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Abstract 

 

This thesis reports four experiments testing the Burgess and Hitch (2006) model of long-

term sequence learning. The four experiments focused on testing the cumulative matching 

mechanism of the model. Experiments 1 and 2 tested the model’s predictions of the presence and 

extent of Hebb learning for sequences where novel item(s) were introduced at various serial 

position. Experiments 3 and 4 examined learning of overlapping repeated sequences, to see 

whether learning overlapping sequences in alternating trials would be mutually beneficial (or 

potentially harmful). In addition, Experiments 1 and 2 also tested Burgess and Hitch’s remark for 

the model that awareness of the repetitions is not necessary for Hebb learning. The results were 

generally not consistent with the predictions of the model. Four phenomena that impose 

relatively prominent challenge to the model were identified: (a) the presence of Hebb learning 

when repetitions shared a cumulative match of 0% at the beginning serial positions; (b) 

improvement in recall performance of novel items inserted in repeated sequences; (c) an absence 

of interference for the non-overlapping section for those sequences that shared the same initial 

items; and (d) participants identified as aware of the repetitions exhibited steeper learning 

gradient than participants identified as unaware. Potential explanations for the phenomena are 

discussed, as are future directions for research in modelling of long-term sequence learning.  
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Chapter 1: General Introduction 

In an influential article, Lashley (1951) suggested that our understanding of the process 

of learning and reproducing sequential information was limited. As elaborated in his article, the 

performance of serial recall has a central role in human’s daily functioning. A prominent 

example mentioned was the production of verbal language. The production of a word requires 

the production of a sequence of sound patterns, the production of a sentence requires the 

production of a sequence of words that conforms the grammatical structure of a language and, 

the production of the sequence of sound patterns for each word would need to be supported by 

the production of a sequence of motor movements. However, the different neurological, 

physiological or cognitive models proposed had not been able to comprehensively account for 

the various human behavior observed. As Lashley has raised awareness of the limited 

understanding of serial recall, researchers have been more dedicated to understanding this topic.  

Development of Models to Explain the Process of Serial Recall 

 Researchers in the cognitive field commonly accepted that in order for a sequence to be 

recalled, the sequential information would first need to be perceived and encoded. The encoded 

sequential information would then be stored. The stored sequential information could then be 

recalled if necessary (e.g., Baddeley, Gathercole, Papagno, 1998; Burgess & Hitch, 1992, 1999, 

2006; Farrell & Lewandowsky, 2002; Lewandowsky & Farrell, 2008; Page & Norris, 1998, 

2009). The challenge for serial recall researchers has therefore been to understand what 

sequential information has been encoded into or, in other words, how is sequential information 

represented. More specifically, how item identities and order are represented.  

Conceptual and mathematical models have been proposed to account for the process of 

encoding, storage, and recall of sequential information (see Hurlstone, Hitch, & Baddeley, 2014 
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and Lewandowsky & Farrell, 2008 for review). The proposed models generally fall into one of 

three classes of models of how order could be represented: chaining model, positional models, 

and primacy models. According to chaining models, consecutive items within a sequence are 

associated to each other. Recall of an item of the sequence would cue the recall of the 

immediately following item, which would then cue the recall of its successor, and so on. This 

therefore produces orderly recall of items of a sequence. Example of models includes the theory 

of distributed associated model (TODAM) model (Lewandowsky & Murdock, 1989). According 

to positional models, each item within a sequence is associated with an external representation 

that reflects the serial position of the item within the sequence. The representation is used to cue 

the recall of each item such that each item would be recalled at the presented serial position. 

Examples of models include the Lee and Estes (1981) model, the Start-End model (SEM; 

Henson, 1998); the Burgess and Hitch (1992, 1999, 2006) model; the oscillator-based associative 

recall (OSCAR) mode (Brown, Preece, & Hulme, 2000), the scale-invariant memory, perception, 

and learning (SIMPLE) model (Brown, Neath, & Chater, 2007), the context-serial-order-in-a-box 

(C-SOB) model (Lewandowsky & Farrell, 2008), the Farrell (2012) model, and the bottom-up 

multi-scale population oscillator (BUMP) model (Hartley, Hurlstone, & Hitch, 2016). According 

to the primacy models, each item within the sequence is assigned an activation weight. A 

progressively attenuated activation or encoding strength is assigned to the items along the 

sequence such that the first encoded item is assigned with the greatest activation strength, the 

second encoded item is assigned with the second greatest activation strength and so on. Recall of 

the sequence is achieved by recalling items according to the magnitude of the assigned activation 

strength such that the first encoded assigned with the greatest activation strength would be 

recalled first, followed by the second encoded item that received the next largest activation 
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strength during encoding, and so on. Examples of primacy models include the primacy model 

(Page & Norris, 1998, 2009), the original serial-order-in-a-box (SOB) model (Farrell & 

Lewandowsky, 2002), and the laminar integrated storage of temporal patterns for associative 

retrieval, sequencing, and execution (LIST PARSE) model (Grossberg & Pearson, 2008). 

Two prominent research areas aim to delineate which of the three representational 

principles outlined above could best represent the coding of order information, and to identify 

which of the numerous proposed models could best account for the process of serial recall. A 

common procedure is to evaluate the consistency between the performance generated by the 

models under certain scenarios and the empirical performance under those same scenarios. The 

commonly employed task to examine empirical order recall performance is the immediate serial 

recall task. In the task, a sequence of items, such as digits, letters or words, is presented in an 

item-by-item manner. The participant must then recall the presented sequence in the correct 

order. Recall performance, such as recall accuracy or reaction time, for each item within the 

sequence is recorded for examination. Each participant of the immediate serial recall task usually 

completes a series of trials for an average performance at each serial position.  

Over decades of testing, the chaining theory has received the least support among the 

three principles of order coding. The concept of item-item relationships of the chaining theory 

suggests that the recall of an item in the sequence is dependent on the successful recall of its 

immediate preceding item. If its immediate preceding item cannot be recalled, the chain of item-

item connection would break and that the subsequent items in the sequence could not be 

retrieved. This concept has been challenged by several patterns of serial recall performance that 

suggest recall of subsequent items of a sequence is possible even when items in earlier serial 

positions could not be recalled accurately (Henson, Norris, Page, & Baddeley, 1996; and see 
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Hurlstone et al., 2014 for review). For example, the phonological similarity effect, which refers 

to the finding of the inferior recall performance on phonologically confusable items (vs. 

phonologically non-confusable items), was observed when phonologically confusable items and 

phonologically non-confusable items were presented in alternating serial positions within a 

sequence (e.g., Baddeley, 1968). A zig-zag pattern of recall accuracy across the serial positions 

was observed, indicating the higher recall accuracy at the serial positions of the phonologically 

non-confusable items and the lower recall accuracy at the serial positions of the phonologically 

confusable items. This means that a failure to recall the correct phonologically confusable item at 

each of those corresponding serial positions did not result in a failure to recall of the 

phonologically non-confusable items in the subsequent serial positions. This successful recall of 

items after failing to recall the correct item at the immediately preceding serial positions 

challenges the item-item connection concept of the chaining models. Having said this, one study 

(Fisher-Baum & McCloskey, 2015) identified an error pattern in immediate serial recall that 

provides some support for chaining theory. The researchers found that when an intrusion error 

occurred, there was some tendency for the intruded item to share the same immediately 

preceding item in the previously learned sequence. This means there might be some memory 

linkage between two successively encoded items, and so chaining theory should not be entirely 

dismissed.  

The Hebb Repetition Effect 

 In a study (Hebb, 1961) that tested a neurobiological model of serial recall (i.e., Hebb, 

1949), Hebb administered a modified version of the immediate serial recall task and identified a 

novel serial recall performance pattern—the Hebb repetition effect. According to the model, the 

neurons responsible for the recall of a sequence are activity-based such that the neuronal 
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involvement of the activities of encoding, storage and recall of a sequence is discharge-based. 

There would not be changes in the neuron unit itself. In other words, there would not be 

structural changes in the neurons. To test the prediction, Hebb administered an immediate serial 

recall task but presented the same sequence on every third trial without notifying the participants. 

If the encoding, storage and recall activities are discharge-based, there would not be a memory 

trace for the repeating sequence. Recall performance along the repetitions should not change. An 

alternative result would suggest that the process of encoding, storage, and recall occurs in the 

neurons is structural-based. That is, there are structural changes during the activities of encoding, 

storage, and recall and those structural changes are long-term. Hebb’s (1961) results showed a 

gradual improvement in recall accuracy along the repetitions of the repeating sequence compared 

to the non-repeating sequences. Hebb was thus forced to dismiss his model’s account of the 

process of serial recall. Hebb concluded that the structural changes in the neurons involved in the 

process of recall of a sequence were long lasting which, at the least, had outlasted the period of 

the individual trial of the repeating sequence. In addition, the long-lasting structural changes 

would have accumulated along the repeated presentations of the same sequence to improve recall 

of the same sequence. Hebb’s findings---implying there was long-term memory trace of 

sequential information and that the long-term memory trace could be accumulated across trials---

were novel to the cognitive field of psychology research. This recall performance pattern is now 

generally referred as the Hebb repetition effect and is considered as one of the prominent 

benchmark phenomena of serial recall (Oberauer, Lewandowsky, Awh, Brown, Conway, Cowan, 

Donkin, Farrell, Hitch, Hurlstone, Ma, Morey, Nee, Schweppe, Vergauwe, & Ward, 2018). The 

procedure (or the Hebb procedure) has also become the dominant tool for studying longer-term 

sequence learning. 
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Understanding the Nature of the Hebb Repetition Effect 

 Since the finding of the Hebb repetition effect, researchers have been increasingly 

dedicated to understanding the nature of the effect by exploring the presence of the effect under 

experimental settings that extended beyond those administered in Hebb’s (1961) study. For 

example, studies have examined the presence of the Hebb repetition effect when the spacing 

between each repetition was wider (e.g., Melton, 1963). Studies have also examined whether 

awareness of the pattern of repetition is necessary for producing the effect (e.g., McKelvie, 1987; 

Sechler & Watkins, 1991). However, it was not until Baddeley and colleagues (1998) elaborated 

that Baddeley’s (1986) phonological loop model was capable of accommodating verbal sequence 

production, and therefore verbal words production, that introduced a theoretical ground for 

understanding the process of sequence learning that subsequently motivated a surge in study on 

sequence learning, including the Hebb repetition effect as for understanding longer-term 

sequence learning.  

A prominent direction of research on the Hebb repetition effect has been to understand 

whether the Hebb repetition effect could be used to understand the process of long-term language 

development. Studies have been examining whether the process of Hebb learning is analogous to 

the process of verbal word-form learning. For such examination, studies have examined the 

presence of the Hebb repetition effect under experimental settings that simulated naturalistic 

verbal word-form development such as examining the presence of the Hebb repetition effect 

when spacing between repetitions was wide (e.g., Page, Cumming, Norris, McNeil, & Hitch, 

2013; St-Louis, Hughes, Saint-Aubin, & Tremblay, 2019) because a target verbal sequence 

would not necessarily be presented to a learner repeatedly in close succession in natural settings, 

and when the spacing between repetitions was irregular (St-Louis et al., 2019) because a target 
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verbal sequence would not necessarily be presented repeatedly to a learner in uniform spacing in 

natural settings. Studies have also examined whether multiple sequences could be learned 

concurrently (e.g., Page et al., 2013; Saint-Aubin & Guérard, 2018) because the target verbal 

sequences would not necessary be presented in individual blocks of repetitions but would likely 

be presented in an interleaving format within the same temporal period in natural settings. 

Studies have also performed more direct examination of the relationship between Hebb learning 

and verbal sequence learning by examining the correlations between the recall performance on a 

Hebb repetition task and the recall performance on other tasks that reflects participants’ verbal 

language performance (e.g., Mosse & Jarrold, 2008). 

In parallel to the prominent theme of understanding the Hebb repetition effect in the 

context of verbal language development, researchers have also been focused on examining the 

nature of the Hebb repetition effect itself. For example, researchers have examined the individual 

contribution of the process of encoding, retrieval, and rehearsal in the development of the effect 

(Oberauer & Meyer, 2009). Studies have also examined the presence of the effect under different 

sensory modalities (e.g., Couture & Tremblay, 2006; Horton, Hay, & Smyth, 2008; Johnson, 

Cauchi, & Miles, 2013; Johnson, Shaw, & Miles, 2016; Page, Cumming, Norris, Hitch, & 

McNeil, 2006). A review of the studies on the Hebb repetition effect is presented next. 

