array was 9 cm tall and each test 

face was 5 cm tall. The width of both study images and test faces varied. Stimuli were 

displayed on a 15-inch monitor with 2880x1800 display resolution and the tasks 

administered with Psychopy software (version 1.83.04),  

Procedure. This study received clearance from the Research Ethics Board at Brock 

University. The protocol was based on Kramer et al. (2015). For each participant and 

each block, the 40 identities were randomly assigned to one of the four conditions: 

exemplar/match, average/match, exemplar/non-match or average/non-match (See Figure 

2.1); ten identities were assigned to each condition. For adult participants, each trial in 

the simultaneous block began with a 1500-ms display set of four images, followed by a 

fixation cross (1000 ms), and then the test face (500 ms). A blank screen then appeared 

until the participant indicated whether the test image was ‘present’ or ‘absent’ in the 

study array by pressing one of two keys. In the sequential block the 1500-ms display of 

four images was replaced with 375-ms presentations of individual exemplars; each 

exemplar was presented in a different quadrant of the screen and they were separated by a 

375-ms blank screen. There were 40 trials in each block and each identity was presented 

once per block. The order of blocks was counterbalanced across participants and blocks 

were separated by a break of approximately 20 minutes during which the participants did 

another unrelated task. 
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Exemplar/Match         Exemplar/Non-Match       Average/Match       Average/Non-Match 
 
 
Figure 2.1. Stimuli from Experiment 1. Top: An example of a simultaneous display set. 
Bottom: Examples of the four possible test faces. From left to right: an image from the 
display set, a novel image of the same identity, a morphed average of images from the 
display set, and a morphed average of four images that did not appear in the display set. 
  



 

 

59 

 

The protocol was identical for children except that display times were increased (as 

in Rhodes et al., 2017) such that study images appeared for 2500 ms in the simultaneous 

block and 500 ms in the sequential block; likewise, test images were displayed for 1000 

ms. To make response selection easier for children, the response keys were labelled with 

red (absent) and green (present) stickers.  

Prior to the beginning of each block, participants were given four demonstration 

trials in which cartoon characters were presented (two exemplar/match; two 

exemplar/non-match); these trials were simply used to introduce children to the task and 

performance was not recorded. Finally, participants were asked whether any of the faces 

in the experiment were familiar and, if so, to indicate the name or any biographical detail 

of the individual recognized.  

Results 
 

We analyzed the proportion of trials on which participants said ‘present’ in a 2 (Age: 

Adult, Child) x 2 (Test Face: Matching/Non-matching) x 2 (Image Type: 

Exemplar/Average) x 2 (Presentation Type: Simultaneous Sequential) ANOVA. 

Ensemble coding is evident if participants respond ‘present’ more often on matching than 

non-matching trials for both exemplars and averages (i.e., if there is a main effect of test 

face). The critical question was whether this effect interacted with age and presentation 

type. We focus our analyses on effects that address this question. All t-tests and 

correlations are 2-tailed.  

The ANOVA revealed main effects of both test face, F(1,79) = 386.02, p < .001,	𝜂2p 

= .83, and image type, F(1,79) = 8.71, p = .004, 𝜂2p = .10. As shown in Figure 2.2, 

participants responded present more often on matching (M = 7.12, SE = .13) than non-
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matching (M = 3.96, SE = .13) trials and more often on average (M = 5.75, SE = .14) than 

exemplar (M = 5.34, SE = .11) trials, providing strong evidence of ensemble coding. The 

main effect of age did not approach significance, p = .70. 

 

 

Figure 2.2. Mean frequency of “present” responses for a) simultaneous and b) sequential 
presentations shown separately for children and adults.  
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The age x presentation type interaction was not significant, p = .14. Indeed, the only 

interaction involving presentation type was the test face x presentation type interaction, F 

= 5.62, p = .02 (all other ps > .13). Simple main effects confirmed that the number of 

present responses was higher on matching than non-matching trials for both simultaneous 

(Ms = 7.08 vs. 3.67, F(1,80) = 324.95 p < .001, ηp2 = .80) and sequential (Ms = 7.17 vs. 

4.26, F(1,80) = 218.81, p < .001, ηp2 = .73) presentations; the interaction simply reflects 

that the effect of test face was somewhat stronger for simultaneous presentations (see also 

Kramer et al. 2015).  

The significant test face x image type interaction, F(1,79) = 47.67, p < .001,	𝜂2p = 

.38, was superseded by an age x test face x image type interaction, F(1,79) = 12.36, p = 

.001, 𝜂2p = .14, raising the possibility that adults showed stronger ensemble coding than 

children. To examine this we conducted two analyses. First, we conducted separate 2 

(Test Face) x 2 (Image Type) analyses for adults and children, collapsed across 

simultaneous vs. sequential presentations. The test face x image type interaction was 

significant for both children, F(1,40) = 7.93, p = .008, 𝜂2p = .17, and adults, F(1,39) = 

42.09, p < .001, 𝜂2p = .52. Simple main effects confirmed that children made more 

present responses on matching vs. non-matching trials when tested with both exemplars 

(Ms = 6.72 vs. 3.54, F(1,40) = 156.93, p < .001, ηp2 = .80) and averages (Ms = 7.11 vs. 

4.65, F(1,40) = 136.90, p < .001, ηp2 = .77). Likewise, adults made more present 

responses on matching vs. non-matching trials when tested with both exemplars (M = 

7.85 vs. 3.25, F(1,39)= 203.01, p < .001, ηp2 = .84) and averages (Ms = 6.81 vs. 4.42, 

F(1,39) = 66.49, p < .001, ηp2 = .63). The interaction simply reflects that the difference 
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between matching and non-matching trials was larger on exemplar than average trials, 

especially among adults (see also Kramer et al. 2015).  

Second, for each participant we conducted an ensemble coding score by 

subtracting the number of present responses on non-matching average trials from the 

number of present responses on matching average trials, collapsed across simultaneous 

and sequential trials. An independent-samples t-test revealed that the mean ensemble 

coding score of adults (M = 2.39) did not differ from that of children (M = 2.46), t = .211, 

p = .833. Individual ensemble scores are shown in Figure 2.3; there was no difference in 

the distribution of ensemble coding scores between children and adults or between 

younger and older children. Indeed, the correlation between children’s age (in months) 

and their ensemble coding score was non-significant, r = .029, p = .855. Furthermore, 

neither the correlation between children’s age and the number of matching exemplar 

trials on which they responded present, r = .24, p = .123, nor the correlation between 

children’s age and the number of matching average trials on which they responded 

present reached significance, r = -.10, p = .521.  
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Figure 2.3. Ensemble coding scores as a function of age. Scores above 0 provide 

evidence of ensemble coding. 

 

Discussion 

We found no evidence that ensemble coding improves with age when stimuli 

comprise four images of the same identity. Both children and adults responded present 

more often when tested with a matching versus a non-matching image, regardless of 

whether that image was an exemplar from the study set or an average of those exemplars. 

There was no difference between adults’ and children’s ensemble coding scores, the 

correlation between children’s age and ensemble coding scores was not significant, nor 

was the correlation between children’s age and the number of present responses when 

matching averages were presented. Although a present response is incorrect on average 

trials, the perception that the average had been in the study set provides strong evidence 
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of ensemble coding. Most notably, we demonstrated for the first time that by 6 years of 

age children show ensemble coding even when items in the array are presented 

sequentially.  

This is the first study to examine ensemble coding in children when the array 

comprises four images of the same person, rather than images of four different people 

and to include a large sample of children less than 8 years of age (see Figure 2.3). Kramer 

et al. (2015) argue that ensemble coding is one mechanism by which a newly encountered 

face becomes familiar. Our results indicate that developmental change in ensemble 

coding does not contribute to less efficient face learning among children relative to 

adults. In Experiment 2 we investigate another potential explanation: A reduced ability to 

extrapolate beyond exemplars when viewing images that incorporate previously unseen 

variability in appearance. 

Experiment 2 

In Experiment 2 we examined children’s ability to use multiple different images of a 

target identity to accurately recognize new images of that person in a perceptual matching 

task. As noted above, exposure to idiosyncratic variability in facial appearance allows 

adults to build a representation of how each face varies, improving recognition of novel 

images (Burton et al., 2016). Here we examine children’s ability to extrapolate beyond 

previously encountered exemplars so as to recognize new instances of a newly learned 

face. 

Children aged 6 to 12 required exposure to more variability in appearance than did 

adults when learning a new face by watching a 10-minute video (Baker et al., 2017). This 

task involved memory demands; to profit from exposure to variability in appearance, 
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children needed to remember how the model looked in the video during the test phase. 

Whether children can utilize within-person variability in a perceptual matching task 

remains unknown. 

In Experiment 2 we created a child-friendly version of Dowsett et al.’s (2016) study 

showing that adults’ ability to find an identity in a 30-person photo array improves as 

additional images of the target identity are provided. Participants read three storybooks, 

each featuring a single protagonist. The number of different images of the protagonist 

varied (one, three or six). After reading the story, children were asked to find new images 

of the protagonist among four arrays of seven images. To avoid participants simply 

picking the ‘best’ image from each line-up (Wells et al., 2000), they were not told the 

total number of target images in the arrays and the number of novel target images in each 

array ranged from one to four (see Semplonius & Mondloch, 2015). We tested 20 adults 

to confirm the validity of our child-friendly method and then 76 children aged 6 to 11 to 

determine whether children needed more images than adults to show evidence of learning 

and whether the effect of image number varied with children’s age.  

Method 

Participants. The adult sample was recruited at a mid-sized university from an 

online Psychology Research Pool. The sample comprised 20 Caucasian undergraduate 

students (17 female; Mage = 19.45, SD = 1.82).  All adult participants were compensated 

with course credit. An additional two participants were excluded from analyses because 

they recognized an identity from the experiment (n = 1) or failed control stimuli (n = 1). 

The child sample was recruited through the university community recruitment 

program and the local school board. The sample comprised 76 Caucasian children 
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between 6 and 11 years of age (36 female; Mage 8.62 years, SD = 1.67). Children were 

compensated with a toy and a participation certificate. An additional eight children were 

excluded from analyses because they recognized an identity from the experiment (n = 1) 

or failed control stimuli (n = 7). 

Materials. 

Storybooks. To make the task child-friendly, we created physical storybooks to 

display the photos of each identity. Three books were created, each with a different theme 

(outer space, under the sea, and the jungle). Each book comprised six learning and four 

test pages (see Figure 2.4 for sample stimuli). The learning pages featured one image of 

the target on a background related to the theme of the story. Test pages comprised arrays 

of seven images. All images were attached with Velcro to allow participants to collect the 

images throughout the story and, for younger children, during the test phase. We also 

created a demonstration storybook with images of the cartoon character, Buzz Lightyear.  

Stimuli. Nine Caucasian females donated their images to be used as stimuli. 

These identities were unfamiliar to participants. Images were collected in which the face 

exceeded 150 pixels in height, was free from occlusions and shown from a frontal view. 

The images were selected to capture natural variability in appearance. All images were 

cropped to 400 pixels in height, with varying widths, and all background information was 

removed; the images were not otherwise standardized or manipulated. Each image was 

printed in colour and measured 5.5 cm in height (72 ppi). 
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Figure 2.4. Stimuli from Experiment 2. Panel A shows an example of six images of a 
target identity from the learning phase. Panel B shows an example of an array from the 
test phase. * Indicates the control image that is identical to one of the learned images; ** 
indicates the dissimilar distractor; *** indicates the novel images of the target identity. 
All other images show the similar distractor. 
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Target identities. Three identities were selected to serve as target identities; for each of 

these we collected 16 images, six of which were randomly chosen to be including during 

the learning portion of the story. The remaining 10 images were placed into arrays during 

the test phase. Each target identity was matched with a similar looking identity (similar 

age, hair colour, face shape) and a dissimilar looking identity that served as distractors 

during the test phase. Target identities and their distractors were randomly assigned to 

one of the three stories (outer space, under the sea or the jungle) and were viewed in this 

storybook for all participants.   

Array stimuli. Each story included four test arrays of seven images. Collectively, 

the four arrays included 20 test stimuli: 10 novel images (not seen during learning) of the 

target identity and 10 images of the similar looking distractor. Each array included five 

test stimuli. To reduce response bias, the number of images of the target identity ranged 

from one to four (i.e., one image of the target and four of the distractor, two images of the 

target and three of the distractor etc.). The assignment of images to test arrays was 

randomized for each participant. To ensure that all participants understood the task and 

were paying attention to the images during the story, we also included two control stimuli 

in each array. Each array included a different image of the dissimilar-looking distractor; 

to be included in our analyses, both children and adults were required to exclude all of 

these in each of the three stories.  Each array also included an image identical to an image 

presented during learning; to be included in our analyses, both children and adults were 

required to select at least three of four identical images in each of the three stories. These 

images were randomly selected from those shown during learning; images were repeated 
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across arrays as needed (e.g., in the one-image condition the same control image was 

shown in every test array).  

Buzz Lightyear demonstration stimuli. To create a demonstration story, we 

collected images of cartoon characters. Thirteen different images (three learning, 10 test) 

of Buzz Lightyear and images of two cartoon distractors were selected from an Internet 

search.  

Procedure 
 

This study received clearance from the Research Ethics Board at Brock 

University. Participants were read three short stories. In the learning phase of each story, 

they were told about a protagonist (target identity) on an adventure. The target’s face was 

either learned from one, three or six images; each participant was read one story from 

each condition. In the 1-image condition, a single image of the target was shown 

throughout the story; participants moved the single image (randomly selected across 

participants) of the target from one page to the next as they listened to the story and then 

placed it on a holding tray for the test phase. In the 3-image condition, three different 

images (randomly selected across participants) of the target were shown throughout the 

story; participants moved each image of the target through the story until they received a 

new image, at which point they placed the image on the holding tray. New images were 

presented on pages 1, 3 and 5. In the 6-image condition, six different images of the target 

were shown (one per page) and participants placed each image on the holding tray as they 

moved to the next page. The assignment of storybooks (and thus models) to image 

condition and the order in which each condition (1, 3 or 6 images) and each story (outer 

space, under the sea or the jungle) was presented was counterbalanced across 
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participants. To ensure unfamiliarity, after being presented with the first image of the 

target, participants were asked whether they had ever seen her before.  

Each learning phase was followed immediately by a test phase in which 

participants were shown four arrays of seven images and asked to collect all images of 

the target and place them in a container (older children and adults were allowed to point). 

To make the task fun for children, we provided a scenario in which the protagonist 

needed to be ‘rescued’ by the participant. For example, participants were told ‘now it is 

time to get back on the spaceship to return to earth, but Lucy is nowhere to be found. To 

help Lucy get home we need to find all of the pictures of Lucy. I’m going to show you 

some pages with lots of pictures. I need you to look carefully at each page and find all the 

pictures of Lucy and leave pictures of other people behind.’ Participants were able to 

look at the array and learning stimuli as long as they needed to make their selection and 

all learning stimuli remained visible while participants made their selections. Once 

participants were ready to move onto the next array, they were asked to press a button to 

tell the researcher to turn the page.  

To explain the task to children, they were read a demonstration story prior to the 

experiment using Buzz Lightyear as the target. This story followed the same procedure as 

the experimental stories; performance was not recorded.   

Results  

 Accuracy was measured using signal detection theory (d′). d′  is calculated by 

subtracting standardized false alarms from standardized hits5. We defined Hits as 

 
5 d' = z(H) - z(FA). Criterion = -0.5 * (z (H) + z(FA). z(H) and z(F) are the z transformations of hits and 
false alarms.  
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selecting an image of the target identity from the array and False Alarms (FAs) as 

selecting an image of the similar distractor from the array. Hits vs. false alarms have 

different theoretical and practical implications. Whereas variability in the number of hits 

reflects differences in participants’ ability to recognize an identity despite within-person 

variability in appearance, variability in the number of false alarms reflects differences in 

participants’ ability to tell different identities apart. Furthermore, hits and false alarms 

can be differentially impacted by experience (e.g., in a card-sorting task, increased errors 

for other-race faces were attributed to a decrease in hits, with no increase in false alarms; 

Laurence et al., 2015). For all of these reasons, in addition to our analysis of d′, we also 

conducted separate analyses of hits and false alarms. Our analyses were based on the 20 

test stimuli; the control stimuli were only used as exclusion criterion. Although our 

hypotheses were directional in nature (i.e., increased accuracy with age and with number 

of sample images), in keeping with Experiment 1 all t-tests and correlations were 2-

tailed, providing a more conservative test of the hypothesis that multiple images benefit 

face recognition. 

One-sample t-tests revealed that d′ for both children and adults was significantly 

greater than chance in all conditions (ps < .001, corrected for multiple comparisons).  We 

analyzed d′  for both adult and child participants in a 2 (Age) X 3 (Number of images) 

Mixed ANOVA. This revealed a main effect of age F(1, 94) = 34.29, p < .001, ηp2 = .27, 

such that accuracy was higher across the three conditions for adult (Mdprime = 2.27, SE = 

.17) than child (Mdprime = 1.13, SE = .09) participants. As shown in Figure 2.5a, there was 

also a main effect of number of images F(2,188) = 16.38, p < .001, ηp2 = .15. Planned 

contrasts revealed that accuracy in the 3-image condition (Mdprime = 1.36, SE = .12) was 
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significantly greater than in the 1-image condition (Mdprime = 1.02, SE = .10), F(2,188) = 

11.36, p = .001, ηp2 = .11 and accuracy in the 6-image condition (Mdprime = 1.72, SE = .11) 

was significantly greater than in the 3-image condition, F(2,188) = 5.45, p = .022, ηp2 = 

.06, suggesting that increasing the number of images available during matching improved 

performance. Most importantly, the interaction between age and number of images was 

not significant, F(2,188) = 1.70, p = .186 , ηp2 = .01; thus, the benefit of multiple images 

did not differ as a function of age. Nonetheless, as shown in Figure 2.5a, adults’ 

performance was comparable in the 3- and 6-image conditions suggesting that the 

additional benefit of viewing six images was carried by child participants. 

A separate analysis of Hits revealed the same pattern of results (see Figure 2.5b): 

a main effect of age, F(1,94) = 12.35, p = .001, ηp2 = .12, such that adults (M = .73, SE = 

.06) made more Hits than children (M = .51, SE = .03) and a main effect of number of 

images, F(2,188) = 32.64, p < .001, ηp2 = .26. As in the analysis of d’, planned contrasts 

revealed that the number of Hits in the 3-image condition (M = .57, SE = .03) was 

significantly greater than in the 1-image condition (M = .42, SE = .03), F(1,94) = 24.69, p 

< .001, ηp2 = .21, and the number of Hits in the 6-image condition (M = .68, SE = .03) 

was significantly greater than in the 3-image condition, F(1,94) = 9.72, p = .002, ηp2  = 

.09. The interaction between age and number of images was not significant, F(2,188) = 

.84, p = .218, ηp2 = .01. This suggests that for both children and adults, increasing the 

number of images available during matching improved the ability to recognize the new 

images of the target. However, to examine whether this reflected genuine learning of the 

target or a simple shift in criterion we analyzed FAs. 
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Figure 2.5. Performance on the perceptual matching task for adults and children. Panel A 
shows d’; Panel B shows hits (correctly selecting a new image of the target); Panel C 
shows false alarms (incorrectly selecting an image of the similar distractor).  



 

 

74 

 

A separate analysis of FAs revealed a significant main effect of age F(1,94) = 

7.40, p = .008, ηp2 = .07 such that children (M = .16, SE = .02) made more FAs than 

adults (M = .03, SE = .05). As shown in Figure 2.5c, there was no main effect of number 

of images F(2,188) = .286, p = .751, ηp2 = .00, suggesting that the improvement in d’ was 

driven by an increased ability to matching new images of the target despite changes in 

appearance, rather than improved discrimination between identities. Finally, the 

interaction between age and number of images did not approach significance, F(2,188) = 

.78, p = .461, ηp2 = .01. 

Although the overall ANOVA revealed no interaction between age group and 

number of images, Figure 2.5a suggests that adults’ performance was comparable in the 

3- and 6-image conditions and that the additional benefit of viewing six images was 

carried by child participants. To verify that children benefitted from viewing multiple 

images, we conducted a one-way ANOVA that included only child participants with d’ as 

the dependent variable. This ANOVA revealed a main effect of number of images 

F(2,150) = 13.77, p < .001, ηp2 = .16.  Planned contrasts revealed that accuracy in the 3-

image condition (Mdprime = 1.07, SE = .12) tended to be greater than accuracy in the 1-

image condition (Mdprime = .84, SE = .11), F(1,75)= 3.03, p = .086, ηp2 = .04 and accuracy 

in the 6-image condition (Mdprime = 1.48, SE = .13) was significantly greater than 

accuracy in the 3-image condition, F(1,75)= 13.08, p = .001, ηp2 = .15. This confirmed 

that like adults, children benefitted from viewing multiple images, although using a two-

tailed test, the effect only approached significance in the three-image condition.  

A comparable analysis with adults revealed a main effect of number of images 

F(2,150) = 10.59, p < .001, ηp2 = .36.  Planned contrasts revealed that accuracy in the 3-
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image condition (Mdprime = 2.46, SE = .14) was greater than accuracy in the 1-image 

condition (Mdprime = 1.74, SE = .23), F(1,19)= 10.85, p = .004, ηp2 = .36 but accuracy in 

the 3-image condition did not significantly differ from accuracy in the 6-image condition 

(Mdprime = 2.60, SE = .15), F(1,19)= .95, p = .341, ηp2 = .05. This suggests that viewing 

six images provided adults with no additional benefit over viewing three images. 

Nonetheless, both children and adults benefit from viewing multiple images that contain 

variation in an identity’s appearance when recognizing that identity in novel instances. 