Examining Presence of the Hebb Repetition Effect under Wider Spacing 

 Following the establishment of the Hebb repetition effect in Hebb’s (1961) study when 

the repeating sequence was presented on every third trial, Melton (1963) explored whether the 

effect could be observed under wider spacing. Four conditions were administered in which the 

repeating sequence was presented on every third, fourth, sixth, or ninth trial, for four times. The 

results showed the presence of the Hebb repetition effect for the repeating sequence in each of 
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the spacing conditions. However, the improvement in accuracy for the repeating sequence that 

was presented on every sixth or ninth trial was observed to be smaller in magnitude compared to 

the repeating sequence of each of the two shorter spacing conditions. Melton concluded that 

Hebb learning under larger spacing would be slower.  

 In response to Melton’s (1963) findings, Page and colleagues (2013) argued that 

naturalistic learning of verbal words would be very slow if the target verbal sequence has to be 

presented repeatedly in close succession, because it is not often that the same verbal word would 

be presented to a learner repeatedly in close succession in natural settings. The authors 

postulated that the minor learning observed under large spacing in Melton’s study could be due 

to the use of overlapping items between the repeating sequence and the non-repeating sequences 

(i.e., the permutation of digits 1 to 9) such that there was low item distinctiveness between the 

two types of sequences. Page and colleagues (Experiment 2) tested this idea by administering 

four conditions: (a) short spacing (i.e., repeating sequence presented on every third trial) with 

items overlapped between the repeating and non-repeating sequences; (b) short spacing with no 

items overlapped; (c) long spacing (i.e., repeating sequence presented on every sixth trial) with 

items overlapped; and (d) long spacing with no items overlapped. Their results showed greater 

learning gradient of the repeating sequence compared to the non-repeating sequences in all 

conditions except for the condition when spacing was short and items overlapped. In addition, 

the difference in learning gradient between the repeating sequence and the non-repeating 

sequences in the two conditions in which items did not overlap was found to be greater than that 

in the two conditions which items overlapped. The authors concluded that spacing did not seem 

to be a determining factor for the production of the Hebb repetition effect but the presence of 

overlapping of items between the repeating and non-repeating sequences was.  
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 To further examine the effect of spacing on the production of the Hebb repetition effect, 

Page and colleagues administered a follow-up experiment (Experiment 3) using three long 

spacing conditions in which the repeating sequence was presented on every sixth, ninth, or 

twelfth trial. To optimize learning, items in each of the repeating sequences did not overlap with 

the non-repeating sequences. Results showed that the learning gradient of the repeating sequence 

was superior to the non-repeating sequences in all conditions, further supporting the findings in 

the previous experiment that Hebb learning was possible under wide spacing.  

To examine even further the effect of spacing on the production of the Hebb repetition 

effect (Experiment 4), the authors re-invited the participants from the previously mentioned 

experiment (i.e., Experiment 3) three or four months after that experiment had concluded to take 

part in a Hebb repetition task that comprised the repeating sequences from that previous 

experiment. Four types of sequences were administered: (a) the repeating sequences learned in 

the previous experiment; (b) the repeating sequences learned in the previous experiment but the 

items within each of the sequences were re-ordered; (c) the non-repeating sequences learned in 

the previous experiment; and (d) the non-repeating sequences learned in the previous experiment 

but items within each of the sequences were re-ordered. The major interest of the experiment was 

to examine transfer from the original experiment to the new one. Recall performance of the 

repeating sequence in which items were not re-ordered was found to be superior to that of the 

non-repeating sequences in which items were also not re-ordered. However, the recall 

performance of the repeating sequences in which items were re-ordered was not different from 

that of the non-repeating sequences in which items were also re-ordered. This is consistent to the 

findings in previous experiments that Hebb learning was possible under wide spacing. Based on 

the consistent findings of the presence of Hebb learning under wide spacing across the multiple 
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experiments in the study, Page and colleagues concluded that the Hebb repetition effect is an 

experimental analogue of the naturalistic verbal word-form learning because Hebb learning has 

observed to be able to survive under wide spacing which is a very likely circumstance for 

learning of verbal sequences in natural settings. 

 Although Page and colleagues (2013) have found supportive evidence that Hebb learning 

is analogous to naturalistic word-form learning because Hebb learning was found to be possible 

under wide spacing, St-Louis and colleagues (2019) argued that the experimental manipulation 

in which there was no overlapping of items between the repeating and non-repeating sequences 

was not consistent with naturalistic settings for verbal word-form learning because the different 

verbal words are composed of a limited combination of phonemes and vowels. St-Louis and 

colleagues suggested that Hebb learning could only be considered as analogous to naturalistic 

verbal sequence learning if Hebb learning was possible under wide spacing and, at the same 

time, when items of the repeating and non-repeating sequences overlapped. St-Louis and 

colleagues examined the presence of Hebb learning under such scenario by administering three 

experimental conditions in which the repeating sequence was presented on every fourth, sixth, or 

ninth trial. The repeating sequences and the non-repeating sequences were composed of the 

different permutations of letters D, F, G, H, K, L, N, R and Q. Hebb learning was present in each 

of the three conditions and the difference in learning gradient between the repeating and non-

repeating sequences was not different among the three conditions. This suggests Hebb learning 

was possible under large spacing even when items overlapped, and further supports the 

hypothesis that Hebb learning is analogous to naturalistic word-form learning.  

 In addition to the testing of presence of Hebb learning under wide spacing and, at the 

same time, when items overlapped, St-Louis and colleagues also administered three conditions in 
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which the spacing was irregular. The authors suggested that a target verbal sequence would not 

necessarily be presented repeatedly in uniform spacing in natural settings. Hebb learning would 

therefore need to be present under irregular spacing to be considered as analogous to naturalistic 

verbal word-form learning. Three irregular spacing conditions were administered. The repetitions 

of the repeating sequences shared roughly similar spacing distance to the three different uniform-

spacing conditions mentioned in the above section, that is the repeating sequence was interleaved 

by an average of around 3, 5, or 8 non-repeating sequences. Hebb learning was found present in 

each of the conditions, and the difference in learning gradient between the repeating sequence 

and the non-repeating sequences among the three conditions was not different. This suggests that 

Hebb learning was possible under wide and irregular spacing and, at the same time, when there 

was high overlap in contents of sequences. The persistence of Hebb learning under these 

experimental conditions that simulated settings of naturalistic verbal word-form learning further 

supports the hypothesis that Hebb learning is analogous to naturalistic verbal word-form 

learning. 

Concurrent Learning of Multiple Repeating Sequences 

 The observation of Hebb learning of more than one repeating sequence within the same 

Hebb repetition task was perhaps first observed in Melton’s (1963) study, a study mentioned in 

the previous section. The primary aim of Melton’s (1963) study was to examine the possibility of 

Hebb learning under wider spacing as compared to that administered in Hebb’s (1961) study. 

Melton administered four different spacing conditions in which the repeating sequence was 

presented on every third, fourth, sixth, or ninth trial. Of relevance here, the four conditions were 

administered within the same Hebb repetition task such that participants were learning four 

different repeating sequences concurrently. The Hebb repetition effect was observed in each of 



Chapter 1: General Introduction   12 
 

the conditions, however, the effect was reduced in the two larger spacing conditions compared to 

the two smaller spacing conditions. This shows that learning of more than one repeating 

sequences concurrently is possible.  

 In another study in which the primary aim was to examine the role of awareness in Hebb 

learning (Sechler & Watkins, 1991), the authors administered a Hebb repetition task followed by 

the administration of a number of tests that examined participants’ awareness of the pattern of 

repetition. In the Hebb repetition task, two different repeating sequences were presented such 

that participants were learning two different repeating sequences concurrently. Hebb learning 

was observed for both repeating sequences, confirming that learning of more than one repeating 

sequence concurrently is possible.  

In a study (Hitch, Flude, & Burgess, 2009, Experiment 3) that aimed to test the 

predictions of a computational model developed to account for the Hebb repetition effect—the 

Burgess and Hitch (1999) model—learning of more than one repeating sequences within the 

same Hebb repetition task has also been observed. According to the Burgess and Hitch (1999) 

model, the phonological similarity effect (i.e., the lower recall accuracy of a sequence that 

comprises phonologically similar items compares to a sequence that comprises phonologically 

dissimilar items; Baddeley, 1968) that has been observed in immediate serial recall performance 

should not be observed in Hebb learning because short-term and longer-term sequence learning 

are dependent on different systems. This means that a repeating sequence that comprises 

phonologically similar items should exhibit Hebb learning and that the rate of the learning should 

not be different from the learning of a repeating sequence that comprises phonologically 

dissimilar items. Nonetheless, the phonological similarity effect should persist in impairing the 

overall recall performance of the repeating sequence that comprises phonologically similar items. 
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However, if articulatory suppression (i.e., the verbal production of sounds to suppress recoding 

of visual information into verbal information) was enforced during the tasks, the phonological 

similarity effect should be eliminated such that there should not be difference in overall 

performance between the two types of repeating sequences.  

To test this prediction, two conditions were administered in which participants performed 

or did not perform articulatory suppression during the learning of the visual sequences in a Hebb 

repetition task. Within each of the two conditions, there was one repeating sequence comprising 

phonologically similar items and one repeating sequence comprising phonologically dissimilar 

items. The two different repeating sequences and a non-repeating sequence were presented in 

alternating trials for four times. As such, participants were learning two different repeating 

sequences concurrently in each condition. The results showed a faster rate of learning of each of 

the two repeating sequences compare to the non-repeating sequences in each of the two 

conditions. This shows that learning of more than one repeating sequences at the same time was 

possible, and also gives some additional evidence on the systems involved in Hebb learning. In 

the condition in which articulatory suppression was not required, the rate of learning of the two 

different repeating sequences was not different, but the overall recall performance of the 

repeating sequence that comprised phonologically similar items was found to be inferior to that 

of the repeating sequence that comprised phonologically dissimilar items. This is consistent with 

the model prediction that Hebb learning would not be impaired by the phonological similarity 

effect. In the condition which articulatory suppression was required, there was no difference in 

the overall performance between the two repeating sequences. There was also no difference in 

the rate of learning between the two repeating sequences. This is consistent with the model 

prediction that articulatory suppression would remove the phonological similarity effect such 
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that the difference in the overall performance between the two repeating sequences, as observed 

in the condition which articulatory suppression was not required, would not be observed. It 

should, however, be noted that the presence of learning of more than one repeating sequences 

concurrently within the same Hebb repetition task was not predicted by the Burgess and Hitch 

(1999) model, as will be discussed in a section further below.  

 In another study described in a previous section (Page et al., 2013, Experiment 3) that 

aimed to examine the possibility of Hebb learning under wide spacing, the authors also explored 

whether more than one repeating sequences could be learned concurrently, because it would not 

be often that each of the target verbal sequences would be presented in individual temporal 

blocks in natural settings. Three conditions were administered in which a repeating sequence was 

presented on every sixth, ninth, or twelfth trial. In particular, the three different repeating 

sequences were presented within the same task such that participants were learning three 

different repeating sequences concurrently. The results showed the presence of Hebb learning for 

the each of the three different repeating sequences. This shows that Hebb learning of more than 

one sequences concurrently was possible, and that it was also possible when spacing is wide. 

Results therefore supports the hypothesis that Hebb learning is analogous to naturalistic verbal 

word-form learning.  

Examining Presence of Hebb Learning under Different Sensory Modalities 

Visual Modality. Following Hebb’s (1961) study that employed verbal stimuli, several 

studies have found a Hebb repetition effect for visual stimuli (e.g., Cunningham, Healy, & 

Williams, 1984; Fendrich, Healy, & Bourne, 1991). However, the primary aim of those studies 

was not to examine the possibility of Hebb learning under visual modality. There was therefore 

no control over verbal recoding of the visually presented stimuli. The Hebb repetition effect 
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observed could therefore be a result of learning under the auditory modality but not the visual 

modality.  

Page and colleagues (2006, Experiment 1) aimed to examine the possibility of Hebb 

learning under, specifically, the visual modality. Two conditions using visual stimuli (i.e., letters) 

were administered. In one of the conditions, articulatory suppression was required, to prevent 

verbal recoding of the visual materials. To check whether articulatory suppression had been 

successfully implemented (that is to check whether verbal recoding was absence), sequences 

composed of phonologically similar letters and phonologically dissimilar letters occupying 

alternating serial positions were inserted. If articulatory suppression had successfully been 

implemented, recall performance of the phonologically similar letters should not be inferior to 

the recall performance of the phonologically dissimilar items. Results showed an absence of the 

phonological similarity effect in the condition which articulatory suppression was administered 

but the presence of the effect in the condition which articulatory suppression was not 

administered. This suggests that verbal recoding had been prevented in the condition which 

articulatory suppression was administered. Importantly, results also showed presence of Hebb 

learning in that condition, suggesting Hebb learning occurred in the visual modality.  

 To confirm the findings, Page and colleagues administered a follow-up study (2006, 

Experiment 2) using pictures of objects instead of letters. Two conditions were administered in 

which articulatory suppression was required in one of the conditions. In addition, in order to 

check whether articulatory suppression had successfully blocked verbal recording of the pictures 

in the condition, another condition was administered. In the condition, the category of the object 

at each serial position of the repeating sequence remained identical but the object itself did not 

remain identical. For example, if a repeating sequence contained the pictures of a bike, a dog, a 
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shoe, a cat, a bicycle and so on, the following presentations of the repeating sequence would be 

the pictures of a different bike, a different dog, a different shoe, a different car and so on. This 

condition was implemented with the need for articulatory suppression. The authors reasoned that 

if Hebb learning was found present in this condition, this means participants had performed 

verbal recoding of the category of the object (e.g., a bike) along the repetitions. This would mean 

articulatory suppression had not prevented verbal recoding of the visual materials. The same 

condition has also been administered which articulatory suppression was not required, to check 

for the presence of verbal recoding of the visual materials. As a result, a total of four conditions 

were administered: (a) object-repetition without articulatory suppression; (b) category-repetition 

without articulatory suppression; (c) object-repetition with articulatory suppression; and (d) 

category-repetition with articulatory suppression. The results showed the presence of Hebb 

learning in three of the four conditions—the two conditions which articulatory suppression was 

not implemented and the condition of object-repetition with articulatory suppression. The lack of 

Hebb learning in the condition in which only categories of items were repeated along the 

repetitions of the repeating sequence while articulatory suppression was required suggests that 

articulatory suppression had successfully prevented verbal recoding of item categories along the 

repetitions. The presence of Hebb learning in the condition which the objects were identical 

along repetitions of the repeating sequence while articulatory suppression was exerted could 

therefore suggest that Hebb learning is possible under visual modality. 

 Horton and colleagues (2008) explored the topic of whether Hebb learning was possible 

under visual modality by using pictures of faces. The authors suggested that faces are hard-to-

name objects which would make verbal recoding of the visual stimuli difficult. Two conditions 

were administered in which articulatory suppression was or was not required. The condition 
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which articulatory suppression was required was administered as a confirmation that learning in 

the condition was attributed to visual stimuli but not from verbal recoding of the visual stimuli. 

This condition also served as a check of whether faces as stimuli are hard enough to name such 

that learning of the stimuli without articulatory suppression (that is administered in the no 

articulatory suppression condition) would not trigger verbal recoding and so the learning in the 

condition which articulatory suppression was not required should be similar to the condition 

which articulatory suppression was required. The results showed superior learning gradient of 

the repeating sequence compare to the non-repeating sequences in both of the conditions. Also, 

the learning gradient of the repeating sequence did not differ between the two conditions. This 

confirms that Hebb learning is possible under the visual modality. This also confirms that faces 

are hard-to-name items, so that administrating them as stimuli has the same effect as performing 

articulatory suppression for preventing verbal recoding of visual materials.  

Visuospatial Modality. Couture and Tremblay (2006, Experiment 1) examined the 

possibility of Hebb learning under the visuospatial modality by presenting sequences of dots as 

stimuli. A sequence of dots was presented as the orderly display of each dot at a different spatial 

location on a computer screen. During recall, all presented dots of a sequence appeared 

simultaneously on screen. Participants were required to click on each of the dots in the presented 

order. The learning gradient of a repeating sequence was found to be superior to that of the non-

repeating sequences, suggesting that Hebb learning is possible under the visuospatial modality. 

However, the authors also suggested that if the learning of order was of most interest, a potential 

limitation of the experiment would be that the different dot-sequences occupied different spatial 

locations. The Hebb learning observed could be the combination of learning of item information 

(i.e., the locations of dots) and order information instead of the order information alone. The 
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results might not be reflective of order learning. To address the potential limitation, in a follow-

up experiment (2006, Experiment 2), the sequences of dots occupied the same spatial locations. 

The order of which the dots appeared in those locations differed among sequences. Results 

showed a superior learning gradient of the repeating sequence compared to the non-repeating 

sequences, suggesting that Hebb learning, and particularly order learning, is possible under 

visuospatial modality. In addition, in another follow-up study (Experiment 3), Couture and 

Tremblay examined whether learning under the auditory modality and the visuospatial modality 

would be similar. Participants performed one auditory Hebb repetition task (in which letters were 

used) and one visuospatial Hebb repetition task. Results showed that the rate of learning between 

the two tasks was very similar. Couture and Tremblay therefore concluded that Hebb learning 

under the two domains was functionally similar, which challenges the classic idea that Hebb 

learning is verbal based and is dependent on a verbal store.  

Olfactory Modality. Johnson and colleagues (2013) examined the possibility of Hebb 

learning under the olfactory modality by employing sequences of odours as stimuli. Non-food 

odours were employed as they are hard to name, to minimize verbal recoding of the stimuli. Each 

item (i.e., odour) within a sequence was presented as an odour-infused gauze stored in a 

perforated box. During the presentation of each sequence, participants were required to perform 

articulatory suppression between the presentations of each odour to minimize verbal recoding of 

the odours. During recall, the different boxes storing the different odour-infused gauzes were 

presented simultaneously to the participants. Participants were allowed to inhale the boxes as 

many times as desired before arranging them in the presented order. The learning gradient of the 

repeating sequence was found to be superior to that of the non-repeating sequences, suggesting 

that Hebb learning is possible under the olfactory modality.  
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Tactile Modality. Johnson and colleagues (2016) examined the possibility of Hebb 

learning under the tactile modality by tapping participants’ different fingers using a plastic pen. 

Participant were eye-masked throughout the experiment. During recall, participants were 

required to lift each of the stimulated fingers one by one in the order of tapping. The results 

showed superior learning gradient of the repeating sequence compared to the non-repeating 

sequences, suggesting that Hebb learning is possible under the tactile modality.  

Transfer of Learning between Modalities. Page and colleagues (2006, Experiment 3) 

examined whether the recall benefit developed via Hebb learning under one modality would 

transfer to another modality. This allowed examination of whether information learned under 

different sensory modalities accumulates in modality-specific stores, whereby there would not be 

access of the stored information between individual stores, or an amodal store, which stored 

information could be accessed freely across modalities. Four blocks of trials of letter-sequences 

were administered in the experiment. The first block of trials was presented visually such that 

participants performed Hebb learning of a repeating sequence under visual modality. 

Articulatory suppression was required, to prevent verbal recoding of the visual materials. In the 

second block of trials, the sequences were presented verbally such that participants performed 

Hebb learning of another repeating sequence under the verbal modality. In particular, two of the 

non-repeating sequences in the block were replaced by the repeating sequence presented in the 

first block. This means the sequence that was presented visually in the first block was presented 

verbally in the second block. In the third block, sequences were again presented visually. One of 

the sequences was the repeating sequence presented in the first block of trials, and one of the 

sequences was the repeating sequence presented in the second block of trials. In the fourth block 

of trials, sequences were presented verbally. There was one presentation of the repeating 



Chapter 1: General Introduction   20 
 

sequence from the first block of trials and one presentation of the repeating sequence from the 

second block of trials. The order of which the sequences were presented visually or verbally was 

counter-balanced across participants.  

For statistical examination, the authors examined the presence of difference in recall 

accuracy (i.e., proportion correct) between the repeating sequences in the switched-modality 

condition and the corresponding non-repeating sequences. The calculated difference was 

compared against a 0 value, to examine whether the recall performance of the repeating 

sequences was different from the non-repeating sequences. The results showed that the recall 

accuracy difference was not superior to the 0 value, suggesting a lack of transfer of recall benefit 

between modalities.  

However, the authors suggested that a potential limitation of the experiment was that 

there was a change in the response format when the same sequence was learned under the 

different modality. In the task, the learning of verbal stimuli was paired with verbal responses 

while the learning of visual stimuli was paired with visual-based reconstruction response (by 

mouse-click). The change in modality of response could potentially interfere the output of 

learned information. As such, in a follow-up study (Experiment 4), the authors explored whether 

there would be transfer of recall benefit between modalities when the original response format 

was retained. In addition, the authors also explored whether there would be retention of recall 

benefit of a repeating sequence that is re-learned under the same modality but with a different 

response format. In summary, the study was examining the presence of transfer of recall benefit 

of a well learned sequence when the presentation modality or the response modality was 

changed.  
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Four blocks of trials were administered. In the first block of trials, two different repeating 

sequences were presented concurrently under the visual modality, and mouse-click responses 

were required. In the second block of trials, two different repeating sequences were presented 

concurrently under the auditory modality, and verbal responses were required. In the third block 

of trials, sequences were presented visually but verbal responses were required. This block of 

trials comprised the presentation of one of the two repeating sequences learned in the first block. 

This allowed examination of the retention of transfer of recall benefit when the repeating 

sequence was again learned visually but with a different response format. This block of trials 

also comprised one of the two repeating sequences from the second block of trials. This allowed 

examination of the presence of the transfer of recall benefit when a previously auditorily learned 

repeating sequence was learned in a different modality while the previous response format was 

retained. In the fourth block of trials, sequences were presented auditorily but mouse-click 

responses were required. This block of trials comprised the other repeating sequence from the 

first block of trials. This allowed the evaluation of the presence of transfer of recall benefit when 

the previously visually learned repeating sequence was learned under a different modality while 

the previous response format was retained. This block of trials also comprised the other repeating 

sequence from the second block of trials. This allowed the evaluation of the presence of retention 

of recall benefit when the previously auditorily learned repeating sequence was again learned 

auditorily but a different response format was required. The order of visual or auditory 

presentation of sequences was counter-balanced across participants. Results showed that the 

recall accuracy difference between each of the four target repeating sequences and the 

corresponding non-repeating sequences was superior to the 0 value. This suggests that there was 

a recall benefit (i.e., positive transfer) when the presentation modality or the response format was 
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changed. This result, however, would suggest that there should have been presence of transfer of 

benefit across modalities in the previous experiment. The authors postulated that the change of 

use of words instead of letters could have resulted in the inconsistency.  

The authors therefore administered another follow-up experiment replicating Experiment 

3 but using words instead of letters as stimuli. In the follow-up experiment (Experiment 5), 

results showed presence of transfer of recall benefit from the visual modality to the auditory 

modality and also from the auditory modality to the visual modality, which was inconsistent to 

the results found in Experiment 3. However, the transfer was found not to be symmetrical. The 

recall benefit built up under the auditory modality was found to be transferred similarity to the 

learning under visual modality and to the learning under the original modality (i.e., when the 

same sequence was again learned in the original modality in a later block of trials). However, the 

recall benefit built up under the visual modality was found to be less transferred to the learning 

under the auditory modality compared to the learning under the original modality. This result 

suggests that there was transfer of learned information between modalities but the transfer of 

information between the modalities was not equal. The finding of asymmetrical transfer also 

provided insight into the potential storage system for learned information. The authors suggested 

that information learned under a specific modality would likely be stored in a modality-specific 

storage which could be accessed from each of the storages when needed. However, the 

accessibility to the information in the different storages would be different. The finding of 

asymmetrical transfer between modalities also suggests that the other hypothesis which learned 

information from the different modalities would be stored in an amodal store would be less 

supported because such storage system would imply that information learned under the different 
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modalities should be accessed in equal extent. Such implication, however, does not seem to have 

been supported.  

Necessity of Awareness for Hebb Learning  

Following the repetition task administered in Hebb’s (1961) study, in which the pattern of 

repetition was not announced to the participants, Hebb presented a question to the participants 

asking whether they had “noticed anything unusual” during the experiment. Fifteen out of the 

total of 40 participants were identified as not being aware of the pattern. However, the presence 

of Hebb repetition specifically among the fifteen participants that were unaware of the pattern 

had not been explored. A question then is whether awareness of the repetition is necessary to 

observe a Hebb repetition effect. 

 McKelvie (1987) followed up Hebb’s (1961) experiment in examining whether 

awareness is necessary for the Hebb repetition effect by administering an elaborate questionnaire 

after a Hebb repetition task, to classify participants as aware or unaware of the pattern of 

repetition. In particular, the questionnaire included asking when the participants became aware of 

the pattern of repetition during the Hebb repetition task. Most of the participants who were 

classified as aware reported being aware during the middle trial of the task. McKelvie therefore 

classified those participants as middle aware. Participants who were classified as aware and 

reported a trial number earlier than the middle trial were classified as early aware. Participants 

who were classified as aware and reported a trial number later than the middle trial were 

classified as late aware. As such, participants were classified into four groups, the group of being 

unaware and each of the three groups of being aware. Results showed a systematic increase in 

recall accuracy of the repeating sequence along the repetitions for the unaware group. In 

addition, the linear trend of learning for the four groups of participants was not different. 
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McKelvie concluded that awareness was not necessary for the Hebb repetition effect. However, 

the overall performance of the repeating sequence for the unaware participants was inferior to the 

other three groups of participants. The pattern of superior overall recall performance of the aware 

participants was not further discussed in the paper, and remained a puzzle.  