Although the overall ANOVA revealed no interaction between age group and 

number of images, our child participants included children as young as 6 and as old as 11 

years of age. To examine whether either overall accuracy or the benefit of viewing 

multiple photos increased with age during childhood we conducted a series of Pearson’s r 

correlations. First, we examined the relationship between age (in months) and d’ in each 

of the image conditions. Accuracy was positively correlated with age in the 3- (r = .29, p 

= .011) and 6-image condition (r = .26, p = .025) but not in the 1-image condition (r = 

.17, p = .142). To investigate whether the effect of the number of images presented 

during the story was moderated by age during childhood, for each participant we 

calculated difference scores between conditions (3 images – 1 image; 6 images – 1 

image; 6 images – 3 images). Pearson’s r correlations between age and each of these 

difference scores were not significant (3 images – 1 image: r = .13, p = .278; 6 images – 

1 image: r = .11, p = .354; 6 images – 3 images: r = -.03, p = .831). This suggests that 

although overall accuracy in each condition improved with age, the benefit from viewing 

multiple images was consistent throughout childhood; relative to the 1-image condition, 

children were more accurate at identifying new images of the target when they able to 
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view three images of the target and showed even more accurate performance when they 

were able to view six images.  

Discussion 
 

Our task was sensitive to age-related improvements in identity recognition: 

Overall, adults were more accurate than children and within child participants, accuracy 

increased with age. Higher accuracy in adults was driven by more hits (i.e., recognizing 

more images of the target identities) and fewer false alarms (i.e., misidentifying fewer 

images of the similar distractor as belonging to the target identity). These age-related 

improvements were unlikely to be attributable solely to general cognitive development 

(e.g., memory, attention), an argument used by some researchers to explain protracted 

development of adult-like expertise (Crookes & Robbins, 2014; McKone et al., 2012; 

Weigelt et al., 2014; but see de Heering et al., 2012; Short et al., 2014; Tanaka et al., 

2014 for evidence of face-specific development). To control for general cognitive 

development, we included demonstration trials to explain the task and control trials to 

verify that children remained attentive throughout. Children who failed control trials were 

not included in the analyses. We discuss the source of age-related improvements in the 

General Discussion. 

Despite our task being sensitive to age-related changes in identity perception, we 

found no evidence that the effect of exposure to variability in appearance on face learning 

increases with age. The effect of viewing multiple images did not vary between adults 

and children (the age x number of images interaction was not significant) and, within 

child participants, did not increase as a function of age. Although the benefit of six vs. 

three images appears to have been carried by children and the observed benefit of three 
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vs. one image only approached significance in children (using a two-tailed test), the key 

finding was that both age groups showed significant improvement after viewing multiple 

images, an effect driven by an increase in hits, rather than a decrease in FAs. Thus, 

viewing multiple images of a target identity increased adults’ and children’s tolerance of 

within-person variability in appearance, allowing them to recognize new instances of that 

face, consistent with previous evidence from adult participants (e.g., Dowsett et al., 2016; 

Ritchie & Burton, 2017).   

General Discussion 

The vast majority of studies investigating the development of face recognition 

have focused on children’s ability to recognize and discriminate tightly controlled images 

of unfamiliar faces (e.g., Baudouin et al., 2010; Bruce et al., 2000; Crookes & Robbins, 

2014; Freire & Lee, 2001; Megreya & Bindemann, 2015; Mondloch et al., 2003; 

Mondloch et al., 2002). Despite leading to numerous important insights, such studies 

assess image discrimination and recognition rather than identity recognition per se (see 

Burton, 2013). Although the ability to make fine discriminations among facial images 

likely plays a key role in face recognition, such studies ignore what is arguably the very 

purpose of expert face recognition—recognizing people despite natural variability in 

appearance. Our experiments aimed to address this important gap in the literature.  

Specifically, we examined the development of two processes that contribute to 

face learning in adults: the formation of an average that incorporates diagnostic cues but 

excludes pictorial cues (Burton et al., 2005; Kramer et al., 2015) and representing 

idiosyncratic variability in appearance, allowing one to extrapolate beyond previously 

seen exemplars to recognize new instances (Burton et al., 2016; Young & Burton, 2017).  
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Rhodes et al. (2017) provided evidence that ensemble coding of four different 

identities emerges by age 8 (possibly earlier) and increases until age 18. We extended 

their findings in three significant ways. First, we presented multiple images of the same 

person, a task that more closely taps the mechanisms underlying face learning (see 

Kramer et al., 2015). We showed that ensemble coding is adult-like by 6 years of age 

under these task conditions. Adult-like ensemble coding in our task likely reflects the 

increased similarity among our study images; four images of the same person are likely 

more similar to each other than are images of four different people. Second, we show for 

the first time that children have adult-like ensemble coding even when images are 

presented sequentially. Viewing images sequentially more closely captures learning in 

daily life; we see changes in head orientation and facial expression over the course of a 

social interaction and changes in lighting, make-up, and hairstyle over the course of 

several encounters. Third, we found no evidence that children’s ensemble coding was 

accompanied by a failure to recognize specific images seen during the study phase; 

children’s memory for the original images (memory that constrains a long-term 

representation of variability) was comparable to that of adults. In short, it appears that 

age-related changes in ensemble coding do not contribute to the development of face 

learning during childhood—at least after 6 years of age.  

Second, like adults, children recognized new images of the target face more 

accurately when provided with multiple images. This finding builds on the only other 

study investigating how a newly encountered face becomes familiar during childhood. 

Baker et al. (2017) held duration of exposure constant and familiarized children with a 

single target identity via a video that incorporated low (filmed on a single day) or high 
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(filmed across three days) variability in appearance; children showed evidence of 

learning only in the high-variability condition. Because children sorted images after 

watching the video, that task included a memory component. Our findings suggest that 

the ability to profit from within-person variability in appearance (i.e., the magnitude of 

improvement as additional images are added) is (nearly) adult-like when the memory 

component is eliminated and study images are captured on different days. Collectively, 

these findings suggest that two of the mechanisms underlying face learning are in place 

by 6 years of age: ensemble coding and the ability to extrapolate beyond exemplars—at 

least in a perceptual matching task when images are captured on different days (i.e., 

variability in appearance is high).  

What develops? Although these two mechanisms appear to be in place by 6 years 

of age, we are not claiming that all aspects of face learning are adult-like in early 

childhood. In fact, as noted above, several pieces of evidence suggest this is not the case. 

Taken together, these findings provide fertile ground for future research investigating 

what develops during childhood and the extent to which such development is face-

specific vs. the result of general cognitive development. We suggest three likely 

candidates underlying less efficient learning in children. 

First, children are less accurate than adults when asked to recognize identity in 

ambient images of unfamiliar faces (Laurence & Mondloch, 2016; Baker et al., 2017; 

current study). This is likely attributable to children having less experience than adults 

with faces (i.e., having fewer individual faces stored in long-term memory). This is 

supported by evidence that adults make more errors when sorting images of unfamiliar 

other-race than unfamiliar own-race faces (Laurence et al., 2016)—an effect attributed to 
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a lack of perceptual experience. A host of data based on tightly controlled images 

suggests that children are less sensitive than adults to dimensions along which different 

facial identities (images) vary (e.g., Anzures et al., 2009; Crookes & McKone, 2009; 

Jeffery et al., 2010; Nishimura et al., 2009). Here we did not ask children to tell images 

apart; that is a trivial task when viewing naturalistic photographs. Rather we asked them 

to ignore irrelevant differences between images (e.g., in hairstyle, make-up, lighting) and 

extract cues to identity. Our data confirm that children might be more inclined than adults 

to treat idiosyncratic within-person variability in appearance (see Burton et al., 2016) as 

between-person variability. An impaired ability to recognize identity in unfamiliar 

images means that the process of learning a new face has a different starting point for 

children compared to adults and, among adults, for other- compared to own-race faces. 

Just as a runner who begins a race behind his/her rivals will take longer to reach the 

finish line even if all runners progress at the same pace, an inferior starting point in the 

process of face learning might increase the time and/or amount of variability required for 

face learning.  

Second, children might be less able than adults to extrapolate beyond within-day 

(low) variability in appearance. Children’s ability to learn from just six static images 

(with a tendency to show evidence of learning after viewing just three static images) that 

were captured on a different day stands in contrast to Baker et al.’s (2017) report that 

children in the same age range showed no evidence of learning after viewing a 10-minute 

video that was filmed on a single day. The variability in our static images (in lighting, 

hairstyle, make-up) may have provided better cues for face learning than did the within-

day variability inherent in a dynamic video (in expression, speech-related movement, 



 

 

81 

 

point of view). This hypothesis is consistent with Laurence and Mondloch’s (2016) 

suggestion that children might find learning their teacher’s face particularly challenging 

because in many cases a teacher’s appearance is very similar from day-to-day. Children 

don’t typically see their teacher after working out or dressed up for a party so their 

experience of their teacher’s face in the classroom may not generalize to other conditions. 

Thus, children’s ability to recognize new instances of a face is likely more closely tied to 

the range of variability previously experienced. 

Third, children may be less able than adults to extrapolate beyond exemplars 

when memory demands are high. The current study utilized a perceptual matching 

paradigm; study images remained visible throughout the test phase. Because Baker et al. 

(2017) showed children a video, their task necessarily included a memory component. 

Although Baker et al. confirmed that children remembered the video, it is possible that 

children are less able than adults to utilize stored representations to recognize new 

instances. To distinguish among the second and third hypotheses, future studies should 

systematically manipulate both the variability among images (as in Ritchie & Burton, 

2017, who showed adults 10 images captured on a single day or across 10 days) and 

whether the task is perceptual vs. involves a memory component. To the extent that 

memory demands are key, children should benefit from multiple images captured on the 

same day in a perceptual learning task. To the extent that exposure to between-day 

variability is key, children should benefit less (or not at all) from multiple images 

captured on the same day, even in a perceptual learning task. 
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Face-Specific or Domain-General Development?  

Although the ability to recognize facial identity across changes in appearance 

must depend on general cognitive skills (e.g., visual working memory, attention) and the 

processes investigated here must be related to those studied in category learning (e.g., 

Minda & Smith, 2001; Richler & Palmeri, 2014), it also reflects face-specific 

mechanisms (see Baker et al., 2017 for discussion). Human faces are the only objects in 

the visual domain whose appearance changes dramatically because of both intrinsic (e.g., 

expression) and extrinsic (e.g., lighting) factors. Even Chimpanzee faces do not vary as 

much as human faces; Chimpanzees do not use make-up or vary their hairstyle, they have 

fewer Action Units and less perceptible eye gaze (see Vick et al., 2007 for a discussion.) 

Furthermore, most other objects are processed at the categorical (e.g., that’s a coffee 

mug, that’s a German Shephard) rather than the individual (e.g., that’s Jane) level; only 

for human faces do all typically developing perceivers make within-class discriminations 

among objects whose appearance changes constantly. Thus, the development of the 

ability to recognize identity in ambient images reflects, at least in part, face-specific 

development. 

However, the mechanisms underlying face learning are likely shared with two 

systems in the auditory domain: language and music perception. Like face recognition, 

language and music are ubiquitous across cultures and their perception places similar 

demands on perceivers. Adults must discriminate between similar words (e.g., bed vs. 

red). At the same time, they must recognize individual words despite variability in their 

sound across speakers (i.e., despite variability in the age, sex, and/or accent of speakers) 

and environments (i.e., independently of acoustics, sentence context, background noise). 
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Like faces, exposure to variability facilitates language learning; children are better able to 

learn new words when exposed to different speakers (see Watson, et al., 2014 for a 

discussion). Likewise, adults recognize melodies despite variability in their source (i.e., 

across musical instruments), when played in different keys, in different environments (car 

radio vs. concert hall), at different tempos, and with different rhythms (e.g., with a swing 

beat). That these three systems share learning mechanisms is consistent with evidence 

that they share common developmental pathways, with perceptual narrowing occurring 

during the first year of life (Hannon & Trehub, 2005; Kelly et al., 2007; Werker & Tees, 

1984). Systematic research investigating the development of processes underlying 

learning of individual faces, words, and melodies would provide a host of novel insights 

about shared vs. domain-specific mechanisms.  

Summary. Building on evidence that children’s face learning is less efficient than 

that of adults, we investigated the development of two mechanisms thought to underlie 

face learning in adults. Both ensemble coding (Experiment 1) and the benefit of viewing 

multiple images (Experiment 2) were evident by 6 years of age, although children made 

more errors than adults when asked to recognize a newly encountered face despite 

within-person variability in appearance. Although the ability to recognize facial identity 

is a unique capability in the visual domain, the underlying learning mechanisms likely are 

shared with language and music. 
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Chapter 3 

Study 2: Face learning from variability in four- and five-year-olds6  
 

The ability to recognize facial identity is a crucial skill for children in daily social 

interactions. Children need to be able to recognize people who are highly familiar to them 

(e.g., parents, teachers, classmates), as well as people they have only briefly encountered 

when they see them again in a new context (e.g., a new friend on the playground). In 

forensic settings, children may be asked to identify a suspect when they are the only 

eyewitness to a crime (e.g., in child sexual abuse cases). Recognizing faces involves two 

skills—the ability to discriminate between different identities (i.e., telling people apart) 

and the ability to recognize the same person despite natural variation in appearance (i.e., 

telling people together). Although these two tasks pose a challenge for adults when faces 

are unfamiliar, both are trivial when viewing familiar faces (see Burton, 2013, Burton et 

al., 2005; Burton et al., 2011; Hancock et al., 2000; Johnston & Edmonds, 2009). A 

recent spate of studies has examined the processes by which adults become familiar with 

a newly encountered face (see below); much less is known about children’s ability to do 

so.  

To examine the development of children’s ability to discriminate between 

different identities, researchers traditionally used tightly controlled images. In this 

approach each identity is represented by a single image (or two nearly identical images), 

with all identities posed in the same way, displaying the same facial expressions, hair 

 
6 This chapter is based on the published article: Matthews, C.M., & Mondloch, C.J. (2021) Learning faces 
from variability: Four- and five-year-olds differ from older children and adults. Journal of Experimental 
Child Psychology. Advance online publication.  
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covered, and any blemishes removed. This approach ensures that children are not relying 

on non-face cues (e.g., shadows, a freckle) when telling faces apart. Adults can 

discriminate accurately between faces based on the shape of individual features, the 

spacing between those features and the external contour of the face (Ge et al., 2003; 

Freire et al., 2000; Mondloch et al., 2002). Children under the age of 6 have difficulty 

discriminating between faces that differ in the spacing of their internal features—even 

when the faces are highly familiar. Mondloch, Leis and Maurer (2006) tested 4-year-old 

children on their ability to recognize characters learned in the context of a storybook. 

Children read the storybook many times over a 2-week period and the book contained 

many different images of two child characters—Johnny and Suzy. In the recognition task, 

the original faces were presented alongside an altered version that differed in feature 

shape, feature spacing, or external contour. Four-year-olds performed (nearly) without 

error when faces differed in feature shape or external contour but were at chance when 

faces differed in feature spacing. A similar pattern of results was found when tested with 

personally familiar faces. Young children were unable to select their best friends from 

daycare (Mondloch & Thompson, 2008) or even their own face (Mondloch et al., 2006) 

when paired with distractors that differed only in feature spacing; both the veridical 

image and its distractor were deemed acceptable representations. These effects persist 

even when memory demands are reduced in a simultaneous match-to-sample task 

(Mondloch & Thompson, 2008). By the age of 6, children are above chance at 

discriminating faces that differ in feature spacing; this ability, as well as the ability to 

discriminate based on feature shape, continues to improve throughout childhood 

(Baudouin et al., 2010; Freire & Lee, 2001; McKone & Boyer, 2006; Mondloch et al., 
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2002; Mondloch et al., 2010). These results suggest that children under the age of 6 are 

not sensitive to differences in feature spacing when telling faces apart and so they will 

accept an image with these alterations as belonging to a familiar identity.  

Unless one is interested in the ability to recognize iconic images, it is essential to 

incorporate within-person variability to test the ability to tell people together. Several 

studies show that, like adults, children as young as 5 years old rely on internal (as 

opposed to external) features to recognize familiar faces, (Bonner & Burton, 2004; Ge et 

al., 2008; Wilson et al., 2009, but see Newcombe & Lie, 1995). However, the images 

used in this work incorporated limited variation in appearance.  Examining the 

development of children’s ability to recognize the same person across changes in 

appearance requires the use of ambient images (i.e., those that capture within-person 

variability in appearance). Only one study has used ambient images to examine young 

children’s ability to recognize personally familiar faces. Laurence and Mondloch (2016) 

created a child-friendly version of a seminal task used with adults (Jenkins et al., 2011) to 

examine the accuracy with which children recognize a highly familiar face across natural 

variation in their appearance. Children aged 4 to 12 were given a toy house and on the 

front of the house was a picture of a familiar face (their teacher). Children were given a 

stack of photographs that included new images of their teacher and images of a similar-

looking woman. Images were selected to incorporate natural variation in their appearance 

(e.g., differences in viewpoint, lighting, facial expression, makeup, age). Children were 

asked to put all of the images of the teacher into the house but keep everyone else out. 

Whereas children aged 6 years and older sorted images of their teacher (nearly) without 

error, many 4- and 5-year-olds made multiple mistakes, despite knowing her for 3 to 9 



 

 

93 

 

months. These errors were primarily in failing to recognize their teacher in novel images; 

children rarely confused her with the similar-looking distractor. Young children made no 

errors on control trials, suggesting that their inability to recognize their teacher was not 

attributable to general cognitive immaturity, but rather to difficulty forming robust 

representations of familiar faces—attributable in part, perhaps, to their reduced sensitivity 

to differences between faces. 

Understanding the process by which newly encountered faces become familiar 

might help illuminate why children have difficulty recognizing people whom they know. 

Even adults make many errors when matching images of unfamiliar faces (e.g., Burton et 

al., 1999; Jenkins et al., 2011; Kemp et al., 1997; Megreya & Burton, 2006, 2008; 

Megreya et al., 2013). Children make even more errors than adults when matching 

ambient images of unfamiliar faces, and this ability increases with age (Laurence & 

Mondloch, 2016; Neil et al., 2016). The contrast between recognition of familiar vs. 

unfamiliar faces is attributable to the nature of their representations. Whereas 

representations of unfamiliar faces are limited to the instance in which the image was 

captured, representations of familiar faces are robust and unaffected by variability in 

appearance (see Burton, 2013, Burton et al., 2005; Burton et al., 2011; Hancock et al., 

2000; Johnston & Edmonds, 2009). These robust representations—analogous to Face 

Recognition Units in Bruce and Young’s (1986) influential model—allow for recognition 

of a familiar face in novel instances. 

How do we form robust representations of newly encountered faces? Exposure to 

the ways in which a person’s appearance varies is critical (Andrews et al., 2015; 

Bindemann & Sandford, 2011; Dowsett et al., 2016; Matthews & Mondloch, 2018; 
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Menon et al., 2015a, 2015b; Ritchie & Burton, 2017). Exposure to variability in 

appearance allows the perceiver to represent multiple variations of a person’s appearance 

(Burton et al., 2016; Young & Burton, 2017) and/or form an average representation of a 

person’s appearance that contains cues that are reliably diagnostic of that identity, 

excluding cues that are specific to a particular instance (Burton et al., 2005; Kramer et al., 

2015). Adults’ ability to identify a target from a 30-image lineup improves as they are 

able to view more images of the target (Dowsett et al., 2016; Matthews & Mondloch, 

2018). Similarly, adults are more accurate at recognizing new images of a newly 

encountered face after viewing multiple images that incorporate high variability in 

appearance compared to images that contain limited variability (Ritchie & Burton, 2017). 

In the current study, we examined whether 4-and 5-year-olds also benefit from exposure 

to within-person variability when learning a new face. 

Very few studies have examined children’s ability to learn a new face from 

exposure to variability in appearance. By the age of 6, children’s ability to recognize 

novel images of a newly learned identity is enhanced after viewing multiple images of 

that person. In a study by Matthews and colleagues (2018), children (ages 6-11) were 

read three stories, each about a character embarking on an adventure. Children collected 

images (1, 3 or 6) of the character along the way. Children were then asked to identify all 

of the images of the character from 7-image lineups, while the collected images remained 

visible. Although children’s overall accuracy was lower than that of adults, they showed 

comparable benefit from viewing multiple images of the character. Exposure to multiple 

images did not simply make children more accepting of any variability in appearance; 

children recognized more novel images of the character after viewing multiples images, 
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but misidentification errors remained low across conditions. This study suggests that by 

the age of 6, children are able to use variability in a newly learned identity’s appearance 

to recognize them in novel instances in a perceptual task. Children require more 

variability than adults to learn a new face when the task incorporates memory demands. 

Baker et al. (2017) showed children (aged 6 to 13) a video of a new identity that was 

either filmed on a single day, incorporating some changes in expression and viewpoint, or 

filmed across three days, incorporating changes in expression and viewpoint, as well as 

changes in camera, lighting, hairstyle, and makeup. Children were later asked to identify 

novel images of the person from the video, requiring them to rely on the representation 

they had built in memory. Whereas adults showed evidence of learning from both videos, 

children only showed evidence of learning from the video that incorporated a high degree 

of variability in appearance, suggesting that children are less efficient than adults at 

building representations of faces. Nonetheless, by the age of 6, children have the ability 

to use exposure to variability in an identity’s appearance to recognize them in novel 

instances.  

Here, we aim to investigate whether this mechanism for building familiarity with 

newly encountered faces has emerged by the age of 4 or 5 years old. Given that these 

children have difficulty recognizing and discriminating highly familiar faces, we 

hypothesize that children at this age might demonstrate deficits in a mechanism shown to 

facilitate face learning in older children and adults (e.g., Dowsett et al., 2016; Matthews 

et al., 2018; Ritchie & Burton, 2017): the ability to use exposure to within-person 

variability to recognize an identity in novel instances. We examine whether 4- and 5- 

year-olds have the ability to benefit from exposure to multiple images when learning a 
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new face, in a task in which memory demands are minimal. We adapted the perceptual 

learning task administered by Matthews et al., (2018) to be age-appropriate for younger 

children. Children were read two storybooks in which a character was embarking on an 

adventure. Participants viewed and collected six images of the character in one story and 

one image in the other. After each story, children were asked to identify novel images of 

the character that were intermixed with images of a similar-looking distractor, while 

simultaneously viewing the image(s) they had collected of the character. We included 

several control images to ensure children were paying attention and understood that task. 

If children are able to use exposure to variability in appearance to learn a newly 

encountered face by the age of 4, we would expect them to correctly identity more novel 

images of the character after viewing six images vs. one. This would suggest that other 

mechanisms contribute to 4- and 5- year-old’s difficulties recognizing and discriminating 

even the most familiar faces. If this mechanism is not yet fully developed at this age, 

exposure to multiple images may have no impact on performance. Alternatively, 

exposure to multiple images may result in a shift in criterion such that children are more 

accepting of any variability in appearance (i.e., even between-person variability), 

resulting in their accepting more novel images of the character but also more 

misidentification errors (mistaking images of the distractor as being of the character). 