 In a study mentioned above that aimed to examine the presence of Hebb learning in the 

visuospatial modality (Couture & Tremblay, 2006), the authors administered a probing 

question—“Did you notice anything particular about the procedure?”—after a visuospatial Hebb 

repetition task, to classify participants as aware or unaware of the pattern of repetition. Two 

experiments were administered in the study. In Experiment 1, a sequence comprised the orderly 

presentation of dots at different spatial locations on a computer screen. In Experiment 2, all 

sequences of dots occupied the same spatial locations but the order of which they appeared 

differed, to specifically examine the presence of Hebb learning of order information. In both 

experiments, Hebb learning was found even for the participants classified as unaware. The 

learning gradient for the unaware participants was not different from the aware participants. The 

results suggest that awareness was not necessary for Hebb learning, and indeed did not modulate 

the effect.  

 Two other studies (Guérard, Saint-Aubin, Boucher, & Tremblay, 2011; Hitch et al., 2009, 

Experiment 1) have also examined whether awareness is necessary for Hebb learning. The two 

studies administered a post-experiment question asking participants whether they noticed 

anything particular during the experiment. Participants were classified as aware or unaware 

based on their responses. In both studies, a Hebb repetition effect was found for the group of 

unaware participants. The rate of learning of the repeating sequence between the groups of aware 
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and unaware participants was also found not to be different. These results are consistent with the 

findings of the two studies mentioned above that awareness is not necessary for Hebb learning.  

 The majority of studies exploring the necessity of awareness to Hebb learning have found 

consistent results, whereby Hebb learning was observed in the group of unaware participants and 

that the rate of learning of the repeating sequence did not differ between the group of aware and 

unaware participants. There are, however, two studies that suggest awareness is necessary for 

Hebb learning (Gagnon, Bédard, & Turcotte, 2005; Sechler & Watkins, 1991). These two studies 

employed different methodologies from the majority of studies, for example those studies 

mentioned above, in examining the necessity of awareness in Hebb learning. The methodologies 

of the two studies, however, have limitations in examining whether awareness is necessary for 

Hebb learning.  

 In Sechler and Watkins’s (1991) study, similar to the majority of studies, participants 

were presented with a Hebb repetition task. However, unlike the majority of studies, participants 

were then presented with a recognition test, followed by a frequency estimation test and, lastly, a 

question that examined awareness of the pattern of repetition. In the recognition test, participants 

were presented with the repeating sequence from the Hebb repetition task, two of the non-

repeating sequences from the Hebb repetition task, and two novel sequences that were not 

presented in the Hebb repetition task. Participants had to decide whether each of those sequences 

had been presented during the Hebb repetition task by choosing one of the six options—(a) No, 

Certain; (b) No, Probably; (c) No, Guess; (d) Yes, Guess; (e) Yes, Probably; and (f) Yes, Certain. 

In particular, the choices from (a) to (f) carried an ascending value of score, that is choice (a) 

carried a score of 1, choice (b) carried a score of 2, and so on. The authors suggested that if 

participants chose an option that reflected a higher rating for the repeating sequence compared to 
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the non-repeating sequences and the novel sequences, this means the participants were more 

aware of the presence of the repeating sequence than the presence of the non-repeating 

sequences. Such superior awareness should be attributed to presence of repetitions of the 

repeating sequence. The results showed that the repeating sequence received a higher score 

compared to the non-repeating sequences.  

In the frequency estimation task, participants were presented with all of the sequences 

previously presented in the Hebb repetition task (i.e., the repeating sequence and all of the non-

repeating sequences) and an additional two novel sequences, and were asked to estimate the 

number of times that each of those sequences was presented during the Hebb repetition task. The 

authors reasoned that if the participants were aware of the pattern of repetition, participants 

should provide a higher frequency value for the repeating sequence compared to the non-

repeating sequences. The results did show a higher frequency value for the repeating sequence 

compared to the non-repeating sequences.  

In the last task, participants were asked to choose from one of the three choices of 

statements that would best describe the sequences presented in the Hebb repetition task. The 

three choices were: (a) all lists presented once; (b) all lists presented more than once; and (c) 

some lists presented once and some more than once. A majority of participants chose option (c) 

while a few participants chose one of the two remaining options.  

In addition, the authors examined the correlation between the performance on the Hebb 

repetition task and the scores on the recognition test, and the correlational between the 

performance on the Hebb repetition task and the scores on the frequency estimation test. The 

performance on the Hebb repetition task was calculated by the mean accuracy score of the 

repeating sequence across all the repetitions minus the mean accuracy score of all of the non-
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repeating sequences. The score on the recognition test was calculated by the score for the 

repeating sequence minus the score for the non-repeating sequences. The calculation of the score 

for the frequency estimation test was identical to the recognition test. A positive correlation was 

found in both correlation analyses. Based on the results of the recognition test, the frequency 

estimation test, the awareness test, and the two correlation analyses, the authors concluded that 

“our data consistently failed to yield any evidence that the Hebb effect arises in the absence of 

repetition awareness” (p.391).  

 There were, however, critical limitations for the analyses in the study. Regarding the 

comparison analyses for the recognition test and the frequency estimation test, the scores for the 

repeating sequence and the non-repeating sequences were averaged from all participants. This 

could only suggest that participants on average were aware of the repetition. This does not tell us 

specifically about the behaviour participants that were unaware of the repetition. Regarding the 

correlation analyses, the finding of a positive correlation between the performance in the Hebb 

repetition task and the scores from each of the two tests could be suggestive of that a higher 

extent of awareness was associated with a higher gradient of learning, however, there was no 

analysis for only participants that were not aware of the repetition. This analysis therefore could 

not conclude on the recall performance under the scenario where awareness was absent.  

 In Gagnon and colleagues’ (2005) study, unlike the conventional methodology in which 

participants are probed on their awareness after the Hebb repetition task, the authors manipulated 

awareness in a group of participants by notifying them about the pattern of repetition ahead of 

the Hebb experiment and also reminded them of the trials that comprised the repeating sequence 

during the experiment by providing an indication at the beginning of each of the trials containing 

the repeating sequence. These participants were in the intentional condition. Another group of 
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participants did not receive notification of the pattern of repetition ahead of the experiment or 

any indication of trials that comprised the repeating sequence during the experiment. These 

group of participants were in the incidental condition. A post-experiment questionnaire 

examining the presence of awareness of the pattern of repetition was also administered for the 

participants in the incidental condition. Results showed superior recall performance on the 

repeating sequence for the participants in the intentional condition compared to the participants 

in the incidental condition. There was no difference in performance of the non-repeating 

sequences between the two conditions. It should, however, be noted that the recall performance 

of the repeating sequence was averaged across all repetitions. As such, this could only confirm 

that the overall performance of the repeating sequence was superior in the intentional group. The 

rate of learning for the intentional group cannot be confirmed to be superior to the intentional 

condition. In addition, 19 out of 25 participants from the incidental condition reported being 

aware of the pattern of repetition. The superior recall performance of the repeating sequence in 

the intentional condition would therefore not likely to be attributed to the presence of awareness. 

Nonetheless, such superiority should be attributed to the difference in experimental procedure. 

This study therefore would not be able to address the role of awareness in Hebb learning.  

 In summary, studies that examined the necessity of awareness for Hebb learning have 

generally found that awareness is not necessary for Hebb learning, as evident by the presence of 

Hebb learning in the group of unaware participants in those experiments, and that awareness has 

no supportive role in Hebb learning, as evident by the absence of a superior learning gradient of 

Hebb learning for the aware participants compared to the unaware participants in those 

experiments. Although there are two studies drawing the alternative conclusion that awareness is 

necessary for Hebb learning, the methodologies employed in those two studies have limitations 
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in drawing such alternative conclusion. As such, studies in general are rather consistent in 

showing awareness is not necessary for Hebb learning.  

The Contribution of Encoding, Rehearsal, and Recall in Producing the Hebb Repetition 

Effect  

Learning of a sequence generally involves the processes of encoding, rehearsal and recall. 

It is, however, not clear whether each of the processes is contributive to learning. Oberauer and 

Meyer (2009) examined the contribution of each of the processes of encoding, rehearsal, and 

recall in Hebb learning. They examine whether encoding alone is sufficient to produce the Hebb 

repetition effect, and whether rehearsal and recall have a supportive role in producing the effect. 

Four conditions were administered: (a) presentation of a retention interval, to allow rehearsal, 

and a cue signalling recall was required; (b) presentation of a retention interval and a cue 

signalling recall was not required; (c) an immediate presentation of a cue for recall; and (d) an 

immediate presentation of a cue signalling recall was not required. A unique repeating sequence 

was employed for each of the four conditions. Two conditions were implemented within the 

same Hebb repetition task such that participants were learning two different repeating sequences 

concurrently. Participants therefore completed two blocks of trials, for four conditions in total. 

Each block of trials was divided into a learning phase and a testing phase. In the learning phase, 

two of the conditions, as mentioned above, were administered. In the testing phase, the two 

repeating sequences from the learning phase were again presented and immediate recall was 

required. Recall performance in the testing phase was examined. Results showed superior recall 

performance on the repeating sequence compares to the non-repeating sequences for each of the 

four conditions, suggesting the establishment of the Hebb repetition effect for each of the 

conditions. In particular, the presence of the Hebb repetition effect in the condition which 
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retention interval was not provided for rehearsal and recall was not required suggests that 

encoding alone was sufficient to produce the Hebb repetition effect. Recall performance of the 

repeating sequence among the four conditions was then compared. The results showed superior 

recall performance for the two conditions in which recall was required during the learning trials 

compared to the two conditions in which recall was not required. This suggests that recall has an 

assisting role in Hebb learning. However, results showed that the recall performance for the two 

conditions in which retention interval was provided for rehearsal was not different from the two 

conditions in which retention interval was not provided. This suggests that rehearsal, as assumed 

to have occurred during the retention interval, had no contribution to Hebb learning. A 

previously reviewed study (Hitch et al., 2009, Experiment 3) had also found that rehearsal did 

not contribute to Hebb learning, as Hebb learning was not found to be different between a 

condition which articulatory suppression was not implemented (such that participants were free 

to perform rehearsal) and a condition which articulatory suppression was implemented (such that 

participants were restricted from performing rehearsal).  

However, a recent study (Sjöblom & Hughes, 2020) suggests that rehearsal has an 

assisting role in Hebb learning. The authors manipulated whether or not articulatory suppression 

was imposed, and independently varied the use of visual versus verbal stimuli. The authors also 

varied whether lists contained phonologically similar or dissimilar items, to compare the findings 

with Hitch and colleagues’ (2009) findings. The results showed that the rate of Hebb learning 

was lower for the conditions with articulatory suppression compared to the conditions without 

articulatory suppression. This suggests that rehearsal had a supportive role in Hebb learning.  
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Examination of the Relationship between the Hebb Repetition Effect and Word-Form 

Learning 

 A number of studies have examined the Hebb repetition effect in a more specific context 

of verbal word-form learning. Mosse and Jarrold (2008) examined whether Hebb learning is 

possible in children because language development begins from early ages. Participants aged 5 to 

7 years old completed two Hebb repetition tasks, one involving verbal stimuli and the other 

involving visuospatial stimuli. In addition, the authors performed a more direct examination of 

the relationship between the level of Hebb learning and the capacity of learning new verbal 

words. The authors reasoned that since short-term verbal memory performance (as indexed by 

the performance on the verbal immediate serial recall task) had been found to be correlated with 

the capacity of learning new verbal words (as indexed by the performance on the non-word 

association task), if level of Hebb learning (as indexed by the performance on the Hebb 

repetition tasks) is found to be correlated to the performance on the non-word association task, it 

would suggest that Hebb learning is analogous to the process of verbal word learning.  

Mosse and Jarrold (2008) asked participants to complete a non-word association task. In 

the task, participants were presented with images of creatures with different names. The names 

were non-words. The images of the creatures were later again presented to the children and the 

children were required to output the non-word name of each of the creatures. The presence of 

correlation between the performance on the verbal Hebb repetition task and the performance on 

the non-word association task was examined. In addition, the authors also aimed to confirm a 

consistent finding in the literature that people who are less able to learn new verbal words, as 

indexed by the low performance on the non-word association task, do not exhibit lower 

performance on the word-association task. This phenomenon has been postulated to be explained 
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by that previously learned verbal words would have developed lexical/semantic associations 

such that the use of previously learned information would not be impaired when the short-term 

verbal store is impaired later in life. As such, the impairment in the short-term verbal store would 

only impair the capacity of learning new verbal words, as indexed by the low performance on the 

non-word association task, but would not impair the use of the information learned before the 

impairment, as indexed by the lack of impairment in the performance on the word association 

task.  

Regarding the first interest of the study, that was to examine the presence of Hebb 

learning in younger humans, the Hebb repetition effect was present for both the verbal and 

visuospatial Hebb repetition tasks. This suggests that Hebb learning is possible for humans at 

young age. This also lends support to the hypothesis which Hebb learning is analogous to the 

process of verbal word learning. Regarding the second interest of the study, that was to examine 

if level of Hebb learning is related to the capacity of verbal new word learning, the presence of 

correlation between performance on the second half of the verbal Hebb repetition task, while 

controlling for the performance on the first-half of the task in order to reflect the amount of 

improvement in recall performance along trials, and the performance on the non-word 

association task was examined. A positive correlation was observed. This further supports the 

hypothesis that Hebb learning is an analogous process of verbal word learning.  

Regarding the third interest of the study, that was to examine whether performance on the 

word association task was un-related to new word learning, the presence of correlation between 

the performance on the word association task and the performance on the non-repeating 

sequences of the verbal Hebb repetition task was examined. However, before the analysis, the 

authors found a high correlation between the performance on the word association task and the 
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performance on the non-word association task. The performance on the non-word association 

task was therefore controlled for in the correlation analysis. In addition, the same correlation 

analysis was also conducted for the performance on the non-word association task while the 

performance on the word association task was being controlled for. The results showed absence 

of correlation for the former analysis while a positive correlation for the later analysis. This 

supports previous findings that performance on the word association task is not associated to 

verbal word learning.  

However, because a high correlation has been found between the performance on the 

non-word association task and the word association task, this would be suggestive that the 

correlation analysis conducted between the performance on the verbal Hebb repetition task and 

the non-word association task for examining the relationship between level of Hebb learning and 

capacity of novel word learning would not be accurate because the variance of word-association 

task would have been included in the analysis. The authors therefore further conducted three 

correlation analyses for more detail examination of the presence of correlation between the each 

of the two Hebb repetition tasks and each of the word and non-word association tasks. As a 

positive correlation between the performance on the verbal Hebb repetition task and the non-

word association task has already been found, the additional three correlation analyses were the 

correlation between the performance on the verbal Hebb repetition task and the word-

associations task, the correlation between performance on the visuospatial Hebb repetition task 

and the non-word associations task, and the correlation between the performance on the 

visuospatial Hebb repetition task and the word-association task. There was an absence of 

correlation between the performance on the verbal Hebb repetition task and the performance on 

the word-association task. There was a positive correlation between the performance on the 
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visuospatial Hebb repetition task and the performance on each of the word and non-word 

association tasks, though the correlation between performance on the Hebb repetition task and 

the word-association task was marginally significant. The presence of a positive correlation 

between the performance on the visuospatial Hebb repetition task and the performance on each 

of the word and non-word association task could result from the shared variance between the 

word and non-word association tasks. As such, the correlation between each of the two Hebb 

repetition tasks and each of the word and non-word association tasks conducted previously that 

did not control for word or non-word associations task may not reflect the relationship between 

the performance on each of the Hebb repetition tasks and the unique variance of the word or non-

word association task. To examine the relationship between the performance on the Hebb 

repetition tasks and the word or non-word association tasks more appropriately, the authors 

devised another two correlation analyses. The first correlation analysis was between the 

collapsed performance on the two Hebb repetition tasks and the performance on the non-word 

association task while controlling for the performance on the word association task. The 

performance of the two Hebb repetition tasks was collapsed because the two tasks shared similar 

correlations with the word and non-word association tasks. The second correlation analysis was 

conducted between the collapsed performance on the two Hebb repetition tasks and the 

performance on the word association task while controlling for the performance on the non-word 

association task. A positive correlation was found for the first correlation analysis while there 

was an absence of correlation for the second analysis. This confirms that level of Hebb learning 

is associated with the capacity of novel-word learning. This also supports the hypothesis that 

Hebb learning is analogous to the process of novel-word learning.  
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 Szmalec, Duyck, Vandierendonck, Mata and Page (2009) had also examined whether the 

process of Hebb learning is analogous to the process of verbal word-form learning. In their 

study, sequences of nonsense syllables were employed. Each sequence comprised nine nonsense 

syllables. In particular, the nine nonsense syllables in the repeating sequence were separated into 

three groups. The first three nonsense syllables were considered as the first group, the next three 

nonsense syllables were considered as the second group and the last three nonsense syllables 

were considered as the third group. Along the repetitions of the repeating sequence, the order of 

the three groups within the sequence changed but the order of the syllables within each group 

remained identical. The authors hoped that participants would perform Hebb learning of each of 

the three groups as an individual non-word. A lexical decision task was administered after the 

Hebb repetition task. In the lexical decision task, one of four types of words was presented to 

participants in each trial: (a) the three groups of nonsense syllables in the repeating sequence as 

non-words; (b) groups of three nonsense syllables from the non-repeating sequence as non-

words; (c) non-words that were not from the Hebb repetition task; and (d) Dutch words (as Dutch 

was the native language for the participants). Participants had to decide whether the presented 

word was a word or a non-word. The results showed that participants were slower to identify the 

non-words from the repeating sequence as non-words than the non-words from the non-repeating 

sequences. The authors suggested that the longer time required to reject the learned non-words 

means that those learned non-words had been entered into the lexical store such that participants 

required longer time to identify them as non-word. As such, the authors reasoned that if a non-

word learned under the Hebb process had been added to the lexical store, the Hebb process 

should be analogous to the process of naturalistic verbal word-form learning.  
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Summary 

In summary, Hebb learning has been found to be possible under wide spacing (e.g., Page 

et al., 2013; St-Louis et al., 2019) and irregular spacing (St-Louis et al., 2019). In addition, 

concurrent Hebb learning of more than one sequences has also been found to be possible (e.g., 

Hitch et al., 2009; Melton, 1963; Page et al., 2013; Sechler & Watkins, 1991). These findings of 

which Hebb learning was present under experimental settings that simulated natural settings of 

verbal word-form learning suggest that the process of Hebb learning is analogous to the process 

of naturalistic verbal word-form learning. In addition, there are studies that showed a close 

relationship between the process of Hebb learning and verbal word learning (Mosse & Jarrold, 

2008; Szmalez et al., 2009), which also suggests that the process of Hebb learning is analogous 

to the process of naturalistic verbal word learning. In parallel to the prominent theme of 

examining whether the process of Hebb learning is analogous to the process of naturalistic word-

form learning, so that researchers could potentially learn more about the process of verbal 

language development through the Hebb repetition effect, studies have also focused on 

examining the nature of the Hebb repetition effect itself. For example, studies showed that Hebb 

learning is possible under different sensory modalities and is not limited to the verbal modality 

as was first observed in Hebb’s (1961) study (e.g., Couture & Tremblay, 2006; Horton et al., 

2008; Johnson et al., 2013; Johnson et al., 2016; Page et al., 2006). A study has also shown that 

the process of encoding is sufficient to drive Hebb learning, and the process of recall has an 

assisting role in Hebb learning (Oberauer & Meyer, 2009). There was, however, some 

inconsistency in whether rehearsal contributes to Hebb learning (e.g., Hitch, et al., 2009, 

Experiment 3; Oberauer & Meyer, 2009; Sjoblom & Hughes, 2020). Finally, studies have shown 
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that awareness of the pattern of repetition is not necessary for Hebb learning (e.g., Couture & 

Tremblay, 2006; Guérard et al., 2011; Hitch et al., 2009, Experiment 1; McKelvie, 1987).  

Since the Hebb repetition effect has been consistently robustly observed under various 

experimental scenarios, and perhaps of most interest that the effect was observed under scenarios 

that simulated the natural environment of verbal language development, researchers have 

significant interest in understanding the process of Hebb learning, so as to understand the process 

of longer-term sequence learning in general and to understand the process of longer-term verbal 

language development.  

Modelling of the Hebb Repetition Effect 

 In attempt to explain Hebb learning, the authors of two immediate serial recall models 

have modified their models to incorporate additional processes to account for the process of 

accumulation of memory traces of sequential information. The two updated models are the 

Burgess and Hitch (1999, 2006) model and the Page and Norris (2009) model.  

This thesis tests the Burgess and Hitch (2006) model’s account for the Hebb repetition 

effect. Unlike the Page and Norris (2009) model, the Burgess & Hitch model has been formally 

extended to apply to the Hebb repetition effect, with numerous simulations having been run to 

show how the model can account for different aspects of the Hebb repetition effect, as well as 

outlining clear predictions that can be tested. The sections below first describe the functioning of 

the earlier Burgess and Hitch (1999) model in producing the Hebb repetition effect, followed by 

a review of a study (Cumming, Page, & Norris, 2003) that identified a few limitations of the 

model that motivated subsequent modifications of the 1999 model into the 2006 model. The 

functioning of the 2006 model is then described. The experiments administered to test the 2006 

model in the current thesis are then previewed.  
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The Burgess and Hitch (1999) Model 

 The Burgess and Hitch (1999) model was updated from the Burgess and Hitch’s (1992) 

immediate serial recall model—the phonological loop model. Similar to the 1992 model, the 

1999 model also has a focus on accounting for learning of verbal sequences. Beyond the 1992 

model, the 1999 model comprises additional components and mechanisms that could account for 

the accumulation of memory traces of verbal sequences.  

The model has four layers of information (Figure 1.1): (a) the input phoneme layer and 

the output phoneme layer that made up the phonological loop which, in the context of longer-

term sequence learning, primarily functions to allow input of verbal stimuli into other layers of 

information during encoding and to allow verbal output of the processed information during 

recall; (b) the item layer which comprises representations of items’ identities; and (c) the 

context-timing signal layer—which comprises representations of order information. The model 

was developed as a connectionist model. Information within each layer of information is 

represented as nodes. The phonological loop (i.e., the input phoneme layer and the output 

phoneme layer) and the item layer use a localist representation of item such that an item within a 

sequence is represented by one node. The context-timing signal layer uses a distributed 

representation of order information. The more specific description on how order is represented in 

the layer is presented in the following section. An overview of the connections between the 

layers of information of model is presented in Figure 1.1.  
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Figure 1.1 

The Architecture of the Burgess and Hitch (1999) Model 

 

Note. Dotted lines refers to the association between adjacent layers. 

 

During the presentation of an auditory sequence, the encoding of each study item is 

represented by the activation of a node in the input phoneme layer. Concurrently, there would 

also be activation of a node in the item layer (i.e., an item node) representing the identity of that 

presented item. And at the same time, there would be activation of a set of nodes in the context-

timing signal layer (i.e., context nodes). The activation of the particular set of context nodes in 

the context-timing signal layer is determined by a sliding window of activation along a bank of 

context nodes in the context-timing signal layer that moves by a constant one node per serial 

position (Figure 1.2). For the first study item, the sliding window would be located at the first 

position (for ease of referencing in this thesis, the location of the sliding window will be referred 

to as the timing window). During the encoding of the first item of the sequence, the context 

nodes in the first timing window, corresponding to the first serial position, would be activated. 

Similarly, during the encoding of the second item of the sequence, there would be concurrent 
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activation of a node in the input phoneme layer, an item node representing that item’s identity 

and context nodes in the second timing window, corresponding to serial position 2 (Figure 1.2). 

This process occurs for the encoding of each of the subsequent items of the incoming sequence.  

 

Figure 1.2 

Activation of Different Sets of Context Nodes at Different Timing Windows in the Context-Timing 

Signal Layer 

 

 

The concurrent activation of nodes across layers results in the development of 

associations between active nodes located in the adjacent layers. That is, there would be 
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associations between the node in the phoneme layer and the item node in the item layer, and 

between the item node in the item layer and the set of context nodes in the context-timing signal 

layer. The associations are formed by two types of weights, a short-term but large amplitude 

weight and a longer-term but small amplitude weight. The short-term weights are responsible for 

supporting the immediate recall, while the long-term weights could be accumulated such that to 

support improvement in recall performance along trials of repetition. This process of how recall 

performance is improved by the accumulation of weights is described in greater detail in a later 

section, using an example of when the same sequence is being learned. 

To understand the predictions of the model, it is important to note that the sliding window 

progresses along the series of context nodes in the context-timing layer in a way that there would 

be overlapping use (or activation) of context nodes between adjacent timing windows (Figure 

1.2). As such, some of the context nodes within each timing window would not only be 

associated to the corresponding item node, that is the item node that co-activated with the 

complete set of context nodes in that timing window during encoding, but also to item nodes that 

correspond to the context nodes in adjacent timing windows. This implementation could account 

for a common type of error in serial recall—transposition errors (e.g., Henson et al., 1996). The 

commitment of transposition error is detailed in the following section describing the process of 

recall.  