Either of these results would suggest that a reduced ability to benefit from exposure to 

variability in appearance when learning new faces might contribute to 4- and 5- year-

old’s difficulty in recognizing and discriminating familiar faces.  
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Method 

Participants  

Participants were recruited through the university community recruitment 

program. Our sample comprised 40 children between the ages of 4 and 5 years (15 

female; Mage = 5.05 years, SD = 0.57). A power analysis using GPower software (Faul 

et al., 2007) indicated that this sample was sufficient to detect a medium effect with at 

least 87% power (α = .05). Thirty-one of these children were tested in person. As a result 

of the COVID-19 pandemic, the remaining children were tested online via video call with 

the researcher. An additional 12 children were excluded from analyses because they 

failed control trials (n in-lab = 9; n online = 1) or because of experimenter error (n in-lab 

= 2). The child’s parent or guardian provided written informed consent and children 

provided verbal assent. Children were given either a toy or gift card for their 

participation.  

Materials 

Storybooks. As in Matthews et al. (2018), storybooks containing photos of each 

identity were used to make the task child friendly.  For the children tested in-lab, three 

physical books were created, each with a different theme (outer space, under the sea, or 

the jungle). Each book contained six learning pages. Each learning page displayed one 

image of the target on a background related to the theme of the story; the same image was 

presented on every learning page in the 1-image condition whereas a different image was 

presented on each page in the 6-image condition. All images were attached with Velcro 

to allow children to collect the images throughout the story. We also created a 

demonstration storybook with images of the cartoon character Buzz Lightyear. For 
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children tested online, these storybooks were converted into PowerPoint presentations, 

such that each page of the storybook was displayed on a separate slide.  

  Stimuli. We used the stimulus set from Matthews et al. (2018; see Fig. 3.1 for sample 

stimuli). Three Caucasian females (aged 18-28) served as our target identities. Sixteen 

images of these identities were collected that captured a range of natural variability in the 

model’s appearance and met the following criteria: the face was at least 150 pixels in 

height, was shown from a mostly frontal view and was free from occlusions. All images 

were cropped to 400 pixels in height (72 ppi), allowing the width to vary naturally, and 

background information was removed. For children tested in the lab, the images were 

printed in colour on cards measuring 5.5 cm in height.  

 

 

Figure 3.1. An example of six images of a target identity from the learning phase  
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Six images of the target were randomly selected to be used as learning stimuli. 

The remaining 10 images were used as test images in the recognition task. Each target 

identity was matched with a similar-looking identity (i.e., similar age, hair color, and face 

shape) to be used as a distractor in the recognition task. Ten images of the similar-looking 

identity were selected using the same criteria as for target images. These 20 test images 

were used for analysis. As in Matthews et al. (2018), we also included two types of 

control images: four images of a dissimilar looking identity (i.e., an identity that differed 

significantly in both age and physical appearance) and four images from the learning 

phase. In the 1-image condition, the same control image from the learning phrase was 

shown four times and in the 6-image condition, four different randomly selected images 

from the learning phase were shown. These stimuli were included to verify that children 

understood the task and were paying attention throughout the story. To be included in our 

analysis, children needed to correctly reject all four dissimilar distractor images in both 

conditions and correctly identify at least three of the four identical images in both 

conditions. 

Procedure 

This study received clearance from the research ethics board at Brock University. 

The procedure was adapted from Matthews et al. (2018).  

In-lab testing. Participants were read two storybooks. In the learning phase of 

each story, children were introduced to a character about to embark on an adventure. The 

character’s face was learned by viewing one image in one story and by viewing six 

images in the other. In the 6-image condition, six different images of the character were 

presented throughout the story. Each image was attached to a different page of the 
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storybook, and children were asked to remove each picture and place it on a holding tray 

before moving to the next page. In the 1-image condition, a single image of the target 

(randomly selected across participants) was shown throughout the story. Children moved 

this image from page to page as they listened to the story and it was placed on the holding 

tray for the testing phase. The assignment of target identities to condition, the order in 

which the conditions were presented, and the storybooks used (i.e., outer space, under the 

sea, the jungle) were counterbalanced across participants.  

During the recognition task, participants were shown images one at a time and 

were asked to indicate whether the image was of the target identity or of a different 

person. Pilot testing revealed that some 4-and 5-year-olds did not understand the lineup 

instructions as used in Matthews et al. (2018) and so we changed the testing protocol to 

ensure that younger children’s ability to benefit from multiple images was not limited by 

task demands. Participants placed all images of the target in the “Yes” box, a box 

decorated to match the theme of the story, and all other images in the “No” box, marked 

with a large red “X”. The learning images remained visible to children as they viewed the 

testing images. Children were given as much time as needed to make their decisions. 

Once the recognition task was complete, participants were read the next story. To explain 

the task, children were read a demonstration story prior to the experiment in which Buzz 

Lightyear was the character. This story followed the same procedure as the experimental 

stories; responses were not recorded.  

Online testing.  A few modifications were made to the procedure for the children 

who were tested online. Children were read the storybooks by a researcher via video call. 

The researcher shared their screen with the child so that the child could see the 
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PowerPoint presentation that contained the storybooks. In place of the physical holding 

tray used for in-lab testing, golden picture frames (one in the 1-image condition and six in 

the 6-image condition) were added to the top of each learning page. Children were told 

that these special frames were where they could put the images to keep them for later. 

Using slide aminations, the researcher helped the child collect the image(s) from each 

storybook by moving each image to a frame at the top of the page. In the 1-image 

condition, the learning image was presented on the first page, and then moved to the 

frame where it was displayed for remaining five pages. In the 6-image condition, one 

learning image was presented on each page. Images were moved into one of the six 

frames before proceeding to the next page. Images collected on previous pages remained 

visible in the frames as the researcher proceeded through the story. In the testing phase, 

the collected image(s) were displayed at the top of the screen and test images were 

presented one at a time in the middle of the screen. Children indicated to the researcher 

verbally whether each image belonged to the target or to someone else. Once the 

recognition task was complete, participants were read the next story. Children were read 

an online version of the Buzz Lightyear demonstration story prior to the experiment to 

ensure their understanding of the procedure; responses were not recorded.   

Results 

To investigate whether children’s ability to learn of a newly encountered face is 

improved by viewing multiple images, we first analyzed the differences in d' and 

criterion in the 1- vs. 6-image condition. d′ provides an unbiased measure of sensitivity to 
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identity and criterion provides a measure of response bias7. Higher d′ values indicate 

greater sensitivity to identity, and higher criterion values indicate a more conservative 

response bias. We then analyzed hits and false alarms, as these metrics provide distinct 

information in understanding any shift in d′ or criterion. Hits and false alarms are not 

independent of one another and so should be interpreted with caution when analyzed in 

isolation. A change in either measure might simply reflect a shift in criterion. 

Nonetheless, the proportion of hits provide insights into children’s ability to recognize 

new instances of the character despite variability in appearance (telling faces together), 

whereas the proportion of false alarms provide insights children’s ability tell the character 

apart from a similar looking person (telling faces apart). We defined hits as the 

proportion of images of the target placed in the target box and false alarms as the 

proportion of images of the distractor placed in the target box. Only the 20 test images 

were included in our analyses. All tests are two-tailed. Preliminary analyses revealed 

there were no differences between children tested in the lab vs. online on any of our 

dependent variables (ps > .517). Thus, all subsequent analyses are collapsed across 

testing location.  

Figure 3.2 shows change scores for individual participants for each of our 

dependent variables, providing a direct comparison of the 1- vs. 6-image condition. d' 

was higher in the 6-image condition (M = 0.68, SE = 0.14) than in the 1-image condition 

(M = 0.06, SE = 0.11); t (39) = 3.64, p = .001, d = 0.57, 95% CI [0.24, 0.91], suggesting 

that exposure to multiple images increased children’s sensitivity to identity. One sample 

 
7 d' = z(H) - z(FA). Criterion = -0.5 * (z (H) + z(FA). z(H) and z(F) are the z transformations of hits and 
false alarms.  
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t-tests revealed that children’s d' did not significantly differ from chance (d'= 0) in the 1-

image condition t (39) = 0.60, p = .554, d = 0.09, 95% CI [-0.17, 0.35], but was 

significantly greater than chance in the 6-image condition, t (39) = 4.99, p < .001, d = 

0.79, 95% CI [0.49,1.08]. A subsequent examination of the different images used across 

participants in the 1-image conditions revealed no evidence of systematic differences in 

d' across images, reducing any concern that improvement in the 6-image condition was 

the result of all participants having access to one best image. Criterion was lower in the 

6-image condition (M = -0.04, SE = 0.16) than in the 1-image condition (M = 0.81, SE = 

0.15), t (39) = 6.54, p < .001, d = 1.03, 95% CI [0.65, 1.42], suggesting that exposure to 

multiple images led children to adapt a less conservative response bias relative to the 1-

image condition. Children made more hits in the 6-image condition (M = 0.62, SE = 0.05) 

than in the 1-image condition (M = 0.26, SE = 0.04), t(39) = 7.78, p < .001,  d = 1.23, 

95% CI [0.81, 1.64]. Children also made more false alarms in the 6-image condition (M = 

0.41, SE = 0.05) than in the 1-image condition (M = 0.24, SE = 0.05), t(39) = 3.14, p = 

.003,  d = 0.50, 95% CI [0.17, 0.82]. This suggests that although exposure to six images 

improved children’s sensitivity to identity, this exposure led to shift in their criterion that 

was driven both by children identifying more novel images of the character and by them 

misidentifying more images of a distractor.  

The vast majority of children (33 of 40) showed an increase in hits; they included 

18 of the 20 children who showed an increase in false alarms. Indeed, there was a 

significant positive correlation between the change in hits between conditions (i.e., 6 

image condition – 1 image condition) and the change in false alarms between conditions 

(r = 0.40, p = .011). Nonetheless, the magnitude of the increase in hits (M = 0.37, SE = 
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0.05) between conditions was significantly greater than the increase in false alarms (M = 

0.16, SE = 0.05), t (39) = 3.73, p = .001, d = 0.59, 95% CI [0.25, 0.92], resulting in 

increased sensitivity to facial identity. 

 

Figure 3.2. Change in performance between conditions (six image condition- one image 

condition) for (A). d′; (B) criterion; (C) proportion of hits; and (D) proportion of false 

alarms, plotted by age in years. The blue dots represent children tested in the lab and the 

red dots represent children tested online.  
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Discussion 

 Children under the age of 6 have difficulty recognizing familiar faces. They perform at 

chance when trying to discriminate familiar faces from altered versions that differ in 

feature spacing (Mondloch et al., 2006, Mondloch & Thompson, 2008), and many fail to 

recognize familiar faces across natural variation in appearance (Laurence & Mondloch, 

2016). Exposure to within-person variability in appearance is a mechanism by which 

adults become familiar with newly encountered faces, a mechanism that has emerged by 

6 years of age (Matthews et al., 2018). We investigated whether 4- and 5-year-olds are 

able to use exposure to variability in a newly learned identity’s appearance to recognize 

them in novel instances in a perceptual matching task. 

Our results demonstrate that young children show some benefit from exposure to 

variability when learning a new face. Our task was quite challenging for children when 

they only viewed 1 image of the storybook character during learning; their sensitivity to 

identity (d') did not differ from chance. d' was higher in the 6-image condition than in the 

1-image condition, suggesting that children became more sensitive to identity after 

viewing multiple images. Exposure to multiple images led children in the current study to 

adopt a less conservative response bias relative to the 1-image condition, suggesting that 

children became more tolerant of variability after viewing six images. Matthews et al. 

(2018) did not report criterion in their original paper with older children (6-11), and so 

we reanalyzed their data to determine whether viewing 6 images also shifted older 

children and adults’ response bias. Indeed, both adults and children adopted a less 
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conservative response bias after viewing six images8—a shift driven by them making 

more hits after viewing 6 images, with no increase in false alarms. In the current study, 4-

and 5-year-old’s less conservative response bias in the 6-image condition was driven by 

both an increase in hits and a decrease in false alarms. Children identified more novel 

images of the character from the story (i.e., made more hits) when they viewed six 

images of her compared to only one—an effect found with adults and children 6 years 

and older (e.g., Bindemann & Sandford, 2011; Dowsett et al., 2016, Matthews et al., 

2018). However, 4- and 5-year-olds also misidentified more images of the distractor as 

being of the character (i.e., make more false alarms) after viewing six images vs. only 

one. This effect was not found in children over the age of 6 or adults (e.g., Bindemann & 

Sandford, 2011; Dowsett et al., 2016, Matthews et al., 2018, but see Matthews & 

Mondloch, 2018 for an increase in false alarms in target-absent lineups). Increased hits in 

the 6-image conditions provides a hint that exposure to multiple images might help young 

children tolerate changes in a newly learned identity’s appearance. However, to be able to 

recognize an identity in daily life, children also need to be able to tell them apart from 

similar-looking people. To avoid confusing an identity with a distractor, perceivers need 

to learn to only tolerate variability that is associated with that particular identity (i.e., 

accept within-person variability but not between-person variability). Our findings suggest 

that this mechanism for face learning is not fully refined in children until the age of 6; 

just as 4-year-olds accept spatially altered versions of highly familiar faces as veridical 

(Mondloch et al., 2006, Mondloch & Thompson, 2008), many 4- to 5-year-olds in the 

 
8 We analyzed criterion from Matthews et al. (2018) in a 2 (Age) X 3 (Number of images) Mixed ANOVA. 
This revealed a main effect of images, F(2, 188) = 21.35, p < .001, ηp2 = .05. Contrasts revealed criterion 
was lower in the 6- (M = 0.27, SE = 0.09) and 3- image conditions (M = 0.42, SE = 0.09) than in the 1-
image (M = 0.72, SE = 0.08) condition, ps <. 001. There was no main effect of age or interaction.  
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current study accepted an increased number of distractor images as belonging to the 

target identity in the 6-image condition. Although separate analyses of hits and false 

should be interpreted with caution, without such analyses we would have erroneously 

concluded that younger children performed like older children in Matthews et al. 

In our task, children were not required to hold a representation of the newly 

learned face in memory (see Ritchie et al., 2021); in the 6-image condition a range of 

variability in the storybook character’s appearance remained visible as they completed 

the recognition task, reducing memory demands. Using a perceptual task allowed us to 

isolate children’s ability to benefit from exposure to variability in appearance, while 

minimizing the influence potentially immature general cognitive abilities (e.g., memory) 

on our task. Our findings suggest that even when memory demands are greatly reduced, 

the ability to benefit from exposure to variability in appearance when learning a new face 

is not fully matured before the age of 6. We acknowledge that general cognitive 

development (e.g., visual working memory, selective attention) can still influence 

performance on perceptual tasks. The control trials included in our study provide 

evidence that the influence of general cognitive development on our task was minimal. 

Children consistently identified the identical images of the character and did not confuse 

the dissimilar-looking distractor with the character from the story—even in the context of 

viewing a 6-image array. Thus, children were paying attention and understood the task. 

This provides strong evidence that it is the ability to benefit from exposure to variability 

in appearance that is not quite fully mature in 4- and 5-year-olds, rather than general 

cognitive abilities hindering performance.  

 



 

 

108 

 

What happens when young children learn newly encountered faces? 

Our findings provide the first insights into how 4- and 5-year-old children learn to 

recognize newly encountered faces across instances. Although providing children with 

six images of the character improved their overall sensitivity to identity and increased 

their recognition of novel images of the target, such exposure also resulted in more 

misidentification errors for some children. Eighteen of the 33 children who showed an 

increase in hits also showed an increase in false alarms—a pattern not seen in older 

children and adults (Matthews et al., 2018). Through the process of face learning, 

children may first become tolerant to variability in appearance which helps them to 

accept new images of the character as belonging to her. This increased tolerance might 

initially lead them to overgeneralize the within-person variability and accept between-

person variability as belonging to the character. The process of learning a newly 

encountered face might be analogous to the process of word learning in young children, 

in which they tend to first overgeneralize new words to similar objects before learning 

how to properly apply the concept (e.g., referring to all four-legged animals as “dog”; see 

Ambridge et al., 2013 for a review). Children’s reduced sensitivity to differences between 

faces (e.g., Mondloch et al., 2006; Mondloch & Thompson, 2008) might contribute to 

this overgeneralization.  

Learning to constrain tolerance to variability only to images of that identity might 

come with increased exposure to the ways in which a person varies their appearance. 

Despite providing ample benefit to older children and adults, it is possible that six images 

did not contain enough variability for some 4- and 5-year-olds to reach the point in 

learning where their tolerance to variability was constrained to accept new instances of a 
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face without mistaking them for a similar-looking person. Some children this age (i.e., 

those that made more false alarms after viewing 6 images) may require increased 

exposure to variability in appearance (e.g., more than 6 images, a video) to prevent an 

increase in false alarms. It is noteworthy that of the 33 children who showed an increase 

in hits, 15 did not show an increase in false alarms, suggesting that for some children in 

this age group, viewing six images was sufficient to move past the point of 

overgeneralization during learning. Our results provide evidence that the ability to benefit 

from exposure to within-person variability when learning a new face is still developing 

between the ages of 4 to 6 years.  

Our findings may seem incongruent with Laurence and Mondloch’s (2016) study. 

In their study 4- and 5- year-olds failed to recognize some novel images of their teacher, 

but rarely confused her with a similar-looking identity. Whereas the faces in our study 

were newly learned, children had been exposed to their teacher’s appearance for 3 to 9 

months. Thus, when a face becomes highly familiar 4- to 5-year-olds are able to reject 

images of similar-looking people, but many do not recognize images that vary in novel 

ways. Collectively, these findings point to how challenging it is for young children to 

both tell familiar faces together and apart. In the context of Bruce and Young’s model, 4-

and 5-year-olds may have difficulty building FRUs that facilitate recognition of familiar 

faces. Although our task did not require children to build a representation of identity (see 

Ritchie et al., 2021), it is possible that benefiting from exposure to multiple images in a 

perceptual task is a prerequisite skill for building a representation in memory. Children 

may need to be able match identity across instances before they able to integrate those 

instances into a robust representation in memory. Older children benefit from exposure to 
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multiple images in a perceptual task, build representations of newly encountered faces 

after exposure to high variability in appearance, and recognize familiar faces with ease 

(Baker et al., 2017; Laurence & Mondloch, 2016; Matthews et al., 2018). Four- and five- 

year-olds’ difficulty benefiting from exposure to multiple images in a perceptual task 

might contribute to the difficulty building representations of familiar faces (Laurence & 

Mondloch). 

Future directions  
 

Our study is the first to use ambient images to investigate the development of face 

learning in children under the age of 6. Further examination of this age group can provide 

valuable insights into the development of face learning and recognition. One avenue for 

future research is examining 4- and 5-year-old’s ability to extract average representations 

of an identity’s appearance—a process known as ensemble coding. Average 

representations contain cues that are diagnostic to identity and eliminate cues that are 

specific to a particular instance, facilitating recognition of that identity in novel instances 

(Burton et al., 2005; Kramer et al., 2015). Studies have shown that children as young 6 

and adults extract average representations of facial identity when viewing multiple 

images of a newly encountered face (Davis et al., 2020; Kramer et al., 2015; Matthews et 

al., 2018). In these studies, participants view four images of an identity, followed by a 

test image that is: 1) one of the displayed images; 2) an average of the displayed images; 

3) a new image of the identity; or 4) an average of four new images of the identity. 

Regardless of whether the display images are presented sequentially or simultaneously, 

adults report having seen the average of the four images with comparable frequency to an 

actual image. Matthews and colleagues (2018) reported that by the age of 6, children 
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show comparable ensemble coding to that of adults. Researchers have yet to examine 

ensemble coding in children under the age of 6. To the extent that ensemble is a route to 

face learning (Kramer et al., 2015), it is possible that this mechanism is not yet mature at 

the age of 4 and 5.   

Another avenue for future research is to test our theory that face learning during 

childhood is a process of first becoming tolerant to variability and then learning to 

constrain it. If this is indeed the process by which children become familiar with a newly 

encountered face, researchers should be able to identify the point during learning at 

which children become tolerant to variability in appearance (evident by an increase in 

both hits and false alarms) and the point at which this tolerance is constrained to the 

identity to which it applies (evident by an increase in hits but not false alarms). For 

example, providing children with an increasing number of images and testing their 

recognition of novel instances and their ability to discriminate as each new image is 

presented might reveal more insights about the process of face learning.  

 In the 1-image condition of the current study (and of Matthews et al. 2018), 

participants were randomly assigned to view one of the six learning images throughout 

the story. It is possible that the benefit from viewing six images was driven by one image 

that provided a best match to the character’s appearance. We think this is unlikely for two 

reasons: 1) in examining our data, as well as Matthews et al.’s (2018) data who used the 

same procedure and stimuli, there was no evidence of systematic differences across the 

different 1-image conditions and 2) we used 10 different images of the character in the 

test phase that incorporated tremendous within-person variability in their appearance. It is 

unlikely that that any single image could be the best match for all images, as no single 
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image can capture all the ways in which a person’s appearance might vary (Burton, 

2013). Nonetheless, future research could rule out this possibility by collecting a larger 

sample with six different 1-images conditions (i.e., one for each of the six learning 

images) to ensure that performance in the 6-image conditions is higher than all 1-images 

conditions. 

We acknowledge that the task used in the testing phase of the current study was 

slightly different from that used in Matthews et al. (2018). In that study, children aged 6 

to 11 years were tested on a lineup task in which four 7-image lineups were presented 

after each storybook. In the current study, children viewed the images in the test phase 

one at a time after each storybook. This change was made to ensure that younger 

children’s ability to benefit from multiple images was not limited by task demands. Using 

two different protocols might have contributed to age-related change and so future 

research should test older children by presenting images sequentially in the test phase to 

investigate whether they too show an increase in false alarms on this type of task. We 

predict the performance from older children would not change. Both tasks were designed 

to prevent children from simply selecting the best image (Wells et al., 2000) or from 

being able to use a process of elimination (Nelson & Russell, 2016) as has been the case 

in past studies (e.g., Bruce et al., 2000); in the lineup task, the number of images of the 

target varied on each trial and in the sequential task participants are forced to make 

individual decisions about each image. Thus, we would not expect older children to make 

more false alarms after viewing six images on a sequential task.  