During recall of the just-encoded sequence, the context nodes in the first timing window 

would first be activated, the item node that the context nodes in the first timing window most 

strongly associated to would then be activated. This means among all the item nodes that have 

associations to the set of context nodes in timing window 1, the one item node that shares the 

highest sum of weights of the associations to those context nodes would be activated. To clarify, 
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a visual representation of the competition between item nodes for activation is presented in 

Figure 1.3. In Figure 1.3, each association (as depicted as one line) has been assigned with a 

weight of 1, the item node that co-activated with the full set of context nodes in timing window 1 

during encoding (i.e., the green item node) should have six associations to the six context nodes 

in timing window 1 (i.e., the six grey circles in timing window 1). As such, that item node should 

share a sum of weight of 6 of associations to the context nodes in timing window 1. Meanwhile, 

the item node that co-activated with the full set of context nodes in the second timing window 

(i.e., the red item node) during encoding should be sharing five associations to the five out of the 

six context nodes in timing window 1. As such, the item node corresponding to the second 

timing window should be having a sum of weight of 5 of associations to the set of context nodes 

in timing window 1. Similarly, the item node corresponds to the third timing window should be 

having a sum of weight of 4 of associations to the set of context nodes in timing window 1, and 

so on. Because the item node that co-activated with the full set of context nodes in timing 

window 1 has the highest sum of weight of associations to the context nodes in timing window 1, 

that item node should therefore be activated. This item node should be carrying the item identify 

of the first item encoded. The active activation of this item node should then trigger the 

activation of the corresponding node in the output phoneme layer which would then result in 

verbal recall of the item information. This recalled item should therefore be the first list item.  
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Figure 1.3 

A Visual Depiction of the Associations between the Different Item Nodes and the Corresponding 

Context Nodes in Different Timing Windows 

 

Note. Each grey circle represents one context node, each colored circle represents one item node. 

Each line represents an association between an item node and a context node.  

 

This overlapping use of context nodes between adjacent timing windows allows the mis-

activation of item nodes that correspond to the adjacent timing window. In particular, there is a 

highest proneness of mis-activating the item node that corresponds to the immediate adjacent 

timing window than the item node that correspond to a further timing window. This could 

explain the commitment of transposition errors in serial recall: the higher proneness to recalling 
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the item in immediate adjacent serial positions than the item in a further serial position (e.g., 

Henson et al., 1996).  

The Production of the Hebb Repetition Effect. When the same sequence is again 

presented, specifically when the first item of the sequence is presented, there would again be 

concurrent activation of the same combination of nodes across the layers—the corresponding 

node in the input phoneme layer, the item node representing the item identity of that presented 

item, and the set of context nodes in the first timing window. The concurrent activation would 

result in adding of weights to the previously assigned long-term weights of the associations. The 

accumulation of weights for the associations or, in other words, strengthening of the associations 

would result in a higher probability for that item node (i.e., the target item node) to be activated 

by the context nodes in timing window 1 during retrieval in later times. This would therefore 

result in higher accuracy of recalling the target item information at serial positions 1. Similarly, 

during the encoding of each of the subsequent items of that same sequence, there would again be 

concurrent activation of the same combination of nodes across layers. The strengthened 

associations would then allow more accurate retrieval and recall of information at each serial 

position. As such, learning the same sequence along trials would result in repeated strengthening 

of the node-to-node associations, especially the context-item associations, which would improve 

the recall accuracy of items at each serial position of the sequence. This therefore produce the 

Hebb repetition effect.   

The Burgess and Hitch (1999) model has successfully simulated the Hebb repetition 

effect. In a simulation in which a repeating sequence was learned four times, the recall 

performance on the fourth presentation of the repeating sequence was shown to be superior to the 

sequences that were presented once, although the superiority was small. To note, this comparison 
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of performance was a comparison of item span within a sequence instead of a comparison of 

recall accuracy. The authors chose this indicator to avoid potential ceiling effect or floor effect. 

In addition to the success of accounting for the Hebb repetition effect, the model has also 

successfully simulated the various benchmark phenomena that the original 1992 model 

accounted for. The Burgess and Hitch (1999) model was therefore able to provide a 

comprehensive account of the phenomena of serial recall, including longer-term sequence 

learning.  

Identified Limitations of the Burgess and Hitch (1999) Model 

 Cumming and colleagues (2003; Experiment 2) tested the Burgess and Hitch (1999) 

model. In the study, a Hebb repetition task was used; a repeating sequence was presented eight 

times. A transfer sequence was presented a few trials after the eighth presentation of the 

repeating sequence. In the transfer sequence, items in the odd-number serial positions were 

identical to the repeating sequence while items at the even-number serial positions were the 

remaining items of the repeating sequence but each of them occupied a different even-number 

serial position. For example, if the repeating sequence was 4039651728, the transfer sequence 

might be 4530671829. In another block of trials, items at the even-number serial positions were 

identical to the repeating sequence while items at the odd-number serial positions were the 

remaining items from the repeating sequence but each of them occupied a different odd-number 

serial position. According to the Burgess and Hitch (1999) model, encoding of the items that 

were retained in their original serial positions in the transfer sequence should result in adding of 

weights to (or strengthening of) the original context-item associations that corresponds to each of 

those items. This should improve the recall accuracy at the serial positions those items occupied. 

However, encoding of the items that did not occupy the original serial positions in the transfer 
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sequence should result in developing novel associations between the item node representing the 

“novel items” and the context nodes in the corresponding timing windows. Because these 

associations would be less strengthened compared to the associations between those context 

nodes and the item nodes representing the original items, there would be a higher probability for 

the item nodes representing the original items to be activated during retrieval. But because those 

item nodes would not be the target item nodes to be recalled for the trial of the transfer sequence, 

the recall accuracy at the serial positions that those “novel items” occupied would be low. As a 

result, the model predicts a zig-zag pattern of recall accuracy along the serial positions of the 

transfer sequences.  

Contrary to the predictions, a zig-zag pattern of recall accuracy for each of the transfer 

sequences was not observed. The overall recall performance of the transfer sequences was found 

not to be different from the non-repeating sequences while the performance of repeating 

sequence was found to be superior to both the non-repeating sequences and the transfer 

sequences.  

In addition, Cumming and colleagues performed simulation of the Hebb repetition effect 

using the 1999 model but could not find a pattern of performance that is consistent to the Hebb 

repetition effect. The simulation results showed a superior recall performance on the repeating 

sequence compare to the non-repeating sequence at the first presentation of each of the two types 

of sequences. There was then a prominent drop of recall performance on the second presentation 

of both the repeating sequence and another non-repeating sequence. Although there was more 

prominent improvement in the recall performance of the repeating sequence compared to the 

non-repeating sequences along trials, the improved performance of repeating sequence was not 

able to reach the initial recall performance level (i.e., the recall performance at the first 
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presentation). This is inconsistent to the Hebb repetition effect that there should be constant 

improvement in recall performance along repetitions.  

Cumming and colleagues reasoned that because the Burgess and Hitch (1999) model has 

only been implemented with one series of context nodes for the encoding process, all the 

different sequences would therefore load onto the same series of context nodes. This means the 

set of context nodes in each timing window would be associated to items from both the repeating 

sequence and the different non-repeating sequences. Retrieval at each of the timing windows 

would therefore experience competition between a large number of different item nodes (i.e., the 

cue-overloaded effect; Watkins & Watkins, 1976). The simulation results therefore suggest that 

the implementation of only one series of context nodes would not be sufficient to support the 

learning of the different sequences.  

Another point addressed was the lack of transfer from the repeating sequence to the items 

that remained identical to the repeating sequence in the same serial positions in the transfer 

sequence. Cumming and colleagues suggests that this pattern of performance casts doubt on the 

coding principle of item-position connection for sequence learning because this pattern of 

performance showed that even when there was matching of item-position information between 

an incoming sequence and the previously learned sequence, there was no transfer of recall 

benefit from the previously learned sequence to the incoming sequence.  

As such, Cumming and colleagues’ (2003) study seems to point to two limitations of the 

Burgess and Hitch (1999) model: (a) the limitation in generating the Hebb repetition effect, 

specifically the continuous growth of recall accuracy for the repeating sequence; and (b) the 

erroneous prediction of the presence of learning for repeating items that only located at 

alternating serial positions. 
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However, Fastame, Flude, and Hitch (2005, Experiment 2) seems to have obtained some 

contradictory findings regarding Cumming and colleagues’ (2003) findings which there was 

absence of transfer of recall benefit for repeating items that only located at alternating serial 

positions in a transfer sequence. In the study, five conditions were administered. Each of the 

conditions comprised four consecutive presentations of a target Hebb sequence. In the first 

condition (i.e., the 1357-same condition), only items at serial positions 1, 3, 5, 7 were repeated 

along the presentations. In the second condition (i.e., the 2468-same condition), only items at 

serial positions 2, 4, 6, and 8 were repeated along repetitions. In the third condition (i.e., the 

1256-same condition), only items at serial position 1, 2, 5, and 6 were repeated along repetitions. 

In the fourth condition (i.e., the 3478-same condition), only items at serial positions 3, 4, 7, and 8 

were repeated along repetitions. In the last condition (i.e., the control condition), each of the first 

three presentations of the target Hebb sequence was unique. The recall performance of the last 

presentation of the Hebb sequence in each of the five conditions was compared. The results 

showed that there was superior recall performance at serial positions 1 and 3 for the 1357-same 

Hebb sequence and at serial positions 1, 2, 5, and 6 for the 1256-same Hebb sequence compared 

to the control Hebb sequence. There was no superior recall performance for the 2468-same Hebb 

sequence and the 3478-same condition. This results showed that there was, although perhaps 

minor, learning for repeating items located only at alternating serial positions along repetitions. 

This findings seems to contradict the findings in Cumming and colleagues (2003) study. 

Nonetheless, Burgess and Hitch (2006) acknowledged the limitation of the 1999 model 

that the implementation of only one series of context nodes for encoding would not be able to 

account for the Hebb repetition effect, specifically the continuous improvement in recall 

accuracy of the repeating sequence. The 2006 model was therefore an update of the 1999 model 
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to resolve this issue. Burgess and Hitch (2006) has also focused on accommodating Cumming 

and colleagues’ (2003) findings which there would not be transfer of recall benefit for repeating 

items that located only at alternating serial positions in a repeating sequence. As such, the update 

of the Burgess and Hitch (1999) model was a response to the findings in Cumming and 

colleagues (2003) study. The section below describes the functioning of the Burgess and Hitch 

(2006) model.  

The Burgess and Hitch (2006) Model 

Burgess and Hitch (2006) accommodated the issue of cue-overload by allowing different 

sequences to load onto different series of context nodes (i.e., different context sets) during 

encoding. Retrieval of a just-encoded sequence using the individual context set for that sequence 

would then support more accurate recall of the sequence. However, to account for Hebb learning, 

it also needs to be the case that a context is re-used if the same sequence is presented again. A 

critical step is therefore to identify whether the incoming sequence has previously been learned 

such that there would be an existing individual context set for the incoming sequence to load on 

to. For this decision process, a cumulative matching mechanism was implemented. This 

mechanism could also account for the results of Cumming and colleagues’ (2003) experiment 

that there was an absence of transfer of recall benefit to items in the transfer sequence that 

remained identical to the repeating sequence in alternating serial positions.  

The cumulative matching mechanism calculates the amount of cumulative match between 

the incoming sequence and each of the previously learned sequences during encoding. At the 

encoding of the first item of the incoming sequence, the cumulative matching process would 

examine whether the first item of each of the previously learned sequences is identical to that 

presented item. Previously learned sequences with the first item matched with the presented item 
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would yield a cumulative match of 100%, that is one item of the previously learned sequence 

over one item of the incoming sequence was matched. However, previously learned sequences 

with the first item not matching with the presented item would yield a cumulative match of 0%. 

The context sets of those sequences that stay above a cumulative match threshold value would 

stay in the cohort for potential recruitment by the incoming sequence to support recall of that 

incoming sequence. In this case, the context sets of those sequences that yielded a cumulative 

match of 100% would remain in the cohort for potential recruitment while context sets of those 

sequences that yield a cumulative match of 0% would not be included in the cohort. At encoding 

of the second item of the incoming sequence, the cumulative matching mechanism would 

calculate the cumulative match between the incoming sequence and each of the previously 

learned sequences that stayed above a cumulative match threshold during the encoding of the 

previous item. Those sequences for which the second item was identical to the presented item 

would yield a cumulative match of 100%. Those sequences where the second item was not 

identical to the presented item would yield a cumulative match of 50%, that is one item of the 

previously learned sequence over two items of the incoming sequence was matched. 

Depending on the threshold of cumulative match implemented in the model, previously 

learned sequences that yield a cumulative match above the threshold would have the 

corresponding context sets remained in the cohort while previously learned sequences that yield 

a cumulative match lower than the threshold would have the corresponding context set discarded 

from the cohort. As such, the cohort of context sets for potential recruitment to support recall of 

the incoming sequence would become smaller along the encoding of each item of the incoming 

sequence. After the encoding of the last item of the incoming sequence, the context set of a 

previously learned sequence that stay above the cumulative match threshold would be recruited 
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to support recall of the incoming sequence. If there are more than one previously learned 

sequences staying above the cumulative match threshold, the context set of the sequence with the 

highest match would be recruited. It is always assumed that an incoming sequence is also 

associated to a novel context set, and this novel context set will be used if all old context sets are 

discarded. 

A feature of the model that is important to understand the experiments in this thesis is 

that the strengthening of the context-item associations occurs in parallel with the cumulative 

matching process. At encoding of the first item of the incoming sequence, there would be 

concurrent activation between the item node representing the presented item of the incoming 

sequence and the context nodes in the first timing window of the each of the context sets that 

match. There would therefore be strengthening of the context-item associations for all contexts in 

the cohort. For example, in Figure 1.4, if sequences A, B, and C share the same item with the 

incoming sequence at serial position 1, the context sets of sequences A, B, and C would be 

included into the cohort and that there would be concurrent activation of the item node 

representing the presented item and the set of context nodes in the first timing window of each of 

the context sets of sequences A, B, and C (i.e., context sets A, B, and C). There would be 

strengthening of context-item associations between the item node and each of the sets of context 

nodes.  

Figure 1.4 shows the situation where the context set for sequence C is discarded at the 

second serial position because of a mismatch to the incoming sequence. There would be 

concurrent activation between the item node representing the presented item and the context 

nodes in timing window 2 of each of those context sets remained in the cohort. There would be 

strengthening of the context-item associations (e.g., the context sets of sequences A and B in 
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Figure 1.4). As further items were presented, more context sets would be discarded from the 

cohort along the encoding of each of the items of the incoming sequence. 

The context set that remained in the cohort after the encoding of the last item of the 

incoming sequence (or the one with greatest match in case there are multiple matching 

sequences) would be recruited to support the recall of the just-encoded sequence. Because that 

context set would have the most context-item associations strengthened during the encoding 

process, using this context set for recall would benefit recall at the most number of serial 

positions of the just-encoded sequence. In essence, using this context set for recall would most 

benefit the recall of the just-encoded sequence. However, if none of the previously learned 

sequences could stay above the threshold after the encoding of the last item of the incoming 

sequence, the new and potentially temporary context set that is being developed concurrently 

along the encoding of each item of the incoming sequence would be recruited. Recall using that 

new context set would be less accurate because the context-item associations have not been 

strengthened. However, if any of the previously learned sequences remained above the threshold 

after the encoding of the last item of the incoming sequence such that there would be re-use of 

previously developed context set for recall, the temporary developed context set would be 

discarded. 
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Figure 1.4 

Concurrent Activation of Item Node and Context Nodes in the Corresponding Timing Window 

during Encoding of an Incoming Sequence 

 

Note. Each grey node represents a context node. Each colored node represents an item node. 

Each line represents the association between the item node and a context node. This figure shows 

the formulation of context-item associations during the encoding of the first item of an incoming 

sequence, and the reduction of number of context sets in the cohort for potential recruitment 

during the encoding of the second item. 

 

As a result, learning the same sequence again would result in strengthening of the same 

context-item associations, and the use of the strengthened context-item associations for recall 

would allow more accurate recall of the sequence. This explains the gradual improvement in 

recall performance of the repeating sequence in a Hebb repetition task. On the other hand, 
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learning of novel sequences would result in the recruitment of new context sets for recall. As a 

result, the Burgess and Hitch (2006) model could account for the pattern of the Hebb repetition 

effect which there is gradual improvement in recall performance of a repeating sequence 

compares to the non-repeating sequences along trials in the Hebb repetition task.  

Burgess and Hitch (2006) set the threshold of cumulative match to 60% for the 

simulations in the study. This value was chosen to accommodate Cumming and colleagues’ 

(2003) experiment results. The absence of transfer of the built up recall benefit from learning of 

the repeating sequence to the items that were identical to the repeating sequence in alternating 

serial positions in each of the two transfer sequences could be explained by the lack of 

cumulative match between the repeating sequence and each of the two transfer sequences such 

that the context set of the repeating sequence would have been discarded during the encoding of 

each of the transfer sequences. Specifically, the cumulative match between the repeating 

sequence and the odd-number-same transfer sequence would be 50% during the encoding of the 

first mismatch item at serial position 2, and the cumulative match between the repeating 

sequence and the even-number-same transfer sequence would be 0% during the encoding of the 

first mismatch item at serial position 1. A new context set would therefore be recruited to support 

recall of each of the two transfer sequences and so the recall performance would not be different 

from the non-repeating sequences, that would be consistent to the findings of the Cumming and 

colleagues’ study. Burgess and Hitch (2006) found that the threshold of 60% implemented in the 

simulations generated results that matched well with a range of data. This thesis therefore 

assumes this threshold value to address the model predictions for the experiments in this thesis. 

However, it should be noted that this value was not theoretically derived, and that the model’s 

quantitative predictions will depend on the setting of the parameter. Having said this, a lower 



Chapter 1: General Introduction   55 
 

bound is around 60% to capture Cumming and colleagues’ results, and substantially higher 

settings will produce little, if any, Hebb learning.  

The Burgess and Hitch (2006) model is currently the most elaborated model in 

accounting for sequence learning. The model is capable of accounting for a comprehensive set of 

benchmark phenomena (Burgess & Hitch, 1999) including the Hebb repetition effect. In 

addition, the implementation of the cumulative matching mechanism could account for the 

experiment results in Cumming and colleagues’ (2003) study that challenges the 1999 model. 

This elaborated model, however, has received little empirical testing. This thesis therefore aims 

to test this model. In particular, the cumulative matching mechanism has a critical role in the 

model for supporting Hebb learning. This thesis therefore focuses on testing the cumulative 

matching mechanism of the model. 

The Current Thesis 

 This thesis comprises four experiments testing the cumulative matching mechanism of 

the Burgess and Hitch (2006) model. In each experiment, the Hebb repetition task was 

employed.  

 In Experiment 1, the last presentation of a repeating sequence was modified. One of the 

original items at an early or later serial position was substituted by a novel item. According to the 

cumulative matching mechanism, if the modified repeating sequence and the original repeating 

sequence shared a mismatch at an early serial position, the cumulative match between the two 

sequences would less likely to be above the threshold of 60%. The modified repeating sequence 

should therefore recruit a new context set to support recall. Recall should therefore not be able to 

benefit from the well strengthened item-context associations of the original repeating sequence. 

The recall performance should be similar to a non-repeating sequence. However, if the modified 
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repeating sequence and the original repeating sequence shared a mismatch at a later serial 

position, the cumulative match between the two sequences would more likely to stay above the 

threshold of 60%. The context set of the original repeating sequence should be recruited to 

support recall of the modified repeating sequence. Recall should therefore be able to benefit from 

the repeatedly strengthened item-context associations of the original repeating sequence. Recall 

performance should be superior to the non-repeating sequence. Experiment 2 was a strengthened 

version of Experiment 1. In Experiment 2, the number of original items being substituted 

increased from one to two such that there were two consecutive novel items at early serial 

positions or at later serial positions. This was implemented to allow a potentially stronger effect 

of item mismatch to be observed. In addition, the experimental manipulation of items 

substitution was exerted on every repetition of the repeating sequence instead of only in the last 

presentation of the repeating sequence. This could allow more data points of the effect of items 

substitution to be observed. Experiments 1 and 2 are presented in the following chapter (i.e., 

Chapter 2). 

 Experiments 3 and 4 tested a different aspect of the cumulative matching mechanism. 

During the encoding of an incoming sequence, previously learned sequences that shared identical 

beginning items with the incoming sequence would yield a cumulative match of 100% during the 

encoding of those overlapping items. However, during the encoding of the unique items of the 

incoming sequence, the cumulative match between the incoming sequence and those previously 

learned sequences would drop and potentially would drop below the threshold. The cohort of 

context sets for potential recruitment to support recall of the incoming sequence would therefore 

become smaller and smaller along the encoding of each of the items of the incoming sequence. 

However, previously learned sequences that the beginning items overlapped with the incoming 



Chapter 1: General Introduction   57 
 

sequence should have their context-item associations regarding the overlapping items 

strengthened, and that the strengthened context-item associations would not be reverted even 

after the corresponding context sets were discarded from the cohort for potential recruitment. As 

such, learning a sequence that is similar to a previously learned sequence should enhance the 

recall performance of the previously learned sequence. Experiments 3 and 4 tested this by 

presenting two overlapping repeating sequences in alternating trials in the same Hebb repetition 

task. The overlapping section was at the beginning or at the end of the repeating sequences. If the 

overlapping section was at the beginning, encoding of the overlapping section of one of the 

repeating sequence should find the other repeating sequence sharing a cumulative match of 

100%. There should be strengthening of context-item associations regarding this overlapping 

section for the other repeating sequence. As such, learning of the two repeating sequence should 

enhance the recall performance of each other. However, if the overlapping section was at the 

end, encoding of the unique items at the beginning serial positions of one of the repeating 

sequences should find the other repeating sequence sharing a cumulative match of 0%. Learning 

of the two repeating sequences should therefore not be able to enhance the recall performance of 

each other. These two experiments are presented in Chapter 3.  

 In addition, Burgess and Hitch (2006) suggested that the process of learning does not 

require awareness of the repetitions to occur. Experiments 1 and 2 tested this suggestion by 

identifying participants that were aware or unaware of the repetitions using a post-experiment 

questionnaire. The experiments then examined the presence of Hebb learning in the group of 

unaware participants. The experiments also examined whether there was difference in rate of 

learning between the aware and unaware participants, to examine the potential role of awareness 
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in learning. The results of the two experiments are presented in an individual chapter (i.e., 

Chapter 4) for more central discussion. 
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Chapter 2: Examining Presence of Hebb Learning along Hebb Repetitions that were 

Partially Identical 

This chapter comprises two experiments (i.e., Experiments 1 and 2) testing the 

cumulative matching mechanism of the Burgess and Hitch (2006) model. The Hebb repetition 

task was employed in the experiments. The two experiments involved modifying one or more of 

the repetitions of a Hebb sequence and evaluating whether there would be Hebb learning along 

the modified Hebb presentations. In particular, to test the cumulative matching mechanism, the 

modification of the Hebb sequence was located at an early serial positions or at later serial 

positions of the Hebb sequence such that the cumulative match between the modified Hebb 

sequence and the original Hebb sequence would or would not stay above Burgess and Hitch 

(2006) model’s assumed cumulative match threshold of 60%.  

In Experiment 1, an original item at an early or late serial position was substituted by a 

novel item in the last presentation of a Hebb sequence. The experiment examined the transfer of 

Hebb learning for that modified Hebb presentation by comparing the recall performance of that 

modified Hebb sequence with the filler sequences, and with a control Hebb sequence in which no 

original items was modified.  

This experimental design of examining the transfer of Hebb learning to a modified list 

was implemented with reference to a simulation scenario in Burgess and Hitch’s (2006) study 

(simulation 4). In the simulation, an original item at one of 12 serial positions of the last 

presentation of a Hebb sequence (i.e., at serial position 1, 2, 3, 6, 9, or 12) was substituted by a 

novel item. The recall performance of each of the different modified Hebb sequences, a filler 

sequence, and a control Hebb sequence, which no original item was modified, was examined. 

The simulated recall performance of each of those sequences is presented in Figure 2.1. In the 
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figure, the modified Hebb presentations that share a cumulative match lower than the threshold 

of 60% with the original Hebb sequence (i.e., the modified Hebb sequence with the original item 

at the first or second serial position being substituted by novel item) shares a similar performance 

level with the filler sequence. This is because the modified Hebb sequences were considered as a 

mismatch to the original Hebb sequence and so a new context set was recruited for the recall of 

each of those modified Hebb sequences. The lack of strengthening of the context-item 

associations regarding those new context sets therefore resulted in recall performance that is 

similar to the filler sequence. The performance of the modified Hebb sequences that shared a 

cumulative match higher than 60% with the original Hebb sequence (i.e., the remaining modified 

Hebb presentations that the substitution occurred at a later serial position) was more similar to 

the control Hebb sequence, at least prior to the serial position of substitution. However, there 

were also drastic differences in recall performance at the serial position of substitution and at the 

serial positions after substitution. This is because the novel item in those modified Hebb 

presentations would end up being associated to the context set of the original Hebb sequence. 

When recalling those substitute items, there is competition from the item originally presented at 

that serial position in the Hebb lists (the effects after substitution are more complicated and 

discussed below).  