Finally, research should investigate individual differences within this age group. 

Laurence and Mondloch (2016) reported that about half of 4- and 5-year-olds recognized 
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their teacher without errors; in the current study 18 of the 33 children who showed an 

increase in hits also showed an increase in false alarms, but 15 did not. Whether 

individual differences in learning a new face predict differences in recognizing a highly 

familiar face remains unknown, as does the extent to which these individual differences 

are face-specific vs. domain-general (i.e., would be evident in word learning). 
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Chapter 4 

Study 3: Face Learning and Recognition in Older Adults9 

Daily social interactions are enhanced by our ability to recognize facial identity 

despite natural variability in appearance (e.g., in facial expression, lighting, hairstyle, 

viewpoint etc.). Until recently, most studies investigating face recognition used tightly 

controlled images (see Burton, 2013); each identity was represented by one or two nearly 

identical photos and all images were captured with the same camera, from the same 

viewpoint and displayed a neutral expression. Because tightly controlled images assess 

image recognition rather than face recognition per se, using ambient images (i.e., those 

that capture natural variability in appearance) is crucial to understanding the real 

challenge of face learning and recognition in daily life (Bruce & Young, 1986; Burton, 

2013). 

Here we provide the first examination of older adults’ ability to learn and 

recognize facial identity in ambient images. Older adults comprise the fastest growing 

age demographic in our society and are now living longer than ever before (Statistics 

Canada, 2019). Many individuals remain socially active well into older adulthood and the 

success with which they integrate into new social groups (e.g., seniors’ centres, clubs, 

new neighbourhood) will be influenced by their ability to learn and recognize newly 

encountered people. Research using tightly controlled images has revealed that older 

adults make more errors than young adults across a range of experimental protocols: In 

recognition memory tasks, in which participants are asked to decide whether or not a 

 
9 This chapter is based on an article to be submitted for publication: Matthews, C.M., & Mondloch, C.J. 
Learning and recognizing facial identity in variable images: New insights from older adults. Journal of 
Experimental Psychology: General. 
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presented face was one that appeared in a previous learning phase (Bartlett & Fulton, 

1991; Bartlett et al., 1989; Edmonds et al., 2012; Martschuk & Sporer 2018; Searcy et al., 

1999); in eyewitness identification paradigms, in which participants are asked to find a 

target from lineup (Memon et al., 2003; Searcy et al., 1999; Searcy et al., 2001); and on 

matching tasks, in which memory demands are reduced (Habak, Wilkinson, & Wilson, 

2008; Megreya & Bindemann, 2015).  

Behavioural evidence of a decline in face recognition abilities with aging is 

consistent with evidence of reduced sensitivity in face-specific regions of the brain in 

older adulthood. In young adults, the fusiform face area (FFA) is more responsive to 

faces than non-face objects (e.g., houses; Kanwisher et al., 1997). This differentiation 

between faces and objects is reduced in older adults, suggesting that aging is associated 

with reduced face-specificity in the FFA (Park et al., 2004; Park et al., 2012; see Koen & 

Rugg, 2019 for a review). There is also some evidence that neural responses become less 

sensitive to facial identity with age. Goh et al. (2010) used a repetition suppression 

paradigm in which participants made same/different judgements about faces that were 

either identical (0% difference), morphed to be perceptually similar (40% difference) or 

different (100% difference). Both young and older adults showed adaptation in the FFA 

to repetitions of the identical face, but older adults showed greater adaptation effects than 

did young adults when viewing perceptually similar faces. To investigate older adults’ 

neural representations of familiar faces, Wiese et al. (2017) used a repetition priming 

paradigm and measured the N250—an ERPs component associated with representations 

of familiar faces. Older adults showed reduced N250 priming effects relative to young 

adults, providing neural evidence of a deficit in recognizing familiar faces. Collectively, 
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these results suggest that the fidelity of older adults’ neural representations of facial 

identity may decline with age. 

  Evidence of a decline in identity recognition in older adults even when tested with 

tightly controlled images suggests that they may be especially impaired when recognizing 

identity in images that capture natural within-person variability in appearance. Here we 

extend our understanding of face recognition during older adulthood by examining older 

adults’ learning and recognition of facial identity in the context of ambient images. Given 

that research using ambient images has predominantly examined face learning and 

recognition in young adults, we review that literature before introducing the current study 

Young Adults 

Research examining young adults’ face learning and recognition across ambient 

images has highlighted the importance of experience with individual identities; young 

adults make numerous errors when attempting to recognize an unfamiliar face across 

unconstrained images but perform (nearly) without error when recognizing family and 

friends (e.g., Bruce et al., 1999; Bruce et al., 2001; Burton et al., 2010; Jenkins et al., 

2011; Kemp et al., 1997; Megreya & Burton, 2006, 2008; Megreya et al., 2013). In a 

seminal study by Jenkins et al. (2011), participants were given a stack of 40 photographs 

and were asked to sort them into piles based on identity. Participants were told that they 

could make as few or as many piles as they thought represented the number of identities. 

Despite being unaware that the deck comprised 20 images each of two identities, 

participants who were familiar with the two identities easily sorted the images into two 

piles. However, participants who were unfamiliar with the two identities made about 

seven piles, meaning they believed there to be seven different people in the deck. This 
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dramatic difference between adults’ ability to recognize familiar vs. unfamiliar faces is 

attributable to representations of unfamiliar faces being specific to the instance in which 

the image was captured. The perceiver relies on low-level image properties to recognize 

an unfamiliar identity, and therefore deviation from this appearance is perceived as a 

change in identity. In contrast, representations of familiar faces are robust and unaffected 

by changes in appearance, allowing for a range of inputs to be accepted as belonging to a 

familiar face (see Burton, 2013, Burton et al., 2005; Burton et al., 2011; Hancock et al., 

2000; Johnston & Edmonds, 2009). 

            The stark contrast between familiar and unfamiliar face recognition makes 

examining the process by which a face becomes familiar critical. Although recognizing 

an unfamiliar face across variability in appearance is quite challenging, exposure to such 

variability is the route by which we build robust representations of newly encountered 

people (Andrews et al., 2015; Bindemann & Sandford, 2011; Dowsett et al., 2016; 

Matthews & Mondloch, 2018; Menon et al., 2015a, 2015b; Ritchie & Burton, 2017). The 

effect of exposure to within-person variability in appearance has been examined in both 

perceptual matching tasks—in which learning stimuli remain visible during the test 

phase, and memory tasks—in which learning stimuli are removed. In a perceptual 

matching task, Dowsett and colleagues (2016) gave participants a single image of a target 

and asked them to find that target in a 30-image lineup. After participants made a 

decision, the 30-image lineup was shuffled, they were given a second image of the target 

and were told to find the target again. This continued until participants had six images of 

the target to view while searching for them in the lineup. Accuracy increased as more 

images became available to participants. Although the benefit of multiple images in 
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perceptual matching tasks might be limited to match or target-present trials (see 

Matthews & Mondloch, 2018; Ritchie et al., 2021), there is a robust benefit in tasks that 

require participants to remember a learned face. Ritchie and Burton (2017) reported that 

participants were more accurate at recognizing new images of a newly encountered face 

in a memory task after being exposed to 10 images captured on different days compared 

to 10 images captured all on the same day. Variability in appearance that is inherent to 

dynamic stimuli also promotes learning in a memory task; young adults are equally able 

to recognize new instances of an identity after viewing either a high-variability video 

(captured across three days) or a low-variability video (captured on a single day), perhaps 

because low-variability videos contain variability in head orientation, facial expression 

etc. (Baker et al., 2017).  

Viewing multiple instances of an identity has been argued to facilitate face 

learning in two ways. First, previously encountered instances are stored to create a 

representation of how each individual face varies (Burton et al., 2016; Young & Burton, 

2017). This representation allows the perceiver to extrapolate beyond the stored instances 

to recognize novel instances of the same person. Second, individual instances are 

integrated into an average representation of the identity that contains cues that are 

diagnostic of identity but excludes non-diagnostic cues (i.e., those that are specific to a 

particular instance, Burton et al., 2005; Kramer et al., 2015). Indeed, rapidly extracting an 

average representation has been claimed as a route to face learning. Kramer et al. 

presented adults with an array of four images of the same person and then asked whether 

a subsequently presented test image had been present in the array. The test image was 

either: one of the four display images; an average of the four display images; a new 
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image of the same person; or an average of four new images. Adults reported having seen 

both the original display images and their average but not the average of four other 

images, suggesting that they rapidly extract an average representation when viewing 

multiple images of the same identity—a process known as ensemble coding.  

In summary, young adults make errors when recognizing unfamiliar, but not 

familiar, faces; they benefit from exposure to high within-person variability in 

appearance in both perceptual matching and memory tasks, with some evidence of 

learning from low within-person variability (at least when viewing a video); and they 

show strong evidence of ensemble coding.  

The Current Study 

The current study aims to provide a comprehensive examination of face 

recognition and learning in older adulthood. Across five tasks using ambient images, we 

compare young and older adults’ recognition of familiar and unfamiliar faces and their 

performance on three tasks designed to measure face learning. These tasks have all been 

adapted based on those used in the research examining the development of these abilities 

in childhood. Like older adults, children make more errors than young adults when tested 

with tightly controlled facial images (e.g., Bruce et al., 2000; Carey et al., 1980; Croydon 

et al., 2014; de Heering et al., 2012; Megreya & Bindemann, 2015; Mondloch et al., 

2003). The few studies examining face recognition across the lifespan using tightly 

controlled images revealed that age-related improvement in childhood was mirrored by a 

decline in older adulthood (Fitzgerald & Price, 2015; Megreya & Bindemann, 2015). 

Further, aging is associated with a decline in the same general cognitive skills (e.g., 

memory, attention, executive functions) that have a prolonged development during 
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childhood (e.g., Demspter, 1992; Kail & Salthouse 1994; Zelazo et al., 1994). Thus, we 

use the literature on face recognition and learning during childhood to form hypotheses 

about age-related changes (or lack thereof) in older adulthood. Below we describe each of 

our five tasks and report what is known about children’s performance between 6 and 12 

years of age. 

Familiar Face Sorting Task. To assess older adults’ ability to recognize identity 

in ambient images, participants were given a card-sorting task in which they were asked 

to sort images of a familiar face intermixed with those of a similar-looking distractor into 

piles, such that all of the images of the familiar face were placed in one pile and all the 

images of the distractor were set aside. By 6 years of age, but not younger, children 

demonstrate adult-like recognition of highly familiar faces despite changes in 

appearance. In an adapted version of Jenkins and colleagues’ (2011) task, children aged 4 

to 12 were given a toy house displaying a picture of the child’s own teacher—a highly 

familiar face. Children were given a stack of photographs that included different pictures 

of the teacher, as well as a similar-looking distractor, and were asked to put all of the 

images of the teacher into the house while keeping other women out. Children aged 6 

years and older performed the task nearly without error (Laurence & Mondloch, 2016). 

We hypothesized that older adults would also perform this task without error.   

Unfamiliar Face Matching Task. To assess older adults’ ability to match 

identity in unfamiliar faces, participants completed a matching task in which they were 

asked to decide whether pairs of photos belonged to the same person or two different 

people. Recognition of unfamiliar faces has a prolonged development during childhood 

(Laurence & Mondloch, 2016; Neil et al., 2018). When the teacher on the toy house was 
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replaced with that of a wholly unfamiliar face (a teacher from a different school), 

performance improved across the age range (Laurence & Mondloch). Based on these 

findings, along with the extant research using tightly controlled images with older adults 

(e.g., Habak et al., 2008; Megreya & Bindemann, 2015), we hypothesized that older 

adults would make more errors than young adults when matching ambient images of 

unfamiliar identities.   

Ensemble Coding. To assess older adults’ ability to extract the average of images 

of the same person, older and younger adults completed an ensemble coding task based 

on Matthews et al. (2018). Participants were presented with an array of four images of the 

same person and then asked whether a subsequently presented test image was present in 

the array; responding present to both instances that had been present and their average 

provides evidence of ensemble coding (i.e., the ability to rapidly extract a face average). 

Children as young as 6 years show adult-like ensemble coding when viewing multiple 

instances of the same identity, regardless of whether these instances are viewed 

simultaneously or sequentially; they recognized both instances and their average 

(Matthews et al.). Based on these findings, we hypothesized that ensemble coding would 

be comparable in young and older adults. 

Face Learning: Perceptual Task. To assess whether older adults benefit from 

exposure to within-person variability in appearance in the absence of memory demands, 

participants were provided 1, 3 or 6 images of a target identity. In a two-alternative 

forced-choice task (2AFC), participants were asked to decide whether a series of test 

images belonged to the target or to another person, while the study images remained 

visible. In a child-friendly version of this task, viewing multiple images of a storybook 
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character increased adults’ and children’s accuracy with no difference in the magnitude 

of the benefit across age groups, although children were less accurate than adults overall 

(Matthews et al. 2018). Based on these findings, we hypothesized that learning in older 

adults would be comparable to that in young adults. 

Face Learning: Memory Task. Finally, we examined the efficiency with which 

older adults can form a representation of a newly encountered face in memory. 

Participants learned a different identity in each of the following training conditions: 1) 

viewing a single image of a target (no training); 2) viewing a video filmed on a single day 

(low variability); and 3) viewing a video filmed across three days (high variability). We 

used videos in the learning phase to be consistent with Baker et al.’s (2017) task used to 

test children. Immediately after training, participants were asked to decide whether a 

series of images belonged to the target or to another person. In the child-friendly version 

of this task, children only showed evidence of learning after viewing the high-variability 

video, whereas adults showed evidence of learning in both conditions (Baker et al., 

2017). Based on these findings, we hypothesized that older adults would require exposure 

to more variability than young adults to learn a newly encountered face (i.e., would show 

evidence of learning only in the high-variability condition).  

In summary, young and older adults completed five tasks designed to measure 

their ability to recognize familiar faces, match identity in wholly unfamiliar faces, extract 

an average representation of a newly encountered face, learn a newly encountered face 

from multiple images in a perceptual task, and form a representation of a newly 

encountered face in memory. We hypothesized that older adults would perform worse on 



 

 

127 

 

two tasks (matching identity in wholly unfamiliar faces, building a new face 

representation in memory), with no deficit on the remaining tasks. 

Method 

Participants 

Young adults (n=49) were recruited through the online psychology research pool 

at Brock University in Canada. Older adults (n=48) were recruited through the Brock 

University community recruitment program; all reported being in good health and lived 

independently. All participants completed the Montreal Cognitive Assessment (MOCA; 

Nasreddine et al., 2005). Only participants scoring 24/30 or above were included in our 

sample (Carson et al., 2018); five young adults and four older adults were excluded. 

Thus, the final sample comprised 44 young adults (36 females; M age = 19.64 years, SD 

= 2.21, age range = 18-27) and 44 older adults (32 females; M age = 71.45 years, SD = 

5.23, age range = 60-82). The sample size was selected based on past studies examining 

face recognition in older adults (e.g., Edmonds et al., 2012; Megreya & Bindeman, 2015; 

Searcy et al., 2001) and a power analysis using GPower software (Faul et al., 2007) that 

indicated that this sample was sufficient to detect a medium effect for any interactions 

with at least 95% power (α = .05). All young adults had normal or corrected-to-normal 

vision; all but four older adults had at least 20/30 vision. (Three had 20/40 and one had 

20/70 vision; their performance did not differ from the remaining sample.) No 

participants reported farsightedness or a difficulty viewing the images on or off the 

screen in any of the tasks. All participants provided written informed consent. Older 

adults were compensated with a $15.00 gift card and young adults with research 
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participant credit. Some participants were excluded from certain tasks (see procedures 

section for each task). 

Procedure (General) 

All protocols received clearance from the research ethics board at Brock 

University. Participants were asked about their familiarity with the identities used in each 

task. As expected, all participants were familiar with the target used in the familiar 

sorting task (Justin Trudeau), and unfamiliar with all of the identities used in the other 

tasks. Tasks were completed in the order in which they are described. As noted in the 

Ensemble Coding procedure, the second block of the ensemble coding task was 

completed after the perceptual face learning task. Participants sat approximately 60 cm 

from the screen when performing tasks on the computer. 

Familiar sorting  

Materials. Images of two male identities were used in this task. Canadian Prime 

Minister Justin Trudeau served as our target identity, as we expected he would be highly 

familiar to participants in our sample. Dutch Politian Jesse Klaver was selected to serve 

as a distractor identity, as he and Justin Trudeau share a similar physical description (e.g., 

hair colour, face shape, age). For each identity, the first 10 images that met the following 

criteria were selected from Google Images: the face was at least 150 pixels in height, 

front-facing, and was not occluded in any way. Images were cropped to so that only the 

face was displayed and were printed in colour on 5cm x 3.8cm cards. 

Procedure. This procedure was adapted from Laurence and Mondloch (2016).  

Before beginning the sorting task, participants were asked to rate their familiarity with 

the target identity, Justin Trudeau, on scale from 1 (highly unfamiliar) to 7 (highly 
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familiar). All participants indicated high familiarity (YA: M=5.87, OA M=6.67). The 

researcher then presented participants with the images one at a time. Participants were 

asked to decide whether each image was of Justin Trudeau, or of another person. 

Participants were asked to place all images of Justin Trudeau in the “Yes” box and all 

other images in the “No” box. Participants were given as much time to complete the task 

as required. All 88 participants were included in the analyses for this task.  

Unfamiliar face matching task 

Materials. Stimuli comprised images of forty Caucasian celebrities between the 

ages of 18 and 30 years; these were celebrities from other countries that were unfamiliar 

to our participants. For half of these identities (Group A), we collected the first three 

images from Google Images that met the following criteria: the face was at least 150 

pixels in height, front-facing, and was not occluded in any way.  For the rest of the 

identities (Group B), we collected only the first image from Google Images that met the 

same criteria. For each of the Group A identities, two images were randomly selected and 

paired to create “same pairs”. The third image of each Group A identity was matched 

with the image of a Group B identity that shared a similar physical description (e.g., hair 

colour, face shape, age) to create “different pairs”. This created a total of 20 same and 20 

different pairs. Images were cropped so that only the face was displayed and were re-

sized to 330 X 200 pixels (72 ppi); on each trial, faces were presented side-by-side and 

13.2 apart. 

Procedure. All stimuli were displayed on a 23-inch computer monitor using 

Eprime 2.0 software. On each of 40 trials, participants viewed a 1s fixation cross, 

followed by a pair of images. Half of the trials included two images of the same person 
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(same trials), while the other half included images of two different people (different 

trials). Images were displayed on the screen for 10 seconds. After the images 

disappeared, participants were prompted to indicate via key press whether the two images 

belonged to the same person or to two different people. No feedback was given after each 

trial. Forty-four young adults and 41 older adults were included in the analyses for this 

task (n= 3 were excluded because of technical errors). 

Ensemble coding 

Materials. We used the stimulus set from Matthews et al. (2018).  This set 

comprises images of forty Caucasian women between the ages of 18 and 30 years. The 

first eight images that met the following criteria were collected from each woman’s 

Facebook page: the face was at least 150 pixels in height, front-facing, and was not 

occluded in any way. All photos were rotated to align the eyes and cropped such that the 

face shape was maintained but all background information was removed. The images of 

each identity were randomly split into two groups. Four photos were assigned to be in the 

study display. A morph of the study display images (i.e., matching average) was created 

for each identity using Fantamorph Deluxe morphing software, Version 5.4. The 

remaining four photos were assigned to be test images for non-matching trials. A morph 

of these images (i.e., non-matching average) was also created for each identity. Thus, the 

final stimulus set comprised 10 images of each identity (eight exemplars and two 

averages). 

To create stimuli for demonstration trials, eight images each of four Disney 

characters (e.g., Donald Duck, Minnie Mouse) were collected. We did not use average 
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images of the characters to prevent participants from noticing the presence of averages 

during the demonstration trials.  

Procedure. The procedure from Matthews et al. (2018) was used. Stimuli were 

presented on a 15-inch computer monitor using PsychoPy software (Version 1.83.04).  

The protocol was identical for young and older adults, except that display time was 

increased for older adults (see Matthews et al. 2018, Rhodes et al., 2018 for a similar 

approach with child participants). Participants completed two blocks of trials in a 

counterbalanced order. Blocks were separated by about a 20-minute break, during which 

participants completed the perceptual face learning task. 

In the simultaneous block, the four study images (9 cm tall) were presented on the 

screen at the same time (YA: 1500 ms, OA: 2500 ms); in the sequential block, the study 

images were presented individually (YA: 375 ms, OA: 500 ms) in random order and in 

different quadrants of the screen. In both blocks, participants then viewed a fixation cross 

(1000 ms) followed by a test image (YA: 500 ms, OA: 1000 ms; 5 cm tall). The test 

image belonged to one of four conditions: 1) Matching Exemplar—one of the four photos 

from the study display; 2) Matching Average—an average of the photos from the display; 

3) Non-Matching Exemplar— a new photo of the identity that was not in the study 

display; or 4) Mon-Matching Average— an average of four photos of the target that were 

not presented in the study display. For each participant and in each block, each identity 

was randomly assigned to a condition such that participants viewed 10 trials in each 

condition and each identity was presented once. Participants were asked to indicate via 

keypress whether the test image had been in the study display (old) or whether it was a 

new image of the target (new). To explain the task, they were given four demonstration 
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trials with images of cartoon characters prior to each block; responses were not recorded 

Forty-three young adults (n=1 excluded for technical error) and 42 older adults (n=2 

excluded because of technical error, n=1 excluded for providing the same response on ≥ 

90% of trials; see Matthews et al., 2018) were included in the analyses for this task.  

Face Learning: Perceptual Task 

Materials. Three Caucasian females (aged 18-28) who agreed to donate 16 

images of themselves served as our target identities. Images were selected to capture a 

range of natural variability in the model’s appearance and met the following criteria: the 

face was at least 150 pixels in height, was shown from a mostly frontal view and was free 

from occlusions. All images were cropped to 400 pixels in height (72 ppi), allowing the 

width to vary naturally, and background information was removed. All images were 

printed in colour on cards measuring 5.5 cm in height. 

Six images of the target were randomly selected to be used as learning stimuli. 

The remaining 10 images were used as test images in the recognition task. To create 

distractors for the recognition task, each target identity was matched with a similar 

looking identity (i.e., similar age, hair color, and face shape). Ten images of the similar 

looking identity were selected using the same criteria as for target images. These 20 test 

images were used for analysis. As in Matthews et al. (2018), two types of control images 

were also presented: four images of a dissimilar looking identity (i.e., different age, hair 

color, and face shape) and four images from the learning phase. These previously-viewed 

images were randomly selected from those shown during learning; images were repeated 

as needed (e.g., in the one-image condition, the same control image was shown four 

times; in the six-image condition, four different images were shown). These stimuli were 
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included to verify that participants were paying attention and understood the task. To pass 

the control trials, participants needed to correctly identify at least three of the four 

identical images in each condition and correctly reject all four dissimilar distractor 

images in each condition.  

Procedure. The procedure was adapted from Matthews et al. (2018). Participants 

learned three different target identities by viewing one, three, or six images. In the six-

image condition, participants viewed all six learning images of the target; a randomly 

selected subset of these images was presented in the 1- and 3-image conditions, with 

different participants seeing different subsets. Learning images were placed on a 

cardboard stand and participants were given a minute to look at the images before 

beginning the recognition task. The assignment of target identities to condition and the 

order in which the conditions were presented was counterbalanced across participants.  

During the recognition task, participants were shown images one at a time and 

were asked to indicate whether the image was of the target identity or of a different 

person. Participants placed all images of the target in the “Yes” box and all other images 

in the “No” box. The learning images remained visible as participants did this task and 

participants were given as much time as needed to make their decisions. Once the 

recognition task was complete, participants were introduced to the next target identity. 

Forty-four young adults and 39 older adults (n=4 excluded because of experimenter error, 

n=1 for not understanding the task) were included in the analyses for this task.  

Face Learning: Memory Task 

Materials. We used stimuli from Baker et al. (2017) in this task. Three Caucasian 

females (aged 18-28) who donated images of themselves and agreed to be filmed served 
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as our target identities. Each target identity was matched with a similar looking identity 

(i.e., similar age, hair color, and face shape) and a dissimilar looking identity (i.e., 

different age, hair color, and face shape). Images of these identities were used as 

distractors in the recognition task. The training and testing stimuli were presented on a 

23-in. computer monitor using Eprime 2.0 software. 

Training stimuli. Low- and high-variability videos were created by filming each 

target reading an excerpt of the children’s story About Teddy Robinson (Robinson, 1975) 

on each of three days. Across the three filming days, the lighting conditions, camera used, 

and the distance from the model to the camera varied. Models were also asked to change 

their hairstyle, makeup, and outfit each day. The footage was used to create two types of 

videos, each three minutes in length. Low-variability (LV) videos showed the model 

reading the story as it was filmed on a single day; three LV videos were created for each 

model (one per day). LV videos included variability in the model’s expressions and facial 

positions, but her general appearance (i.e., hairstyle and makeup) and the conditions 

under which she was filmed (e.g., lighting, camera) remained constant. High-variability 

(HV) videos comprised three 1-minute segments, each taken from a different day of 

filming; three HV videos were created for each model. HV videos captured changes in 

the target’s general appearance and the conditions under which she was filmed across the 

three days. For each model, an image from the Day 1 video was selected to serve as the 

training image for the single image condition. 

Recognition task stimuli.  The recognition task included 24 test images used for 

analysis and control images; control images were designed to verify that participants 

understood task instructions and were paying attention (see Baker et al., 2017; Zhou et 
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al., 2018). Images were selected such that the face was at least 150 pixels in height, was 

shown from a mostly frontal view and was free from occlusions. Images were cropped to 

400 pixels in height (72 ppi), allowing width to vary naturally, all background 

information was removed and replaced with a black background.  

For each of the three target identities, 12 images that captured a wide range of 

natural variability in appearance were intermixed with 12 images of a similar-looking 

identity (i.e., similar age, hair color, and face shape). Control stimuli comprised six still 

images extracted from each training video (same-ID control images, two from each one-

minute segment) and images of a dissimilar distractor (i.e., different age, hairstyle; 

different-ID control images). Participants saw six same-ID control images in the LV and 

HV conditions (extracted from the video they viewed) and one same-ID control image in 

the single-image condition. They saw 2, 3, or 4 different-ID control images, varied to 

reduce potential response bias (i.e., to prevent participants from learning the proportion 

of images that depict the target identity). To pass the control trials, participants needed to 

correctly identify at least five of the six same-ID control images in both the LV and HV 

conditions, the single same-ID image in the single-image condition and reject all 

different-ID control images.  

Procedure. The task procedure was based on Baker et al., (2017) and Zhou et al. 

(2018). Participants learned one target identity in each of the variability conditions (i.e., 

by viewing a single image and by watching a low- or high-variability video). Participants 

always completed the single-image condition first followed by the low- and high-

variability conditions in a counterbalanced order. The condition to which each identity 

was assigned and which LV and HV videos of each identity were shown varied across 
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participants. Immediately after watching a video, participants completed the recognition 

task. On each trial, a 500-ms fixation cross was followed by an image of a face. 

Participants were asked to indicate whether each image belonged to the target identity or 

to a different person by pressing the ‘‘F’’ or ‘‘J’’ key. Images remained on the screen 

until participants made their response. Once the recognition task was complete, 

participants began the familiarization phase for the next target identity. Forty-two young 

adults (n=1 excluded because of experimenter error, n= 1 did not complete the task) and 

40 older adults (n=2 excluded because of experimenter error, n=2 excluded because of 

technical error) were included in the analyses for this task. 

Results 

For tasks measuring recognition of familiar and wholly unfamiliar faces we 

conducted t-tests comparing young and older adults. All remaining tasks were analyzed 

with an ANOVA; for these tasks the primary question was whether older adults show the 

same pattern of results as young adults, rather than whether there are differences in 

performance with age per se. We focused our analyses on answering the former question 

and so followed up age x condition interactions with pairwise comparisons examining the 

effect of condition within each age group. Where relevant (i.e., in every task except 

ensemble coding), we analyzed d′, hits, false alarms and criterion. d′ provides an 

unbiased measure of sensitivity to identity and criterion provides a measure of response 

bias10. Higher d′ values indicate greater sensitivity to identity, and higher criterion values 

indicate a more conservative response bias. Hits and false alarms provide distinct 

 
10 d' = z(H) - z(FA). Criterion = -0.5 * (z (H) + z(FA). z(H) and z(F) are the z transformations of hits and 
false alarms.  
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information. The proportion of hits reflects participants’ ability to recognize an identity 

despite variability in appearance, whereas the proportion of false alarms reflects 

participants’ ability to tell different identities apart. Examining both hits and false alarms 

provides insight into how these abilities uniquely contribute to identity perception and 

learning (Ritchie et al., 2021). We define hits and false alarms in the context of each task. 

Across all analyses, all tests were two-tailed. When analyzing pairwise comparisons, we 

used the Bonnferroni correction to correct for multiple comparisons. 

To provide further evidence for our effects (or lack thereof), we follow up our 

frequentist analyses with Bayesian analyses. In each analysis, we report Bayes Factors 

(BF). We report BF01 when the evidence favours the null hypothesis (i.e., no difference 

between groups; H0) and BF10 when the evidence favours the alternative hypothesis (H+). 

In our Bayesian ANOVAs, we also report BFincl when the evidence favours the inclusion 

of an effect in the model and BFexcl when the evidence favours the exclusion of an effect 

from the model. Values greater than 3 indicate substantial evidence, while values greater 

than 10 indicate strong evidence11 (Wetzels et al., 2011). All analyses were conducted in 

JASP using default options and priors (Jasp Team, 2019). 

Familiar Face Sorting  

To compare familiar face recognition in older and young adults, we conducted 

separate independent samples t-tests of d′, hits, false alarms and criterion. We defined hits 

as the proportion of images of the target correctly placed in the target box and false 

alarms as the proportion of images of the distractor incorrectly placed in the target box.  

 
11 A BF10 = 3 suggests that the data are 3 times as likely to have occurred under the alternative than the 
under the null hypothesis. BF10 = 3 is equivalent to BF01 = 0.33. 
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As shown in Figure 4.1, performance on the familiar sorting task was nearly 

errorless. Independent samples t-tests revealed no differences between older and young 

adults in d′ (OA: Md′ = 3.07, SE = 0.07; YA: Md′ = 3.03, SE = 0.08), t(86) = -0.36, p = 

.723,  95% CI [-0.26, 0.18],  hits (OA: M = 0.97, SE = 0.01; YA: M = 0.95, SE = 0.02), 

t(86) = -0.83, p = .408,  95% CI [-0.07, 0.03], false alarms (OA: M = 0.03, SE = 0.01; 

YA: M = 0.02, SE = 0.01) t(86) = -0.50, p = .622, 95% CI [-0.03, 0.02], or criterion (OA: 

M = 0.01, SE = 0.02;, YA: M = 0.05, SD = 0.04), t(86) = 1.04, p = .300, 95% CI [-0.04, 

0.13].  

Bayesian independent samples t-tests supported these findings. We found 

substantial evidence for the null hypothesis (i.e., no difference between young and older 

adults) in the analyses of d′ (BF01 = 4.24), hits (BF01 = 3.31), and false alarms (BF01 = 

4.03), and anecdotal evidence in the analysis of criterion (BF01 = 2.79). Collectively, our 

results show that older adults maintain the ability to recognize a familiar face across 

changes in appearance. 

Unfamiliar Face Matching 

We compared unfamiliar matching performance in older vs. young adults by 

conducting separate independent samples t-tests for d′, hits, false alarms and criterion. 

We defined hits as the proportion of same trials on which participants correctly 

responded same and false alarms as the proportion of different trials on which 

participants incorrectly responded same 
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Figure 4.1. Performance on the Familiar Sorting Task for young and older adults: (A). d′ 

; (B) proportion of hits; (C) proportion of false alarms; (D) criterion. 
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As shown in Figure 4.2, both young and older adults made errors in the unfamiliar 

matching task, with young adults showing superior performance. Older adults (Md′ = 

0.85, SE = 0.08) were less sensitive to identity than were young adults (Md′ = 1.42, SE = 

0.08), t(83) = 4.92, p < .001,  d = 1.07, 95% CI [0.34, 0.80]. This difference in sensitivity 

was driven by older adults making fewer hits (Older adults: M = 0.63, SE = 0.02; Young 

adults; M = 0.71, SE = 0.02), t(83) = 2.39, p = .020,  d = 0.52, 95% CI [0.13, 0.14]) and 

more false alarms (Older adults: M = 0.33, SE = 0.02; Young adults: M = 0.22, SE = 

0.02), t(83) = -3.72, p < .001,  d = 0.80, 95% CI [-0.16, 0.05]) than young adults. There 

was no difference in criterion between older (M = 0.06, SE = 0.06) and young adults (M 

= 0.11, SE = 0.05), t(83) = 0.69, p = .491, 95% CI [-0.10, 0.21].  

Bayesian independent samples t-tests supported these findings. The analyses of d′ 

revealed decisive evidence for the alternative hypothesis (i.e., a difference between young 

and older adults; BF10 = 3716.14). We found anecdotal evidence of a difference in hits 

between young and older adults, (BF10 = 2.59) and very strong evidence of a difference in 

false alarms between young and older adults (BF10 = 71.82). The analysis of criterion 

revealed substantial support for the null hypothesis (i.e., no difference between young 

and older adults; BF01 = 3.58). Taken together, these results show that older adults have 

even more difficulty than young adults when trying to match ambient images of 

unfamiliar identities, a difference driven by OAs being both less likely than YAs to 

perceive that two images belong to the same person (i.e., hits) and especially more likely 

than YAs to perceive that images of two different people belong to the same person (i.e., 

false alarms). This finding suggests that the starting point for face learning is different for 

young vs. older adults. 
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Figure 4.2. Performance on the Unfamiliar Matching Task for young and older adults: 

(A) d′ ; (B) proportion of hits; (C) proportion of false alarms; (D) criterion. 
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Ensemble Coding  

To examine ensemble coding in young vs. older adults, we conducted a 2 (Test 

Face: Match/Non-match) x 2 (Image Type: Exemplar/Average) x 2 (Presentation Type: 

Simultaneous/Sequential) x 2 (Age group: Older/Young adults) mixed ANOVA. The 

results revealed comparable ensemble coding in our two age groups (see Figure 4.3A). 

There was no significant main effect of or any interactions with Presentation Type, all ps 

> .136, showing comparable patterns across simultaneous and sequential presentations. 

The analysis yielded a main effect of Test Face, F (1, 83) = 430.50, p < .001, ηp2 = .84, 

such that participants responded old more often to matching (M = 7.45, SE = .13) than 

non-matching (M = 4.25, SE = .15) faces, a pattern that held across average and exemplar 

images. There was also a main effect of Image Type, F (1, 83) = 13.83, p < .001, ηp2 = 

.14. These main effects were superseded by a significant Test Face x Image Type 

interaction, F (1, 83) = 17.27, p < .001, ηp2 = .17. Pairwise comparisons revealed that the 

proportion of old responses did not differ between matching averages (M = 7.48, SE = 

.15) and matching exemplars (M = 7.42, SE = .15) p = .745, providing direct evidence of 

ensemble coding. The proportion of old responses was higher for mismatching averages 

(M = 4.73, SE = .16) than mismatching exemplars (M = 3.76, SE = .18) p < .001, a 

pattern consistent with previous studies (Kramer et al., 2015, Matthews et al., 2018). 

There was no main effect of Age Group; the only significant interaction involving age 

group was a Test Face x Age Group interaction, F (1, 83) = 7.04, p = .010, ηp2 =.08. 

Pairwise comparisons revealed that older adults responded old less frequently to 

matching images (collapsed across exemplars and averages; M = 7.19, SE = .18) than did 

young adults (M = 7.70, SE = .18), p = .044. There was no age difference in the 
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frequency of old response on non-matching trials, p = .300. Critically, the three-way 

interaction between Test Face, Image Type and Age was not significant F (1, 83) = 2.59, 

p = .111, ηp2 =.03, suggesting that ensemble coding does not differ between young and 

older adults.  

To directly assess ensemble coding, we calculated an ensemble coding score for 

each participant by subtracting the frequency of old responses on the non-matching 

average trials from the frequency of old responses on the matching average trials (see 

Matthews et al., 2018; Rhodes, et al., 2016). Given that the ANOVA revealed no 

significant effects of Presentation Type, we compared ensemble coding scores for each 

participant averaged across the simultaneous and sequential tasks (see Figure 4.3B). A 

positive score is evidence of ensemble coding. Separate one-sample t-tests confirmed that 

the average ensemble coding score was significantly greater than zero for both groups 

(OA: M = 2.51, SE = .29, t (41) = 8.62, p < .001, d = 1.33, 95% CI [1.92, 3.10]; YA: M = 

2.98, SE = .26, t (42) = 11.55, p < .001, d = 1.76, 95% CI [2.45, 3.50]. An independent 

samples t-test confirmed that there was no difference between ensemble coding scores for 

young and older adults, t (83) = 1.20, p = .235, 95% CI [-0.31, 1.24]. 

 

 

 



 

 

144 

 

 
Figure 4.3. A. Mean number of old responses for each test image type for young and 

older adults (collapsed across presentation type). B. Individual ensemble coding scores 

for young and older adults (collapsed across presentation type). Scores above 0 provide 

evidence of ensemble coding. The horizontal lines represent the mean for each group. 
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The Bayesian ANOVA provided further evidence of comparable ensemble coding 

between young and older adults. We collapsed across presentation type in this analysis, 

as no significant main effects or interactions were found in the frequentist ANOVA. 

Consistent with our frequentist analysis, the Bayesian ANOVA revealed that the best 

model (compared to the null model) to fit the data was the one that contained all three 

main effects, a Test Face by Image type interaction and a Test Face by Age Group 

interaction (BF10 = 2.59e x 1064). There was anecdotal evidence that the three-way 

interaction term should be excluded from the model (BFexcl = 1.96). When the model 

containing the three-way interaction term was compared to the best model, the analysis 

revealed substantial evidence that it is not the likely model given the data (BF01 = 4.65).  

A Bayesian independent samples t-test comparing the average ensemble coding scores 

for young vs. older adults provided anecdotal evidence for the null hypothesis (i.e., no 

difference in ensemble coding scores between age groups; BF01 = 2.37). Collectively, 

these findings provide convincing evidence of comparable ensemble coding in young and 

older adults. 

Face Learning: Perceptual Task 

Forty-four young and 39 older adults passed control trials. Rather than exclude 

participants who did not pass control trials (5 older adults), we analyzed data both with 

and without them so as to not underestimate differences between the two age groups. 

Here we report the results including those who failed controls but note differences where 

relevant (see footnotes). To compare older vs. young adults in our perceptual task, we 

conducted separate 2 (Age: Young/Older Adult) by 3 (Number of Images: 1/3/6) mixed 

ANOVAs for d′, hits, false alarms and criterion. Only the 20 test images were included in 
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our analyses. We defined hits as the proportion of images of the target correctly placed in 

the target box and false alarms as the proportion of images of the distractor incorrectly 

placed in the target box.  

d′. The main effect of age was significant, F (1, 81) = 18.89, p < .001, ηp2 = .19, 

such that young adults (M = 2.25, SE = .09) performed better than older adults (M = 1.70, 

SE = .09) across the three conditions. The main effect of number of images was also 

significant, F (2, 162) = 5.14, p = .007, ηp2 = .06. Pairwise comparisons revealed that 

participants performed better in the 6-image condition (M = 2.15, SE = .10) than in the 1-

image condition (M = 1.74, SE = .10), p = .017, with no other significant differences 

between conditions, ps > .090. As shown in Figure 4.4a, there was no interaction between 

age and number of images, F (2, 162) = 0.68, p = .510, ηp2 = .01.  

The Bayesian ANOVA confirmed that the best model (compared to the null 

model) to fit the data was the one that contained the main effects of Age and Number of 

Images, but not the interaction term (BF10 = 1082.75). There was substantial evidence 

that the Age by Number of Images interaction term should be excluded from the model 

(BFexcl = 7.13). When the model containing the interaction term was compared to the best 

model, the analysis revealed substantial evidence that it is not the likely model given the 

data (BF01 = 7.13). Taken together, our analyses show that the benefit of multiple images 

did not differ as a function of age. 

Hits. The main effect of age was not significant, F (1, 81) = 1.49, p = .226, ηp2 = 

.02. The main effect of number of images F (1.77, 143.66) = 24.42, p < .001, ηp2 = .23, 

was superseded by a significant age x number of images interaction, F (1.77, 143.66) = 

4.58, p = .015, ηp2 = .05. As seen in Figure 4.4b, the effect of age is evident only in the 1-
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image condition (i.e., for wholly unfamiliar faces). Pairwise comparisons revealed that 

both young and older adults made more hits in the 6-image condition (YA: M = .86, SE = 

.02; OA: M = .86, SE = .03) than in the 1-image condition (YA: M = .76, SE = .03, p = 

.018; OA: M = .63, SE = .04, p < .001). Whereas older adults also made more hits in the 

3-image condition (M = .80, SE = .03) than the single-image condition (p < .001), young 

adults did not (M = .80, SE = .03; p = .613). There were no differences between the 3- 

and 6-image conditions for either age group (YA: p = .121 OA: p = .089). 

Consistent with our frequentist analysis, the Bayesian ANOVA revealed that the 

best model (compared to the null model) to fit the data was the one that contained both 

main effects and the interaction term (BF10 = 6.84e x 106). There was substantial 

evidence that the interaction term should be included in the model (BFincl = 3.40). 

Nonetheless, both groups benefitted from exposure to multiple images; the interaction 

reflects superior performance by young adults vs. older adults in the 1-image condition, a 

difference that was eliminated in the 6-image condition. These findings show that the 

ability to recognize new instances of a recently learned face, is preserved in aging—at 

least in a perceptual task.   

False Alarms. The main effect of age was significant, F (1, 81) = 12.70, p < .001, 

ηp2 = .136. As shown in Figure 4.4c, older adults made more false alarms (M = 0.22, SE = 

.02) than young adults (M = 0.11, SE = .02) across the three conditions. There was no 

main effect of number of images, F (2, 162) = 0.99, p = .373, ηp2 = .01, and no interaction 

between age and number of images F (2, 162) = 0.67, p = .511, ηp2 = .01.  

Consistent with our frequentist analysis, the Bayesian ANOVA revealed that the 

best model (compared to the null model) to fit the data was the one that contained only 
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the main effect of Age (BF10 = 25.97). There was substantial evidence that the main 

effect of Number of Images (BFexcl = 9.22) and the interaction term (BFexcl = 7.80) should 

be excluded from the model. When the model containing both main effects was compared 

to the best model, the analysis revealed substantial evidence that it is not the likely model 

given the data (BF01 = 9.20). Similarly, when the model containing the interaction term 

was compared to the best model, the analysis revealed very strong evidence that it is not 

the likely model given the data (BF01 = 67.02). Taken together, these results show that 

exposure to multiple images did not reduce false alarms for either age group 

Criterion. The significant main effects of age, F (1, 81) = 3.81, p = .054, ηp2 = 

.05, and number of images, F (2, 162) = 18.85, p < .001, ηp2 = .19, were superseded by a 

significant age x number of images interaction, F (1, 81) = 3.73, p = .026, ηp2 = .04. 

Pairwise comparisons revealed that for older adults, criterion was lower in the 3- (M =-

.01, SE = .07) and 6-image (M =-.19, SE = .07) conditions than in the 1-image condition 

(M = .29, SE = .07), ps < .002. The difference between criterion in the 3- and 6- image 

condition was marginally significant, p = .05312. For young adults, only the difference 

between the 1- (M = .27, SE = .07) and 6- image (M = .07, SE = .07) conditions 

approached significance, p = .060 (see Figure 4.4d).  Consistent with our frequentist 

analysis, the Bayesian ANOVA revealed that the best model (compared to the null 

model) to fit the data was the one that contained the interaction term (BF10 = 180187.49). 

There was anecdotal evidence that the interaction term should be included in the model 

(BFincl = 1.61). 

 

 
12 The difference in criterion for older adults between the 3- and 6-image conditions becomes non-
significant when the five older adults who failed controls were removed from the analysis, p = .249. 
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Figure 4.4. Performance on the Face Learning Perceptual Task for young and older 

adults: (A) d′ ; (B) proportion of hits; (C) proportion of false alarms; (D) criterion. 

 

 



 

 

150 

 

Collectively, these results demonstrate that exposure to variability in appearance 

facilitates face learning for both young and older adults. The analysis of d′ revealed that 

both young and older adults show improved performance in the 6-image condition 

relative to the 1-image condition, an effect that did not differ with age. Exposure to 

multiple images primarily affects hits; both young and older adults make more hits in the 

6-image condition relative to the 1-image condition. For older adults, this learning was 

also associated with a shift in response bias, with more liberal responding in the 6- and 3- 

vs. 1-image condition. False alarms were unaffected by the number of images viewed for 

both age groups.  

Face Learning: Memory Task 

Forty-two young and 37 older adults passed control trials. Rather than exclude 

participants who did not pass control trials (2 young adults; 7 older adults), we analyzed 

data both with and without them so as to not underestimate differences between the two 

age groups. Here we report the results including those who failed controls but note 

differences where relevant (see footnotes). To compare face learning in the memory task 

for older and young adults, we conducted separate 2 (Age: young adults/older adults) by 

3 (Variability: single image/low variability/high variability) mixed ANOVAs for d′, hits, 

false alarms and criterion. Only the 24 test images were included in our analyses We 

defined hits as the proportion of images of the target for which participants correctly 

responded “Yes, this is the target” and false alarms as the proportion of images of the 

distractor for which participants incorrectly responded “Yes, this is the target”.  

d′. The main effect of age was significant F (1, 80) = 22.87, p < .001, ηp2 = .22, 

such that young adults (M = 1.86; SE = .12) performed better than older adults (M = 1.05; 
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SE = .12) across the three conditions. The ANOVA also revealed a main effect of 

variability, F (1.85, 147.99) = 25.81, p < .001, ηp2 = .24. Pairwise comparisons revealed 

that participants performed better in both the low- (M = 1.65; SE = .12) and high-

variability (M = 1.95; SE = .12) conditions than in the single-image condition (M = .76; 

SE = .15), ps < .001, with no difference in performance between the low- and high 

variability conditions, p = .128. The interaction between age and variability was not 

significant, F (1.85, 147.99) = 0.20, p = .799, ηp2 = .00 (See Figure 4.5a).  

The Bayesian ANOVA confirmed that the best model (compared to the null 

model) to fit the data was the one that contained both the main effect of Age and the main 

effect of Variability but not the interaction (BF10 = 1.82e x 1011). There was strong 

evidence that the interaction term should be excluded from the model (BFexcl = 11.12). 

When the model containing the interaction term was compared to the best model, the 

analysis revealed substantial evidence to suggest that it is not the likely model given the 

data (BF01 = 11.12). Taken together, these results show comparable patterns of face 

learning in the two groups, as assessed by sensitivity. 

Hits. The main effect of age was not significant F (1, 80) = 1.86, p = .176, ηp2 = 

.02. The main effect of variability, F (1.56, 125.08) = 25.23, p < .001, ηp2 = .24, was 

superseded by a significant age x variability interaction, F (1.56, 125.08) = 3.72, p = 

.037, ηp2 = .0413. Pairwise comparisons revealed that both young and older adults made 

more hits in the high-variability condition (YA: M = 0.83; SE = .03; OA: M = 0.76; SE = 

.03) than in the single-image condition (YA: M = 0.52; SE = .05, p < .001; OA: M = 0.57; 

 
13 The age x variability interaction becomes non-significant when seven older adults and two young adults 
who failed controls were removed from the analysis, F (1.53, 108.63) = 2.79, p = .080, ηp2 = .04. 
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SE = .05, p = .002) and in the low-variability conditions (YA: M = 0.74; SE = .04, p = 

.019; OA: M = 0.59; SE = .04, p < .001). Whereas young adults also made more hits in 

the low variability condition than the single-image condition (p < .001), older adults did 

not (p = 1.000). As shown in Figure 4.5b, the low variability condition is the only 

condition in which we see a difference in the number of hits made by young and older 

adults.  

Contrary to our frequentist analysis, the Bayesian ANOVA revealed that the best 

model (compared to the null model) to fit the data was the one that contained only the 

main effect of Variability (BF10 = 4.17e x 107). When the model containing the 

interaction term was compared to the best model, the analysis revealed anecdotal 

evidence to suggest that it is not the likely model given the data (BF01 = 1.34). However, 

there was anecdotal evidence that the interaction term should be included in the model 

(BFincl = 1.69). Given that the frequentist analysis produced a significant interaction 

consistent with our predictions, and the Bayesian ANOVA revealed some evidence for 

the inclusion of the interaction term, we conducted separate one-way Bayesian ANOVAs 

for each age group. These ANOVAs revealed decisive evidence of an effect of variability 

for both young (BF10 = 590101.45) and older adults (BF10 = 208.24). Consistent with the 

findings from the frequentist analysis, young and older adults made more hits in the high-

variability condition than in the low-variability (BF10 = 5.82 and 559.51, respectively) 

and single image (BF10 = 13747.01 and 46.58, respectively) conditions. Whereas young 

adults made more hits in the low-variability condition than in the single-image condition 

(BF10 = 14.30), we found substantial evidence that older adults did not (BF01 = 5.28).  



 

 

153 

 

Taken together, our analyses of hits suggest that although young adults showed an 

improved ability to recognize new instances of a recently learned face after watching a 

low variability video relative to the single-image condition, older adults did so only when 

exposed to high variability in appearance. This is consistent with our hypothesis that 

older adults might be less efficient face learners than young adults when the task involves 

memory, and thus require more variability in appearance to learn a new face.   

False Alarms. The main effect of age was significant, F (1, 80) = 25.89, p < .001, 

ηp2 = .24, such that older adults (M = 0.31; SE = .03) made more false alarms than young 

adults (M = 0.14; SE = .03) across the three conditions. The main effect of variability was 

also significant, F (2, 160) = 10.34, p < .001, ηp2 = .11. Pairwise comparisons revealed 

that participants made fewer false alarms in both the high- (M = 0.20; SE = .03) and low-

variability (M = 0.16; SE = .02) conditions than in the single-image condition (M = 0.31; 

SE = .03), ps < .007. There was no difference in false alarms between the low- and high-

variability conditions, p = .726, The interaction between age and variability was not 

significant F (2, 160) = 1.64, p = .198, ηp2 = .02 (See Figure 4.5c).  

Contrary to our frequentist analysis, the Bayesian ANOVA revealed that the best 

model (compared to the null model) to fit the data was the one that contained the 

interaction between Age and Variability (BF10 = 1.96 x 10128). There was decisive 

evidence that the interaction term should be included in the model (BFincl = 1951.13). 

Because this interaction was not found in the frequentist ANOVA, we followed it up with 

separate Bayesian ANOVAs for each age group. While there was anecdotal evidence of 

no effect of variability in young adults (BF01=1.21), there was very strong evidence of an 

effect of variability for older adults (BF10=55.76). Consistent with the findings from the 
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main effect of variability in the frequentist analysis, Bayesian paired t-tests revealed that 

older adults made fewer false alarms in both the high- (BF10 = 3.11) and low-variability 

(BF10 = 33.74) conditions than in the single-image condition. There was anecdotal 

evidence of no difference in false alarms between the low- and high-variability conditions 

(BF01 = 2.12). Taken together, this suggests that the results of the effect variability in the 

frequentist analysis were limited to older adults.  

Criterion. The significant main effects of age, F (1, 80) = 5.62, p = .020, ηp2 = 

.07, and variability, F (1.82, 145.94) = 8.10, p = .001, ηp2 = .09, were superseded by a 

significant age x variability interaction, F (1.82, 145.94) = 6.03, p = .004, ηp2 = .07. 

Pairwise comparisons revealed that for older adults, criterion was higher in the low-

variability condition (M = 0.29, SE = .09) than in both the single-image (M =-.19, SE = 

.07) p = .03314, and high-variability conditions (M =-0.08, SE = .08), p < .001. The 

difference between criterion in the single-image and high-variability conditions was not 

significant, p = 1.00. These differences reflect the numerical decrease in false alarms in 

the low-variability condition with no concomitant increase in hits. For young adults, the 

only significant difference in criterion was between the high-variability (M = 0.13; SE = 

.08) and the single-image (M = 0.48; SE =.09) conditions, such that young adults had a 

higher criterion in the single-image condition p =.002. As shown in Figure 4.5d, young 

and older adults’ criterion significantly differs in the single-image and high variability 

conditions but does not in the low variability condition. Consistent with our frequentist 

analysis, the Bayesian ANOVA revealed that the best model (compared to the null 

 
14 The difference in criterion for young adults between the single-image and low-variability conditions 
becomes non-significant when seven older adults and two young adults who failed controls were removed 
from the analysis, p = .102. 
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model) to fit the data was the one that contained the interaction term (BF10 = 953.56). 

There was strong evidence that the interaction term should be included in the model 

(BFincl = 11.89).  

Figure 4.5. Performance on the Face Learning Memory Task for young and older adults: 

(A) d′ ; (B) proportion of hits; (C) proportion of false alarms; (D) criterion. 
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Collectively, these results suggest that although variability during learning 

appeared to have a comparable effect on young and older adults’ sensitivity to identity as 

measured by d′, the pattern of learning differed between the two age groups. Young 

adults’ improved sensitivity to identity was driven by an increase in hits—an effect seen 

in the low-variability condition. Older adults' improved sensitivity to identity was driven 

by a decrease in false alarms and an increase in hits in the high-variability condition. 

Differential patterns were also reflected in criterion scores; whereas young adults showed 

a monotonic decrease across conditions, older adults had a more conservative criterion in 

the low-variability condition than in both the single-image and high-variability 

conditions. Nonetheless, both groups were more sensitive to identity in the high-

variability than the single-image condition, providing evidence that the ability to learn 

new faces is maintained in older adulthood. 

Discussion 

We provided the first examination of face learning and recognition in older 

adulthood using ambient images that capture natural within-person variability in 

appearance. Older adults form a large and growing segment of our population and the 

ability to learn and recognize faces is important in their daily lives. We report comparable 

learning and recognition between young and older adults on three of the five tasks: 1) 

Older adults recognized a familiar face without error; 2) they showed ensemble coding of 

facial identity, regardless of whether the images were presented simultaneously or 

sequentially; and 3) despite being less accurate than young adults overall, they showed 

comparable learning to young adults when viewing multiple images of a newly 

encountered face in the perceptual learning task. In the remaining two tasks, older adults 
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showed a different pattern than young adults: 1) Older adults made fewer hits and more 

false alarms than young adults when matching facial identity in wholly unfamiliar faces; 

and 2) despite showing comparable benefits in sensitivity to young adults, older adults 

became more conservative after being exposed to low variability in appearance, resulting 

in them failing to recognize novel instances of the newly learned identity. Our results are 

consistent with those from comparable tasks used to compare children’s face learning and 

recognition to that of young adults (Baker et al., 2017; Laurence & Mondloch, 2016; 

Matthews et al., 2018).  

Tasks with no age-related decline 

Our study reveals that not all aspects of face learning and recognition across 

ambient images are equally affected by aging. Older adults maintain the ability to 

recognize a highly familiar face across changes in appearance. This is perhaps not 

surprising given that most older adults easily recognize family and friends in everyday 

life. In the context of Bruce and Young’s (1986) model, older adults maintain the ability 

to activate FRUs when they encounter someone that they know, even when that person’s 

appearance has changed. The ability to recognize a familiar face in ambient images is 

likely a face-specific skill, as no other stimulus category is recognized on the individual 

level (e.g., that is Sue) and varies in a comparable way—at least in the visual domain (see 

Baker et al., 2017; Matthews et al., 2018 for discussion). Aging is associated with 

reduced sensitivity in face-specific regions of the brain (Goh et al., 2010; Park et al., 

2004; Park et al., 2012; see Koen & Rugg, 2019 for a review) and reduced N250 priming 

effects relative to young adults (Wiese et al., 2017). Thus, although older adults do not 

exhibit a behavioural difference in recognizing familiar faces despite variability in 
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appearance, future research should examine whether the neural mechanisms underlying 

familiar face recognition in young and older adults are comparable.  

Older adults also show comparable performance to young adults in two tasks that 

measure face learning. First, older adults extract an average representation of an identity 

from multiple instances, regardless of whether those instances are presented 

simultaneously or sequentially. Ensemble coding does not require face-specific skills; 

people also extract the average from other visual features such as brightness, hue, line 

orientation, and direction of motion (for a review, see Whitney et al., 2014) and young 

adults show comparable ensemble coding of facial identity for upright and inverted faces 

and own- and other-race faces (Davis et al., 2020). We provide evidence that this 

domain-general skill is preserved with aging. It is noteworthy that both young and older 

adults recognized both the individual exemplars and the average of those exemplars, 

consistent with other studies examining ensemble coding of facial identity (Kramer et al., 

2015; Davis et al., 2020; Matthews et al., 2018; Neumann et al., 2013). This is in contrast 

to studies examining ensemble coding of low-level object categories, in which observers 

retain little information about individual exemplars (Ariely, 2001). Retaining the 

exemplars while forming an average likely	allows	the	observer	to	form	a	representation	

that	includes	both	a	range	of	variability	in	the	newly	learned	identity’s	in	appearance	and	an	

average	of	that	variability—two abilities that remain intact with aging and contribute to 

face learning.  

Second, older adults benefit from viewing multiple images when learning a new 

identity in a perceptual task to the same extent as young adults; like young adults, they 

recognized more images of the target identity in the 6-image than in the 1-image 

condition. In this task, memory demands were reduced by displaying the training images 
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during the test phase. Thus, participants were not required to form a representation of the 

newly learned identity in memory; they could simply visually compare each test image to 

the training images they collected (see Ritchie et al., 2021). It is also noteworthy that the 

training images, albeit static and few in number, contained high variability in appearance. 

Although variability in appearance across images made it difficult for older adults to 

match identity for wholly unfamiliar faces, they nonetheless benefit from exposure to 

such variability when learning a new face. In short, older adults can build a representation 

of a highly familiar face and two mechanisms underlying face learning—ensemble 

coding and benefitting from exposure to multiple images—remain intact with aging.    

Tasks with age-related differences 

Older adults demonstrate more difficulty matching identity in ambient images of 

unfamiliar faces than young adults. This was evident in the unfamiliar face matching 

task, as well as in the 1-image condition in the face learning perceptual task, and in the 

single-image condition in the face learning memory task—conditions in which older 

adults were asked to match a single image of an unfamiliar face to a series of photos. 

Across all three tasks, older adults made more false alarms than young adults and in the 

two perceptual tasks (unfamiliar matching task and face learning perceptual task) they 

made fewer hits. The stronger effect for false alarms is consistent with research using 

tightly controlled images and has been interpreted as older adults relying on a sense of 

familiarity or resemblance to something they’ve seen rather than true recollection (e.g., 

Bartlett & Fulton, 1991; Edmonds et al., 2012; Searcy et al., 1999). In the context of 

Bruce and Young’s (1986) model, older adults might experience more difficulty than 
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young adults when forming expression-independent descriptions of wholly unfamiliar 

faces. 

To the extent that the unfamiliar matching task assesses the starting point in the 

process by which a newly encountered face becomes familiar, older adults start this 

process at a deficit—behind young adults in the journey toward familiarity with a face. 

Difficulty matching identity in wholly unfamiliar faces likely has a cascading effect on 

forming representations of a newly encountered face in memory. Indeed, young and older 

adults exhibited different patterns of performance in the low-variability condition of the 

memory task. Both age groups showed improved sensitivity to identity after viewing a 

low-variability video; while young adults’ improvement was driven by an increase in 

hits, older adults’ improvement was driven by a reduction in false alarms. Older adults 

exhibited an increase in hits only after viewing a high-variability video. This pattern 

likely reflects the fact that after viewing a low-variability video, older adults adopted a 

more conservative response bias relative to the single-image condition while young 

adults did not. Although older adults have intact face learning mechanisms (i.e., ensemble 

coding and the ability to benefit from multiple instances), they might require more 

variability to shift their criterion such that they recognize more novel instance of the 

newly learned identity. Their deficit in recognizing unfamiliar faces might make them 

question their abilities under conditions of uncertainty (e.g., when exposed to limited 

within-person variability in appearance). This hypothesis is supported by our finding a 

positive correlation among older (but not younger) adults between hits in the unfamiliar 

matching task (i.e., the ability to ‘tell faces together’) and the increased number of hits 
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observed in the face learning memory task after watching a low-variability video (vs. 

single-image training; r= .37 p= .022). 

Parallels between children and older adults 

We based our predictions for each task on research using comparable tasks to 

examine children’s ability to learning and recognize face. Our findings are consistent 

with these predictions. By age 6, children recognize a familiar face without error, extract 

average representations, and benefit from multiple images in a perceptual learning task. 

However, like older adults, they have more difficulty than young adults when matching 

images of unfamiliar faces. Children also require more variability in appearance (i.e., 

exposure to high variability in appearance) than young adults when recognizing a newly 

learned identity in novel instances. Although d′ did not differ between older and younger 

adults in the low variability condition, older, but not younger, adults adopted a more 

conservative response bias; consequently older adults did not show an improved ability to 

recognize novel images of the newly learned identity (i.e., there was no increase in hits 

between relative to the single image condition). This suggests that older adults might 

require exposure to more variability to shift their criterion in a way that allows them 

accept more novel instances as belonging to the newly learned identity. Similar effects in 

children and older adults are consistent with evidence from studies using tightly 

controlled images that report a U-shaped pattern of development across the lifespan 

(Fitzgerald & Price, 2015; Megreya & Bindemann, 2015). A comparable U-shaped 

pattern is also observed for many cognitive processes, with those showing protracted 

development during childhood also showing decline with aging (e.g., Demspter, 1992; 

Kail & Salthouse 1994; Zelazo et al., 1994).  
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It would be easy to interpret these effects as evidence that development and age-

related decline in general cognitive skills play a key role face learning and recognition 

across the lifespan. However, in another line of research, young adults’ recognition of 

own- vs. other-race faces suggest a role for experience; just as children have limited 

experience with faces in general, young adults tend to have limited experience of faces 

from racial categories other than their own. Young adults make more errors when 

matching identity in unfamiliar other-race faces than unfamiliar own-race faces 

(Laurence et al., 2016) and show evidence of learning an other-race face only after 

watching a high-variability video (Zhou et al., 2018)—the same two tasks on which 

children and older adults have deficits relative to young adults (when tested with own-

race faces). Thus, despite having superior general cognitive skills, young adults resemble 

children and older adults when tested with a face category with which they lack 

experience. To the extent that young adults’ ability to learn and recognize other-race 

faces involve the same mechanisms as those underlying the development and age-related 

decline in these abilities, neither general cognitive development nor experience alone can 

explain these patterns. Unlike children and young adults with other-race faces, older 

adults have an abundance of experience with faces, and yet all three groups show 

comparable patterns.  A lack of experience and/or deficits in general cognitive skills 

might make it difficult to attend to appropriate information (e.g., to ignore non-diagnostic 

cues) when trying to decide whether two images belong to the same person—a task that 

is already challenging for young adults (with own-race faces)—putting children, older 

adults and young adults perceiving other-race faces at a disadvantage when trying to 

learn a newly encountered face.  
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Implications for older adults  

Our findings have important implications for older adults in their daily lives. 

Older adults retain the ability to recognize highly familiar faces despite changes in 

appearance. However, older adults have more difficulty than young adults when making 

identity judgements for unfamiliar faces. Thus, tasks like checking photo-identification 

when selling age-restricted goods or recognizing a person they’ve only met once could be 

especially difficult for older adults. Research using tightly controlled images suggested 

that impaired recognition in older adults was driven primarily by an increase in false 

alarms (e.g., Bartlett & Fulton, 1991; Bartlett et al., 1989; Searcy et al., 1999). Our results 

demonstrate both an increase in false alarms and a reduction in hits; compared to young 

adults, older adults are more likely to perceive images of different people as belonging to 

the same person and perceive images of the same person as belonging to different people. 

Past research may have underestimated this reduction in hits because recognizing the 

same person across tightly controlled images is less difficult than doing so across images 

that capture variability in appearance.  

When exposed to limited variability in appearance, older adults are conservative 

when deciding whether novel instances belong to a newly encountered identity; they 

require exposure to more variability in that identity’s appearance than young adults to 

shift their criterion such that they accept novel instances as belonging to that identity. In 

the context of Bruce and Young’s (1986) influential model, older adults may struggle to 

build face recognition units (FRUs) for newly encountered faces. This could make it 

difficult for older adults to make new friends when volunteering or joining social groups 

in the community. However, it is important to note that we only examined older adults’ 
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recognition and learning of faces in isolation. In the real world, there are other cues that 

might help us to identify someone (e.g., voice, gait, body). It is possible that older adults 

use these cues to boost their recognition and learning of new faces, reducing the deficits 

that we report here. This question was beyond the scope of this study but is an interesting 

avenue for future research.                      

Future directions 

We provided the first comprehensive examination of older adults’ face 

recognition and learning across ambient images. Given our findings, we see several 

avenues for future research. First, our goal was to fill a gap in the literature by examining 

how older adults learn and recognize faces across within-person variability in appearance. 

Now that deficits in older adulthood have been identified, future research can focus on 

examining how individual differences in general cognitive skills during aging influence 

older adults’ difficulty matching unfamiliar faces and forming representations of newly 

encountered faces in memory. To the extent that the deficits observed in older adults’ 

face recognition and learning are attributable to a decline in general cognitive abilities, 

young adults should show comparable patterns when performing a task that taxes their 

cognitive resources. For example, if older adults’ deficits on these face tasks are driven 

by difficulties in attention, giving young adults an attention-demanding task to perform 

while they complete these face tasks should result in deficits in the tasks in which older 

adults have difficulty. Future research examining this question could help further clarify 

the relative roles of experience and general cognitive mechanisms in the development and 

maintenance of face recognition and learning abilities.  
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Second, we based our tasks on those used to compare behavioural face learning 

and recognition in children and young adults. Future research should examine these 

effects using different tasks. Although older adults show comparable familiar face 

recognition to young adults in our task, future research could examine whether 

differences arise if older adults are asked to judge morphs that different in the strength of 

an identity (e.g., 70% the target identity, 30% distractor: 60% the target identity, 40% 

distractor etc.). Given that older adults tend to make more false alarms and rely on a 

sense of familiarity (e.g., Bartlett & Fulton, 1991; Edmonds et al., 2012; Searcy et al., 

1999), one might expect them to accept morphs as belonging to the target even when they 

contain a high percentage of a distractor identity. Future research should also examine 

neural responses when older vs. young adults perform face learning and recognition 

tasks. This could help illuminate whether face learning and recognition is more effortful 

for older vs. younger adults, even on tasks in which we report no evidence of behavioural 

differences.  

Finally, we only looked at healthy older adults, living independently in the 

community. It is possible that our results might be different in a population of older 

adults who experience more rapid cognitive decline. Understanding face recognition and 

learning in this population might have important implications for improving their social 

interactions (e.g., the ability to remember and recognize new faces) and may provide 

further insights about the roles of general cognitive abilities and face-specific experience 

in face recognition and learning across the lifespan.  
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CHAPTER 5 

General Discussion 

 When watching a movie or TV series, you need to be able to recognize characters 

across scenes when their appearance changes and tell them apart from other characters 

that look similar. When attending your high school reunion, you need to be able to 

recognize your old classmates, despite the effects of aging on their appearance. When 

going on a first date with someone from an online site, you might only have their profile 

picture to use when trying to find them in a crowded restaurant. These examples 

demonstrate just how crucial the ability to recognize facial identity despite changes in 

appearance is in daily life. Within the last 11 years, the field of identity recognition has 

made a shift from studies predominantly relying on tightly controlled images to those that 

include ambient images (i.e., images that capture within-person variability in 

appearance). Using ambient images has allowed researchers to examine the challenge of 

learning and recognizing identity across changes in appearance. Several studies have 

revealed that young adults can easily recognize familiar faces despite variability in their 

appearance, but have difficulty doing so with unfamiliar faces (e.g., Bruce et al., 1999; 

Bruce et al., 2001; Burton et al., 2010; Jenkins et al., 2011; Kemp et al., 1997; Megreya 

& Burton, 2006, 2008; Megreya et al., 2013). Although variability in appearance makes 

recognizing a newly encountered face quite challenging, it is exposure to the ways in 

which a person varies that facilitates the process of face learning in young adults (e.g., 

Andrews et al., 2015; Baker et al., 2017; Dowsett et al., 2016; Matthews & Mondloch, 

2018; Ritchie & Burton, 2017). Most of the research using ambient images has focused 

on examining identity learning and recognition in young adults. Only a few studies have 
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examined these abilities in children, and, to the best of my knowledge, no studies have 

examined them in older adults. The current set of studies was designed to address these 

gaps in the literature. Filling these gaps will inform theories of face learning and 

recognition and have important implications for children and older adult’s daily social 

interactions. 

The few studies examining children’s recognition of identity in ambient images 

suggest that by the age of 6, children can easily recognize a personally familiar face but 

the ability to recognize unfamiliar faces continues to improve throughout childhood 

(Laurence & Mondloch, 2016). Children also require exposure to more variability in 

appearance than do adults to learn a newly encountered face—at least when the 

recognition task involves memory demands (Baker et al., 2017). Study 1 of my 

dissertation examined two mechanisms that underlie young adults’ face learning in 

children aged 6 to 11: ensemble coding and the ability to benefit from exposure to 

variability in appearance in a perceptual matching task. I discovered that both 

mechanisms are adultlike by the age of 6. First, children extracted the average of a set of 

images of an identity, regardless of whether those images were presented simultaneously 

or sequentially. Even the youngest children tested showed comparable ensemble coding 

to that of young adults. Like adults, they also recognize exemplars from the study array—

a pattern not seen for non-face stimuli (Ariely, 2001). Second, children benefited from 

exposure to multiple images in a perceptual matching task. Although their overall 

accuracy was lower than that of young adults, children showed comparable benefit from 

viewing multiple images (i.e., selected more images of the newly learned identity after 

viewing six as compared to one image, with no increase in false alarms). These results 
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suggest that these two mechanisms underlying the process of face learning are developed 

by the age of 6.  

Although 6-year-olds recognize images of a familiar face with ease, younger 

children have difficulty recognizing someone they know in ambient images and telling 

them apart from similar looking people (Laurence & Mondloch, 2016; Mondloch et al. 

2006; Mondloch & Thompson, 2008). To gain insights into these difficulties, Study 2 

provided the first examination of the process by which newly encountered faces become 

familiar in 4- and 5-year-olds. The results revealed that 4- and 5-year-olds benefit from 

exposure to multiple images to some extent. Young children were more sensitive to 

identity after viewing six images of a newly learned identity compared to only one. 

Viewing six images also led young children to adopt a less conservative response bias, 

driven both by an increase in hits and an increase in false alarms. This increase in false 

alarms was not found for older children and adults in Study 1. These results suggest that 

the ability to benefit from exposure to variability in appearance during face learning is 

not fully refined before the age of 6. 

Examining face learning and recognition at both ends of the lifespan provides 

important insights about these processes. Only a few studies have examined face 

recognition in children and older adults within the same experiment. These studies used 

tightly controlled images and revealed that age-related improvement in childhood was 

mirrored by a decline in older adulthood (Fitzgerald & Price, 2015; Megreya & 

Bindemann, 2015). Across several paradigms using tightly controlled images, aging is 

associated with difficulties in matching and recognizing identity (e.g., Bartlett & Fulton, 

1991; Bartlett et al., 1989; Edmonds et al., 2012; Habak et al., 2008; Martschuk & Sporer 
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2018; Megreya & Bindemann, 2015; Searcy et al., 1999). Neural evidence also suggests 

that aging is associated with reduced sensitivity in face-specific regions of the brain (Park 

et al., 2004; Park et al., 2012; see Koen & Rugg, 2019 for a review). To the best of my 

knowledge, no prior study had used ambient images to test how older adults learn and 

recognize identity. In Study 3, I conducted a comprehensive examination of older adults’ 

face learning and recognition abilities by using five tasks that included ambient images.  

On three of the five tasks, older adults showed comparable learning and recognition to 

young adults: 1) Older adults recognized a familiar face without error; 2) they showed 

ensemble coding of facial identity, regardless of whether the images were presented 

simultaneously or sequentially, and retained a representation of individual exemplars; and 

3) despite making more errors than young adults overall, they showed comparable benefit 

from viewing multiple images of a newly encountered face in the perceptual matching 

task. In the remaining two tasks, older adults showed a different pattern than young 

adults: 1) Older adults made fewer hits and more false alarms than young adults when 

matching images of wholly unfamiliar faces; and 2) after being exposed to low variability 

in appearance, older adults became more conservative than did younger adults, despite 

showing comparable benefits in sensitivity. Taken together, these results suggest that 

while certain aspects of face learning and recognition are preserved with aging, others 

show decline.  

Collectively, the results from my dissertation provide novel insights about 

learning and recognizing facial identity during childhood and aging. The same abilities 

that show prolonged development during childhood undergo changes in older adulthood. 

Compared to young adults, both children and older adults have difficulty matching 
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unfamiliar identity across images. In addition, children do not show evidence of learning 

a new face after exposure to low variability in appearance in a memory task and older 

adults adopt a more conservative response bias, resulting in them missing novel instances 

of the newly learned identity—effects that are not seen in young adults. The abilities that 

are adultlike by the age of 6—recognizing familiar faces, ensemble coding and benefiting 

from exposure to variability in a perceptual task—remain intact with aging. My findings 

raise questions about whether prolonged development during childhood is driven by the 

same factors as age-related decline in older adulthood. My findings also further our 

knowledge of how face learning and recognition functions in young adults. 

Understanding how the adult system is built has implications for improving identity 

recognition in applied settings.  

What develops during childhood? 

 In the first two studies of this dissertation, I examined the process of face learning 

across ambient images during childhood. Specifically, I examined whether, like adults, 

children benefit from viewing multiple images of a newly encountered face when 

recognizing that person in novel instances. Whereas children 6 years and older showed 

adult-like learning after viewing six images in a perceptual task, 4-and 5-year-olds did 

not. Although these young children showed an overall increase in selectivity to identity 

(d′), separate analyses of hits and false alarms revealed that 4-and 5-year-olds made more 

hits and more false alarms after viewing six images. Four- and 5-year-olds 

overgeneralized the variability to which they were exposed and accepted between-person 

variability in appearance as being further within-person variability in the appearance of 

the storybook character. This overgeneralization in the process of face learning for young 
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children may be analogous to the process by which they learn new words; young children 

tend overgeneralize new words (e.g., dog) to similar objects (e.g., all four-legged 

animals) before learning how to properly use the new word (see Ambridge et al., 2013 for 

a review). In the context of the attractor field theory in multi-dimensional face space 

(Tanaka et al., 1998a; Valentine, 1991), viewing six images of the character expanded the 

size of older children’s attractor field the appropriate amount such that it included novel 

instances of the character, without including instances of other people. In contrast, 

viewing six images of the character expanded young children’s attractor field for the 

storybook character too far—so much so that it began to overlap with the attractor field 

for the distractor identity. Taken together, my results suggest that the process of face 

learning becomes more refined between the ages of 5 and 6, such that older children 

show a benefit from exposure to multiple images without any increase in false alarms.  

My findings raise questions about what is it that develops between the ages of 5 

and 6 years that allows for more sophisticated face learning in which children can both 

recognize an identity across changes in appearance and tell them apart from similar-

looking people. Children’s ability to tell people together requires a conceptual 

understanding that people can change their appearance. This understanding might 

develop with age. Knowing that a change in hair colour or emotional expression does not 

signal a change in identity is crucial to tolerating within-person variability. Telling 

together also requires the perceiver to attend to appropriate information when learning a 

new face—an ability that might improve during childhood. In the perceptual learning 

task, children were not required to build a representation of the storybook character in 

memory (Ritchie et al., 2021); children were able to use the images they had collected in 
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the story to help them decide whether each test image belonged to the storybook 

character. The benefit of viewing multiple images is that it provides a range of 

idiosyncratic variability in a person’s appearance (Burton et al., 2016; Kramer et al., 

2018; Young & Burton, 2017). Extrapolating beyond the variability provided to 

recognize the identity in novel instances requires knowing which features or cues to use 

and being able to attend only to these cues while ignoring others. This might require 

children to extract an average of the instances (Burton et al., 2005) —an ability that has 

not yet been studied in this age group. Although holistic processing is mature by the age 

of 4 (de Heering et al., 2007; Mondloch et al., 2007; Pelicano & Rhodes, 2003; Pelicano 

et al., 2006; Tanaka et al., 1998b), there is evidence that younger children are less 

sensitive to facial cues (i.e., feature-spacing; e.g., Mondloch et al., 2006; Mondloch & 

Thompson, 2008); children are unable to recognize their own face or that of a best friend 

when paired with a spatially-altered version. Reduced sensitivity to idiosyncratic facial 

cues might make it difficult for 4-and 5-year-olds to make use of variability in 

appearance to recognize an identity in novel instances. Improvements with age in the 

ability to attend to appropriate information could be driven by an increase in experience 

with faces (e.g., when starting school), and/or by development of other general cognitive 

skills (e.g., selective attention, inhibitory control). Recent computer simulations of face 

learning (e.g., Kramer et al., 2018; Noyes et al., 2021; O’Toole et al., 2018) provide 

evidence that a well-populated face space (i.e., many exemplars of many identities) 

improves face learning—consistent with a role for experience in age-related improvement 

during childhood. 
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The ability to tell people apart might also develop with age. Increasing children’s 

tolerance to within-person variability in appearance might initially lead them to 

overgeneralize and accept between-person variability as within-person variability, 

increasing misidentifications. The ability to more accurately tell people apart might 

develop as children build a more refined face space and become more sensitive to 

difference between faces (Anzures et al., 2009; Crookes & McKone, 2009; Jeffery et al., 

2010). Alternatively, 4-and 5-year-olds might require more exposure to variability than 

older children and adults in order to learn to constrain their tolerance to variability to 

images of the newly encountered identity without mistaking them for a similar-looking 

person. Of the 33 children who showed an increase in hits in Study 2, 15 did not show an 

increase in false alarms. It is possible that for these children, six images were sufficient to 

move past the point of overgeneralization during learning; the remaining children might 

have required more images to do so. Had I included a 3-image condition in this study, as 

in Study 1, we might have seen an increase in false alarms for the 15 children who did 

not show an increase in false alarms after viewing six images, despite showing an 

increase in hits. In the study by Laurence and Mondloch (2016), although 4- and 5-year-

olds failed to recognize some novel images of their teacher, they rarely mistook images 

of a similar-looking person as belonging to their teacher. Thus, this accumulation of 

experience with their teacher (3-9 months) was enough to prevent children from making 

false alarms. However, unlike for older children, this exposure was still not sufficient to 

produce errorless performance when asked to recognize images of their teacher where her 

appearance varied.  
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The Role of Face-Specific Experience vs. General Cognitive Development 

 Researchers examining face recognition during childhood have long debated the 

extent to which protracted development in certain abilities is driven by an increase in 

face-specific experience or improvements in general cognitive skills (e.g., Crookes & 

Robbins, 2014; de Heering et al., 2012; McKone et al., 2012; Short et al., 2014; Tanaka 

et al., 2014; Weigelt et al., 2014). To limit the influence of general cognitive 

development on performance, I used a child-friendly method in my studies with control 

trials to ensure that children were paying attention and understood the tasks. Nonetheless, 

teasing apart the relative contributions of experience and general cognitive abilities 

during development is challenging, as the accumulation of experience with faces with 

during childhood is confounded with the development of general cognitive skills. Thus, 

understanding the roles of face-specific experience and general cognitive skills in the 

development of face learning and recognition cannot be achieved by only examining 

children. Testing other populations that vary in general cognitive skills and/or face-

specific experience can provide converging evidence of the function of these factors in 

the development of face learning and recognition (Apperly et al., 2009; Gottlieb, 1976). 

Face-Specific Experience 

Research examining young adults’ ability to learn and recognize other-race faces 

provides evidence of a key role for experience in the development of face learning and 

recognition. Studying young adults’ ability to learn and recognize other-race faces 

isolates the role of experience while controlling for general cognitive abilities. Young 

adults have matured and intact general cognitive skills but just as children have less 

experience than adults with faces in general, young adults typically have less experience 
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with other- than own-race faces. Thus, any differences in learning or recognizing other- 

vs. own-race faces provides evidence of a role for experience. Numerous studies have 

documented the own-race advantage, in which adults tend to recognize own-race faces 

more accurately than other-race faces (see Meissner & Brigham, 2001 for review). 

Although social cognitive factors might contribute to difficulties recognizing other-race 

faces (e.g., Hugenburg et al., 2010; Young et al., 2012), an abundance of evidence 

suggests that the own-race advantage emerges during infancy (i.e., before developing the 

classic outgroup homogeneity bias; Anzures et al., 2013; Kelly et al., 2005, 2007; Tanaka 

et al., 2013). Thus, experience is critical in shaping our expertise with own-race faces.  

All of my studies can be positioned in a broader set of studies conducted in our 

lab examining young adults’ ability to learn and recognize other-race faces across 

ambient images. Comparing these studies to those that examine the development of face 

learning and recognition (with own-race faces) in childhood reveals comparable patterns, 

providing compelling evidence for the role of experience in the development of face 

learning and recognition. Abilities that develop early during childhood are those in which 

young adults do not show evidence of an own-race advantage; young adults recognize 

ambient images of a familiar other-race face with ease (Zhou & Mondloch, 2016), engage 

in ensemble coding of identity for other-race faces (Davis et al., 2020) and benefit from 

viewing multiple images of a newly encountered other-race face in a perceptual task 

(Matthews & Mondloch, 2018). Similarly, abilities that show prolonged development 

during childhood are those for which young adults have an own-race advantage; young 

adults make more errors when matching identity in ambient images of unfamiliar other- 

vs. own-race faces (Laurence et al., 2016; Proietti et al., 2019) and require exposure to 
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more variability in appearance for other- than own-race faces to build a representation in 

memory that facilitates recognition of a newly learned other-race face in novel instances 

(Zhou et al., 2018). Studies using more tightly controlled images also show that own-race 

advantage is evident for young adults when recognizing learned unfamiliar faces in 

memory tasks (e.g., Golby et al., 2001; MacLin & Malpass, 2001; Meissner & Brigham, 

2001, Wright et al., 2003), matching identity across images of unfamiliar faces (Megreya 

et al., 2011; Meissner et al., 2013; Proietti et al., 2019), and detecting changes in feature 

shape and spacing (Hayward et al., 2008; Mondloch et al., 2010; Rhodes et al., 2009; 

Zhao et al., 2014)—abilities that show prolonged development during childhood. These 

findings are consistent with research showing deficits in face matching for adults from 

small towns (Balas & Saville, 2017) and for adults who were home-schooled (Short et al., 

2017)—two populations that have limited experience with faces. Collectively, this 

research provides converging evidence that face-specific experience plays a key role in 

the development of face learning and recognition. Children gain more experience with 

faces as they meet new people when they enter school and become engaged in 

extracurricular activities. This increased experience might contribute to their 

improvement in face learning and recognition.   

General Cognitive Skills  

 In Study 3 of my dissertation, I provided the first examination of older adults’ face 

learning and recognition across ambient images. Older adults are an ideal population to 

study to gain insights into the role of general cognitive development. Unlike children, 

older adults have accumulated a lifetime of experience with faces. However, older adults 

experience deficits in several cognitive abilities (e.g., memory, attention, executive 
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functions) that show prolonged development during childhood (e.g., Demspter, 1992; 

Kail & Salthouse 1994; Zelazo et al., 1994). Thus, comparing the findings on tasks 

examining face learning and recognition at opposite ends of the lifespan can illuminate 

the role of general cognitive skills.  

My findings in Study 3 show that the pattern of face learning and recognition in 

older adulthood parallels that of children aged 6 years and older (and young adults with 

other-race faces). Abilities that mature by 6 years of age were maintained with aging; like 

children aged 6 years and up, older adults recognize ambient images of a familiar face 

with ease, engage in ensemble coding of identity and benefit from viewing multiple 

images of a newly encountered face in a perceptual matching task. Similarly, abilities that 

show prolonged development during childhood show changes with aging; older adults 

have more difficulty than young adults when matching unfamiliar identities in ambient 

images and when learning faces from exposure to low variability in appearance, older 

adults adopt a more conservative response bias than do young adults, despite showing 

comparable improvement in sensitivity. Similiar patterns of face learning and recognition 

in children and older adults are consistent with the inverted U-shaped pattern of results 

found in lifespan studies examining face matching and recognition using tightly 

controlled images (Fitzgerald & Price, 2015; Megreya & Bindemann, 2015), as well as 

with the Detroit principle (i.e., last hired, first fired; Levi, 2005) cited in other areas of 

visual development. Taken together, my results from children and older adults suggests a 

role for general cognitive skills in face learning and recognition.  
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Merging these Two Mechanisms  

Parallel findings from children and young adults recognizing other-race faces 

suggest a role of experience in the development of face learning and recognition, while 

parallel findings from children and older adults suggest a role for general cognitive skills. 

The intriguing finding that face learning and recognition in all three groups show 

comparable patterns demonstrates the need to examine various populations to gain 

insights about development. If research only included children and young adults 

recognizing other-race faces, we would erroneously conclude that experience alone 

drives development. Similarly, if research only included children and older adults, we 

would erroneously conclude that improvement in general cognitive skills drives 

development. Collectively, my research demonstrates that neither general cognitive 

development nor experience alone can explain these patterns. Both might be necessary 

but not sufficient in the development and maintenance of certain abilities related to face 

learning and recognition.  

What roles might face-specific experience vs. general cognitive skills play? 

Apperly et al. (2009) provide a useful analogy for the role of general cognitive abilities 

by referencing the functions of scaffolding and cement during the construction of a 

building. During construction, scaffolding is needed to provide support to the walls but 

once the building is complete, it is no longer necessary; scaffolding can be removed, and 

the building will remain intact. However, cement is necessary both during construction 

and once the building is complete; without it the building would collapse. This analogy 

can also be applied to understand the role of experience, as it is similar to Gottlieb’s 

argument that experience can play various roles in development including inducing, 
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facilitating and maintaining behavioural systems (Gottlieb, 1976). Experience and 

general cognitive mechanisms might play different roles for different face recognition 

and learning skills. For some (matching identity in wholly unfamiliar faces; building a 

representation of a newly encountered face in memory), experience and general cognitive 

skills may be analogous to cement—necessary for both their development and their 

lasting integrity (i.e., maintenance). For others (recognizing a highly familiar face; 

ensemble coding; benefitting from multiple images in a perceptual matching task), 

experience and general cognitive skills may be analogous to scaffolding—necessary only 

for their development during infancy and early childhood but not required for their 

maintenance. It is noteworthy that children under the age of 6 have difficulty recognizing 

personally familiar faces and that their ability to benefit from multiple images in a 

perceptual matching task is not yet fully refined. Children at this age might not have 

enough scaffolding from experience and/or general cognitive skills to successfully 

recognize familiar faces and learn new faces from variability like older children, older 

adults and young adults with other-race faces.  

My findings, along with those from other studies conducted in our lab (e.g., Baker 

et al., 2017; Laurence & Mondloch, Proietti et al., 2019; Zhou et al., 2018) suggest that it 

is matching identity in ambient images of unfamiliar faces and building robust 

representations of newly encountered faces in memory that are most affected by 

experience and general cognitive skills. A lack of experience and/or deficits in general 

cognitive skills might make it difficult to attend to appropriate information when 

matching and learning new faces. Experience might help perceivers to identify cues that 

will be diagnostic to identity within a face category and improvement in general 
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cognitive skills (e.g., selective attention, inhibition, executive function) might help 

perceivers actually attend to the appropriate information (e.g., to ignore non-diagnostic 

cues) when deciding whether two images belong to the same person—a task that is 

already challenging for young adults with own-race faces. A lack of experience with 

other-race faces might make it difficult for young adults to know which cues to attend to 

when matching images of unfamiliar faces, whereas age-related decline in certain 

cognitive skills might prevent older adults from being able to use such cues. Indeed, 

young adults show reduced sensitivity to facial cues in other- relative to own-race faces 

(Hayward et al., 2008; Mondloch et al., 2010; Rhodes et al., 2009; Zhao et al., 2014) and 

older adults show age-related decline in various cognitive skills (e.g., Demspter, 1992; 

Kail & Salthouse 1994; Zelazo et al., 1994). Similarly, difficulty attending to appropriate 

information might make it more challenging for children, older adults and young adults 

perceiving other-race faces to extract idiosyncratic cues to identity when forming 

representations of newly encountered faces. Given that children have limited experience 

with faces and general cognitive skills develop with age, future research is needed to 

tease about their relative contributions.  

For other abilities (i.e., recognizing a highly familiar face; ensemble coding; 

benefitting from multiple images in a perceptual matching task), neither a lack of 

experience with faces (or a face category) or immature or deteriorating general cognitive 

skills seem to hinder performance—at least after the age of 6 and in healthy aging. Four-

and five-year-olds do experience deficits recognizing and discriminating familiar faces 

(Laurence & Mondloch, 2016; Mondloch et al., 2006; Mondloch & Thompson, 2008) and 

my findings reveal that they also make more false alarms after exposure to multiple 
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images in a perceptual task. Thus, future research is needed to examine the role of face-

specific experience and general cognitive development on young children’s performance 

on these tasks.  

Theoretical Implications  

Valentine’s (1991) multi-dimensional face space model was not designed to 

account for the differences between familiar and unfamiliar faces, although extensions of 

this model begin to account for within-person variability in appearance (Tanaka et al., 

1998). Although this model is inadequate in fully explaining the process of face learning 

across variability in appearance, my results can be conceptualized in light of this 

influential model. Children (Laurence and Mondloch, 2016) and older adults’ difficulty 

matching unfamiliar identity across ambient images was associated both with their failing 

to recognize an unfamiliar face in novel instances and mistaking images of two different 

unfamiliar people as belonging to the same person. In the context of Tanaka and 

colleagues’ (1998a) extension of Valentines’ (1991) model, children’s and older adults’ 

especially poor representations of unfamiliar faces can be described as their attractor 

fields lacking precision, such that they failed to distinguish within-person variability in 

appearance from between-person variability in appearance—a problem that these age 

groups do not encounter when viewing familiar faces. By the age of 6, children can form 

representations of familiar faces (Laurence & Mondloch) and my findings provide 

evidence that these representations remain robust with aging. When learning a new face, 

exposure to variability appears to expand or refine face representations (i.e., attractor 

fields) to allow children and older adults to recognize a newly encountered face in novel 

instances—although children and older adults might require exposure to more variability 
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than young adults to experience such refinement. For children under the age of 6, my 

findings reveal that exposure to variability may expand their attractor fields too far early 

in the learning process, such that the attractor field of the to-be-learned identity overlaps 

with the attractor field of a similar-looking identities, leading these young children to 

make more false alarms. These findings might provide insights into how attractor fields 

first grow to tolerate variability in appearance and then, with increased exposure, are 

constrained to differentiate within- from between-person variability. Future research 

might morph the to-be-learned identity with images of similar distractors (e.g., 80% 

learned identity/20% distractor; 50% learned identity/50% distractor) to directly measure 

the size of the attractor field during the learning process. 

When considering Bruce and Young’s (1986) influential model, Laurence and 

Mondloch’s (2016) study suggested that the ability to form and activate FRUs may be 

developed by the age of 6, as these children were able to recognize their teacher with 

ease. In contrast, 4- and 5-year-olds may have difficulty building FRUs that facilitate 

recognition of a familiar face across changes to its appearance. My findings show that the 

ability to activate FRUs remains intact in healthy aging. Building an FRU requires the 

perceiver to form an expression-independent representation of a face. Children and older 

adult’s difficulty matching unfamiliar identity across ambient images relative to young 

adults suggests that they have deficits in extracting expression-independent descriptions 

in the structural encoding phase of Bruce and Young’s model. Nonetheless, two 

mechanisms that might aid in the construction of FRUs—extracting an average 

representation and benefiting from exposure to multiple instances—are intact with aging 

and mature by the age of 6. The efficiency with which these FRUs are built in children 
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and older adults might differ from that of young adults, as children and older adults 

require exposure to more variability in appearance to recognize a newly learned identity 

in novel instances.  

 This and other models of face recognition (e.g., Burton et al., 1999) focus on how 

familiar vs. unfamiliar faces are processed but fail to account for the process by which a 

newly encountered face becomes familiar. For example, Bruce and Young’s (1986) 

model splits familiar and unfamiliar face processing into two separate routes but it is 

unclear how a wholly unfamiliar face goes from being processed based on a view-

centered description to being integrated in an FRU for recognition of that identity in the 

future. Both bottom-up and top-down processing might play an important role in face 

learning (Kramer et al., 2018; Mileva et al., 2020; O’Toole et al., 2018). In addition to 

extracting expression-independent descriptions from different instances of a new face 

(i.e., bottom-up processing), other cues indicating a new instance belongs to the same 

person (i.e., top-down processing) might aid in the formation of FRU. For example, when 

encountering a new co-worker on their second day in the office, the visual input from 

their face might aid in recognizing them, but other cues like their voice, gait or the 

knowledge that you are likely to encounter them in that context might also help in 

updating your representation of them. Indeed, Mileva et al. found that computer 

simulations that incorporate both of these types of processing produce the most robust 

recognition of novel instances of an identity. When we encounter a face from the first 

time, something about that face must be stored in order for us to be able to recognize 

them the next time they are encountered. Top-down processing might be key in updating 

this representation such that it helps guide the perceiver to know which instances to 
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integrate into an FRU. Face learning might reflect the process of that FRU becoming 

strong enough be activated by any variability in that person’s appearance, even in the 

absence of a more guided top-down processing strategy. In our tasks, children and older 

adults only had access to bottom-up processing when attempting to match images of 

unfamiliar faces or recognize a newly encountered face in novel instances. They might 

rely more heavily on top-down processing than young adults to help ease these 

challenges when learning and recognizing faces in the real world. Studies that incorporate 

contextual cues will play an important role in future research. 

With the field moving towards using ambient images to examine face learning 

and recognition, newer theories consider how visual input is integrated such that it can 

build representations of newly encountered faces and activate existing representations of 

familiar faces. Researchers have suggested that as we view multiple instances of a face, 

we summarize this information into an average representation comprising features that 

are diagnostic of identity but excluding cues specific to a particular instance (Burton et 

al., 2005; Burton et al., 2011; Johnston & Edmonds, 2009; Kramer et al., 2015). 

Extracting this summary statistic provides a measure of central tendency in someone’s 

appearance but offers no information about that range of that variability. Thus, 

researchers have also proposed that our representations also include particular instances, 

allowing us to represent the idiosyncratic variability in each person’s appearance (Burton 

et al., 2016; Kramer et al., 2018; Young & Burton, 2017). Evidence from the most state-

of-the-art computer models of face learning, deep convolutional neural networks 

(DCNNs), suggests that recognition of a newly learned face is improved with increased 

exposure to labeled images (i.e., exposure to new instances guided by top-down 
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processing; Blauch et al., 2021; Noyes et al., 2021; O’Toole et al., 2018). Representations 

of each identity are achieved by DCNNs despite retaining a detailed representation of the 

individual exemplars of each identity. My research provides novel insights about the 

development of two mechanisms for building representations. My findings reveal that 

extracting an average and benefiting from multiple images in the perceptual face learning 

task are mature by the age of 6 and remain intact with aging. When required to build a 

representation in memory, children and older adults needed exposure to more variability 

in appearance to recognize a newly learned face in novel instances. These age groups do 

show evidence of extracting an average and storing individual exemplars after a short 

delay, but it has yet to be examined whether these averages and exemplars are stored in 

memory for use at a later time. Nonetheless, my findings inform theories of face learning 

by providing insights about the developmental trajectories of these two mechanisms.  

It is important to consider whether face learning and recognition processes extend 

to other categories of objects or are indeed specific to faces. Some researchers have 

argued that holistic processing, a hallmark of expert face recognition, might extend to any 

category for which perceivers have an abundance of experience (Diamond & Carey, 

1986; Gauthier & Tarr, 1997). Bird experts show a comparable inversion effect from both 

faces and birds, whereas novices show the effect only for faces (Campbell & Tanaka, 

2018). Evidence of holistic processing has also been found in participants trained with 

artificial objects (i.e., greebles; Gauthier & Tarr, 1997; Gauthier et al., 1998). Face 

learning and recognition certainly involve some domain-general mechanisms. Ensemble 

coding has been observed for low-level features, such as brightness, hue, line orientation, 

and speed (Atchley & Andersen, 1995; Bauer, 2009; Robitaille & Harris, 2011), high-
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level features, such as biological motion (Sweeny et al., 2013), emotional expression 

(Demeyere et al., 2008; Haberman & Whitney, 2007; Haberman & Whitney, 2009; 

Webster et al., 2014), and crowd gaze direction (Sweeny & Whitney, 2014), as well as 

for non-face objects (e.g., circles; Sweeny et al., 2015). Adults show comparable 

ensemble coding for own- vs. other-race faces and upright vs. inverted faces (Davis et al. 

2020). What is unique to ensemble coding of facial identity is that perceivers retain both 

the average and the individual exemplars (Davis et al., 2020; Kramer et al., 2015; 

Matthews et al., 2018); for other categories of stimuli perceiver retain little information 

about the individual exemplars (Ariely, 2001). Retaining a representation of exemplars is 

likely key to building a robust representation of identity (Burton et al., 2016; O’Toole et 

al, 2018). 

Learning to recognize facial identity presents a unique challenge—at least in the 

visual domain. Much like other objects, faces are processed at the categorical level (e.g., 

male face, White face). However, to successfully recognize identity, faces also need to be 

processed at the individual level (e.g., that is Tim). Although certain experts (e.g., 

birdwatchers) may process non-face objects at the individual level (though it is unlikely 

that they can do so for 5000 different exemplars—the estimate provided by Jenkins et al. 

(2018) of the number of faces adults know), most people do not need to make these 

within-class discriminations for non-face objects. Further, faces are the only object, at 

least in the visual domain, whose appearance changes both moment-to-moment and over 

time because of both intrinsic (e.g., expression, age, health, make-up) and extrinsic (e.g., 

lighting, viewpoint) factors. Even the faces of other mammals do not very to the same 

extent as human faces. For example, chimpanzees have fewer face action units and a less 
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perceptible eye gaze (see Vick et al., 2007 for a discussion) and they do not frequently 

alter their own appearance (e.g., changes in hairstyle, facial hair, or makeup). Thus, the 

need to build a representation that allows for recognition despite intrinsic and extrinsic 

variability in appearance is likely specific to human faces in the visual domain.  

Such processes might be shared with recognition in other domains (e.g., auditory 

domain). Adults need to be able to discriminate between similar sounding words (e.g., 

bed vs. red) or similar sounding melodies. They also need to be able to recognize the 

same word when spoken by different speakers (i.e., despite variability in the age, sex, 

and/or accent of speakers) and the same melody when played by different instruments, in 

different environments (radio vs. concert hall) or at different tempos. As is the case with 

faces, there is evidence exposure to variability facilitates language learning; children’s 

ability to learn new words in enhanced by exposure to different speakers (see Watson et 

al., 2014, for a discussion). Evidence that these three systems show similar perceptual 

narrowing during the first year of life (Hannon & Trehub, 2005; Kelly et al., 2007; 

Werker & Tees, 1984) is consistent with the hypothesis that face, language and music 

perception might share similar learning mechanisms. Future research examining learning 

from variability across these three domains could provide novel insights into face-

specific vs. shared mechanisms.   

Applied Implications 

Understanding face learning and recognition across the lifespan has important 

implications for children and older adults’ social interactions. While young adults might 

have difficulty recognizing someone they have only met once, this task will be even more 

challenging for children and older adults, especially when that person’s appearance varies 
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the next time they are encountered. For older adults, jobs that involve checking photo-

identification (e.g., a cashier selling age-restricted goods) could be especially 

challenging. Children trying to make new friends at school or older adults meeting new 

people when volunteering might require exposure to lots of variability in the new 

person’s appearance to be able to recognize them when their appearance changes. 

Children under the age of 6 might be more prone to mistaking a different child on the 

playground for their new friend when they have had some exposure to the ways in which 

that new friend varies their appearance and may even fail to recognize a highly familiar 

friend when their appearance changes. In real life settings, it is possible that other cues 

that help us to identify someone (e.g., voice, gait, body) might be helpful to children and 

older adults when learning a new face. 

Understanding the development of face learning and recognition also provides 

insights about how the adult system is built—some abilities mature early while other 

show protracted development. Understanding what makes abilities that improve slowly 

during childhood (i.e., matching unfamiliar faces in ambient images and building a 

representation of a newly encountered face) so difficult for children might help to inform 

training interventions for young adults. My findings show that young adults still make 

errors when matching unfamiliar faces in ambient images and fail to recognize a newly 

encountered face is some images during learning, suggesting room for improvement. 

However, it is possible that young adults have an upper limit on how accurate they can be 

when matching a wholly unfamiliar face; all faces share the same configuration (i.e., two 

eyes above a nose above a mouth) and the variability in any given identity’s appearance 

is idiosyncratic. Given that familiarity with an identity is what yields errorless matching 
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performance, a training protocol that facilitates a rapid route to familiarity might be the 

most successful. Improving face matching has important implications for applied settings 

in which people are required to verify identity (e.g., border security, cashiers selling age-

restricted goods). In these settings, the identity being verified is often unfamiliar to the 

perceiver.  Understanding how to make this challenge easier for people working in these 

settings could prevent an underaged person from buying alcohol, prevent a criminal from 

crossing the border, or prevent an innocent citizen from being denied access to their own 

country when they look different from their passport photo.  

Future Directions 

 The results from my dissertation provide several avenues for future research. First, I 

examined whether exposure to multiple images facilitates face learning in children aged 4 

to 5 years. Future research should examine the development of other learning 

mechanisms during this age range (i.e., ensemble coding and the ability to build 

representations of newly learned faces in memory). Older children (³ 6 years) and adults 

extract average representations of facial identity when viewing multiple images of a 

newly encountered face (Davis et al., 2020; Kramer et al., 2015; Matthews et al., 2018). 

These representations comprise cues that are diagnostic to identity and eliminate cues that 

are specific to a particular instance (Burton et al., 2005; Kramer et al., 2015). The ability 

to extract such representations is thought to facilitate recognition of that identity in novel 

instances. No research has investigated whether 4-and 5-year-olds engage in ensemble 

coding of facial identity. One might expect this ability to develop quite early. Infants as 

young as 3 months old form face averages when familiarized with images of four 

different people (de Haan et al., 2001) and pre-school children show evidence of 
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ensemble coding when viewing circles that differ in size (Sweeny et al., 2015). Indeed, 

ensemble coding is not a face- specific skill; adults extract the average from other visual 

features such as brightness, hue, line orientation, and direction of motion (for a review, 

see Whitney et al., 2014), and show comparable ensemble coding of facial identity for 

upright and inverted faces and own- and other-race faces (Davis et al., 2020). However, 

to the extent that ensemble is a route to face learning (Kramer et al., 2015), it is possible 

that this mechanism is not yet mature at the age of 4 and 5 and thus might contribute to 

their difficulty learning new faces and recognizing people that they know across 

instances. What is unique to ensemble coding of multiple images of the same identity is 

that participants retain the exemplar images; studies examining ensemble coding of low-

level object categories show that participants retain little information about individual 

exemplars (Ariely, 2001). Extracting both averages and exemplars likely helps the 

perceiver represent both an average and a range of the idiosyncratic variability in that 

person’s appearance. If ensemble coding is not fully mature at the age of 4 or 5, children 

might extract the averages, but not retain the exemplars. Investigating ensemble coding of 

facial identity in these young children can provide important insights for the role of 

ensemble coding in face learning and recognition.  

Similarly, future research should examine 4-and 5-year-olds’ ability to build 

representations of newly encountered faces in memory. In a study by Baker and 

colleagues (2017), children ages 6 to 12 years required exposure to a video filmed across 

three days (i.e., containing high variability in appearance) to show evidence of learning a 

new face, whereas adults only required a video filmed on a single day (i.e., containing 

low variability in appearance) to show evidence of learning. Given that 4-and 5-year-olds 
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have difficulty recognizing their own teacher even after spending 3 to 9 months in her 

class (Laurence & Mondloch, 2016), a study examining their ability to build a 

representation of a newly encountered face in memory might reveal that young children 

benefit from high variability in appearance during learning to a lesser extent than older 

children. It is possible that even when exposed to lots of ways in which a person can vary 

their appearance—as would be the case in the classroom each day with their teacher—

young children may still have difficulty extrapolating beyond the variability they have 

encountered to recognize that person in novel instances. Such a finding could be 

attributed to an impaired ability to form a face average or to store instances representing 

idiosyncratic variability in appearance.  

Second, my research employed similar tasks to examine face learning and 

recognition in children and older adults. A strength of this approach is that it allows for 

comparisons across populations. However, some of these face learning and recognition 

abilities have only been examined using one type of task in these populations (e.g., 

ensemble coding, building a representation of newly learned face in memory). Future 

research should strive to use different tasks to examine face learning and recognition 

across the lifespan. Different tasks might reveal different patterns of errors. For example, 

in research examining young adults’ ability to match ambient images of unfamiliar faces, 

young adults’ errors in a sorting task were failing to recognize that different images 

belonged to the same identity (Laurence et al., 2016), whereas their errors in a same or 

different task were mistaking pictures of two different people as belonging to the same 

person (Proietti et al., 2019). Thus, examining children and older adults’ performance 

across various tasks might reveal important insights about the nature of their difficulties. 
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Future research should also examine the neural responses of children and older adults 

when performing face learning and recognition tasks. On tasks in which we see no 

behavioural differences in performance relative to young adults, children and older adults 

may demonstrate neural differences. Such research could help reveal whether certain 

aspects of face learning and recognition are more effortful for children and older adults 

than for young adults. Similarly, on tasks in which we do see behavioural differences 

between age groups, children and older adults might show neural responses that indicate 

that they actually do not have a deficit in identity perception per se. A method such as 

fast periodic visual stimulation (FPVS; see Rossion, 2014) takes out the decision-making 

component that is involved in behavioural tasks, reducing cognitive demands. 

Participants are simply presented with face stimuli rapidly and steady-state visual evoked 

potential (SSVEP) are measured via electroencephalogram (EEG) in response to faces 

from the same vs. different category (e.g., identity). Using such a method could help 

illuminate the role of general cognitive skills in children and older adults’ difficulty 

matching images of unfamiliar identities and building representations in memory.  

Third, my results provide insights for the roles of both experience and general 

cognitive development in face learning and recognition across the lifespan. It was beyond 

the scope of my studies to directly measure general cognitive skills (i.e., memory, 

attention, inhibition, executive function). Now that I have identified tasks in which 

children and older adults have difficulty relative to young adults (i.e., matching identity 

in wholly unfamiliar faces; building a representation of a newly encountered face in 

memory; benefitting from multiple images in a perceptual matching task for children 

under the age of 6), it would be interesting to measure general cognitive skills and 
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correlate these skills with performance in each of these tasks. Identifying which skills are 

most related could aid in the design of studies to clarify the role of some of these general 

cognitive skills in the development and maintenance of face learning. For example, if 

older adults’ deficit in matching unfamiliar identity across images is attributable to a 

decline in a general cognitive skill such as attention, then creating an attention-

demanding task for young adults should produce a similar deficit in matching unfamiliar 

identity across images. This could be achieved by have young adults complete a task in 

which they are asked to decide whether two images belong to the same person or to 

different people while simultaneously making judgements on a series of number or letters 

on the screen (e.g., indicate if a vowel is present; Jenkins et al., 2002; Wiese et al., 2019). 

Examining general cognitive skills in children under the age of 6 might also help to 

clarify why some younger children experience an increase in false alarms when viewing 

multiple images of a new face and why some recognize a personally familiar face without 

error while others do not.   

Finally, my findings reveal the importance of understanding the process by which 

a newly encountered face becomes familiar. To gain a better understanding of the 

mechanisms underlying this process, future research should measure recognition of a 

newly learned identity at various points during learning. This might be achieved by 

showing participants a single image or short video clip of someone they have never seen 

before and then immediately giving them a recognition task in which they need to 

identify images of person apart from similar-looking people. After this task, participants 

could then be shown a few more pictures of the person or another video demonstrating 

some variability in their appearance and be tested again on a task containing different 
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images of that person. This procedure could continue to examine the process by which 

increased exposure to variability in appearance facilitates face learning. This might reveal 

that there is a point in learning where young adults, older children and older adults are 

similar to 4- and 5-year-olds (i.e., make more false alarms before learning to constrain 

their tolerance to variability to only new instances of the face being learned). Such a 

study might also help up to clarify what it takes to become fully familiar with someone. 

In all of the learning studies in my dissertation, despite experiencing improvement from 

exposure to variability, performance was not yet at the level you would expect to see for 

a personally familiar face; whereas children, young adults and older adults in my studies 

were still making errors after learning (either from viewing 6 images or a high variability 

video), even 6-year-olds perform (nearly) without error when asked to recognize pictures 

of their teacher (Laurence & Mondloch, 2016). Understanding the quantity and quality of 

exposure necessary to achieve robust recognition of familiar faces could be achieved by 

studying participants performance as they become familiar with a newly encountered 

face.  

Conclusions 

 In summary, the findings of this dissertation provide important insights about face 

learning and recognition across the lifespan. Children show prolonged development on 

the same tasks in which older adults showed differences relative to young adults—when 

matching unfamiliar faces across instances and when learning a face from exposure to 

low variability in appearance in a memory task. Abilities that mature by the age of 6—

recognizing familiar faces, ensemble coding and benefiting from exposure to variability 

in a perceptual task— are those that remain unchanged with aging. Children under the 
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age of 6 still experience difficulties learning new faces and recognizing familiar people, 

providing an important avenue for future research.  My results contribute to models of 

face recognition and our understanding of the roles of face-specific experience and 

general cognitive skills in the development of face learning and recognition. My findings 

have important implications for children and older adults’ daily social interactions and for 

young adults in applied settings.  
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