Experiment 2 was implemented as a strengthened version of Experiment 1. The number 

of items substituted was increased from one to two (which located in adjacent serial positions), to 

potentially allow a stronger effect of item substitution to be observed. Also, items substitution 

occurred on every repetition of the Hebb sequence instead of only at the last presentation. This 

allowed more data points to be used to examine the potential effect of item substitution, rather 

than a single transfer list. As such, Experiment 2 examined the presence of 
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Figure 2.1 

Recall Accuracy of the Modified Hebb Sequence, the Control Hebb Sequence, and the Filler 

Sequences in Burgess and Hitch’s (2006) Fourth Simulation 

 

Note. “New1” refers to the Hebb presentation, where an original item at serial position 1 was 

substituted by a novel item. The same annotation applies to the remaining conditions presented 

in the figure. “Hebb” refers to the control Hebb presentation. “Noise” refers to the filler 

sequences. This simulation was not based on human data but computer generated data. This 

figure was adapted from the fourth simulation of Burgess and Hitch’s (2006) study of “A revised 

model of short-term memory and long-term learning of verbal sequences”, Journal of Memory 

and Language, 55, 627-652.   

 

Hebb learning along the modified Hebb repetitions. The learning gradient was compared 

between each of the modified Hebb sequences, the filler sequences and a control Hebb sequence 

which there was no modification along the repetitions.  
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 Experiments 1 and 2 also tested a suggestion for the Burgess and Hitch (2006) model that 

awareness of the repetitions is not necessary for Hebb learning. While Burgess and Hitch (2006) 

do not make any strong claims about the role of awareness, they do note that “recognition” of a 

previous occurrence of a list is not necessary for learning, and relate this to previous data 

suggesting awareness is not involved (Hebb, 1961; McKelvie, 1987). Participants’ awareness of 

the repetitions was examined here by administering a post-experiment questionnaire. Participants 

were then classified as aware or unaware based on their responses. The presence of Hebb 

learning was then examined in the group of “unaware” participants, to examine whether Hebb 

learning was possible under the absence of awareness. The rate of learning for the Hebb 

sequence between the aware and unaware participants was also compared. Discussion of the 

results of this examination is presented in an individual chapter (i.e., Chapter 4) for more focused 

consideration of this separate theoretical question.  

Experiment 1 

 As mentioned above, Experiment 1 of the thesis was implemented with reference to 

Burgess and Hitch’s (2006) fourth simulation study. A pilot study for Experiment 1 was 

conducted. The pilot study comprised slightly different experimental manipulations from the 

simulation in Burgess and Hitch’s study. Three experimental conditions were administered in the 

pilot study in which item substitution occurred at serial position 1, 3, or 5. Each repetition of a 

Hebb sequence was presented on every third trial instead of on every second trial as in Burgess 

and Hitch’s simulation. In addition, there were five presentations of a Hebb sequence instead of 

four such that it was the fifth presentation of the Hebb sequence that was being modified. Lastly, 

each sequence comprised eight items instead of 12. The results from 38 participants did not show 

a significant or substantial Hebb repetition effect in the control condition. A likely explanation is 
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that recall performance at the first presentation of the Hebb sequence was already very high in 

this pilot study, such that there was not sufficient room for improvement to be observed along 

the subsequent repetitions. To increase the difficulty of the task, two modifications were made 

for Experiment 1 of the thesis. First, the number of items per sequence was increased from eight 

to nine. Second, the presentation period for each item within a sequence was increased from 

400ms to 900ms. In addition, the number of presentations of the Hebb sequence was increased 

from five to nine such that item substitution occurred at the ninth presentation of the Hebb 

sequence. This allowed the Hebb repetition effect to be more established before the examination 

of how item substitution would disrupt the effect.  

 To restate, Experiment 1 comprised three experimental conditions. One original item at 

serial position 1, 3, or 5 in the last presentation of a Hebb sequence was substituted by a novel 

item (i.e., the New1, New3, or New5 condition). In a control condition, the last presentation of 

the Hebb sequence remained unmodified.  

The recall performance of each of the three modified Hebb sequences was compared to 

the control Hebb sequence and to the filler sequences, to indicate whether the recall of the 

modified Hebb sequences benefited from the previously repeatedly strengthened context-item 

associations. In particular, and as seen in Figure 2.1, the model generates rather distinctive 

predictions on the recall performance at the serial position(s) before item substitution, at 

substitution, and after substitution. Experiment 1 therefore examined the difference in recall 

performance between each of the three modified Hebb sequences, the filler sequences and the 

control Hebb sequences at each of those three sections. The predictions generated for the 

modified Hebb sequence in each of the three experimental conditions are presented below. 
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 Regarding the New1 condition, during the encoding of the first novel item of the 

modified Hebb sequence, the original Hebb sequence should share a cumulative match of 0% 

with the incoming modified Hebb sequence. The context set of the original Hebb sequence 

should therefore be discarded from the cohort for potential recruitment. The modified Hebb 

sequence should then recruit a new context set to support recall. This would mean that retrieval 

would not be able to benefit from the previously repeatedly strengthened context-item 

associations. The recall performance of the modified Hebb sequence is therefore predicted to be 

similar to the filler sequences.  

 The predictions for the New3 condition are more complex. During the encoding of the 

first two items of the modified Hebb sequence which were identical to those in the original Hebb 

sequence, the original Hebb sequence should share a cumulative match of 100% with the 

modified Hebb sequence. There should therefore be strengthening of the original context-item 

associations. During the encoding of the third item, which was the novel item, the cumulative 

match between the original Hebb sequence and the modified Hebb sequence should drop to 

66.67% (i.e., two items of the original Hebb sequence over three of the presented items of the 

modified Hebb sequences were found to be matched). This would be above the assumed 

threshold of 60%. This should therefore result in the formation of associations between that item 

node corresponding to the novel item, and the context nodes for position 3 from the original 

Hebb list. Because those context nodes would already have associations to the item node 

representing the original item of the Hebb sequence, those context nodes would therefore have 

associations to two different item nodes. And because the cumulative match between the original 

Hebb sequence and the modified Hebb sequence would still be above the threshold, the context 

set of the original Hebb sequence would continue to stay in the cohort for potential recruitment 
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to support recall of the modified Hebb sequence. During the encoding of the items in the 

subsequent serial positions, which were items that were identical to the original Hebb sequence, 

the cumulative match between the original Hebb sequence and the modified Hebb sequence 

would steadily increase, and, importantly, would not drop below the threshold. This should 

therefore strengthen the original context-item associations for all items following the 

substitution. After the encoding of the last item of the modified Hebb sequence, the original 

Hebb sequence should be sharing the highest cumulative match value among other previously 

learned sequences. The context set of the original Hebb sequence should therefore be recruited to 

support recall of the modified Hebb sequence.  

 During recall, the set of context nodes in timing window 1 would first be activated. 

Because there would have been strengthening of the original context-item associations during 

encoding, there should be a higher chance for the corresponding item node (the item node co-

activated with the set of context nodes during encoding) to be activated and recalled. The same 

process should also apply to the recall at serial position 2. As such, the recall accuracy at serial 

positions 1 and 2 should be similar to that of the control Hebb sequence (as seen in Figure 2.1). 

During recall at serial position 3, the set of context nodes in timing window 3 would be 

activated. Because the set of context nodes would have associations to the item node 

representing the original item at serial position 3 and the item node representing the novel item at 

serial position 3, there would be competition for activation between these two item nodes (i.e., 

the cue-overload effect; Watkins & Watkins, 1976). In addition, because there would be 

overlapping use of context nodes between adjacent timing windows during encoding, a large 

number of the context nodes in timing window 3 would also have associations to the item nodes 

representing the item at serial position 4 and items at subsequent serial positions. And because 
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there would have been strengthening of the original context-item associations during encoding at 

serial position 4 and at the serial positions after, the associations between the context nodes in 

timing window 3 and the item node representing the item at serial position 4 would already 

strongly express themselves during retrieval at timing window 3. Those associations would 

potentially be more prominent than the associations to the item node representing the original 

item at serial position 3 and the associations to the item node presenting the novel item. This 

would result in the item node representing the item at serial position 4 to be a very strong 

competitor for activation and therefore the model would be prone to activating the item node 

representing the item at serial position 4 during retrieval at timing window 3, producing an 

anticipation error. This would mean that the recall accuracy at serial position 3 should be very 

low. In particular, the recall accuracy should be lower than that of the filler sequences, as seen in 

Figure 2.1. This is because of the higher number of competitors presented during retrieval and 

the present of proneness of activation of a non-target item node during retrieval for the modified 

Hebb sequence. During recall at serial position 4 and at the serial positions after, because of the 

tendency to recall the item originally located at serial position 4 at serial position 3, there would 

be a further tendency of forward shifting the recall of the items at the subsequent serial positions, 

resulting a chain of anticipation errors along those serial positions. The recall accuracy at serial 

positions 4 to 9 should therefore be, at the least, inferior to that of the control Hebb sequence, as 

seen in Figure 2.1.  

 Regarding the New5 condition, the predictions regarding the sections before, at, and after 

item substitution should be identical to those for the New3 condition because the cumulative 

match between the original Hebb sequence and the modified Hebb sequence would only drop to 
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80% during the encoding of the novel item at serial position 5, which would be above the 

threshold of 60%. There would therefore be re-use of the original context set to support recall.  

Method 

Participants. One hundred and twenty-five undergraduate psychology students1 from the 

University of Western Australia were recruited. Students’ participation was part of their 

undergraduate course.  

Design. A within-participant 9 (serial position: 1 to 9) × 2 (trial type: filler vs Hebb) × 9 

(position in block: 0 to 8) × 4 (condition: New1 vs New3 vs New5 vs control) design was 

employed. Because each condition comprised only one block of trials, the factor position in 

block refers to the sub-block (or sub-condition) of trials that comprised two trials of filler 

sequence and one trial of the Hebb sequence. The Hebb sequence was presented on every third 

trial, starting from the third trial, for nine presentations. Note that the nine positions in block are 

designated as ranging from 0 to 8 instead of 1 to 9. This relates to the analysis, where I enforced 

the assumption that performance of the different trial types and in the different conditions should 

share the same intercept at position in block 0, where no list had yet been repeated and so there 

should be not effect of condition.  

Materials. 

The Hebb Repetition Task. Each sequence in the Hebb repetition task was composed of 

nine digits randomly sampled from digits 0 to 9 without replacement (0 is often not used in serial 

recall experiments, but was needed here to allow an item substitution). Three constraints were 

implemented during the sampling process: (a) the digit “1” could not be located at the first serial 

                                                           
1 The decision to recruit approximately 100 participants for this and each of the subsequent experiments in the thesis 

was not based on a power analysis. This decision was based on observation of which previous studies on the Hebb 

repetition effect found effects of interest under the recruitment of approximately 20 participants. Recruitment of 

approximately 100 participants for the thesis was therefore considered a relatively strong test for effects.  
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position; (b) there could not be consecutive digits in adjacent serial positions; and (c) there could 

not be ascending or descending digits in more than three consecutive serial positions. For 

example, digits in any four consecutive serial positions could be 2 5 7 1 but could not be 2 5 7 9.  

For each of the four conditions, the Hebb sequence was first constructed, under the three 

constraints presented above. The constructed Hebb sequence was then allocated to the designated 

trial numbers (i.e., trial numbers 3, 6, 9, 12, 15, 18, 21, 24, and 27). If the condition under 

construction was an experimental condition, the construction of the modified Hebb sequence 

would then follow and would replace the Hebb sequence previously allocated to trial number 27. 

For the construction of the modified Hebb sequence, there would be substitution of the item at 

serial position 1, 3, or 5 of the previously constructed Hebb sequence by the remaining one digit 

that was not included in the original Hebb sequence. The modified Hebb sequence was then 

allocated to trial number 27, replacing the original Hebb sequence. After the construction and the 

allocation of the Hebb sequence(s), the construction of each filler sequence followed. It had been 

pre-decided that the first constructed filler sequence would be allocated to the trial number 1, the 

second constructed filler would be allocated to trial number 2, the third constructed filler would 

be allocated to trial number 4, and so on. As such, during the construction of each of the filler 

sequences, an addition constraint was applied, that is there could not be identical digit at the 

same serial position between adjacent sequence(s). Two additional filler sequences were 

constructed and were allocated to trial number 28 and 29 which were after the last presentation 

of a Hebb sequence. These two filler sequences were added to avoid the Hebb sequence being 

the last sequence learned before an enforced one-minute break inserted before the beginning of 

the next condition.  
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There was therefore a total of 29 trials per conditions, 116 trials for four conditions. Each 

participant received a unique set of sequences. The order of completing the four conditions was 

based on a 4 × 4 Latin square. An example set of sequences presented to a participant is 

presented in Table 2.1. 

 

Table 2.1 

An Example Set of Trials for a Participant in Experiment 1 

Trial type Position in block Condition 

  Control New1 New3 New5 

Filler  2 7 3 9 1 4 8 5 0 7 0 3 1 8 4 6 9 2 3 5 0 2 6 1 9 4 8 6 2 0 4 1 7 5 9 3 

Filler  7 1 5 3 0 9 6 8 4 9 2 8 6 3 7 4 0 5 5 0 6 8 2 7 1 9 3 8 4 6 9 2 0 3 1 7 

Hebb 0 3 6 2 8 4 1 7 9 5 4 0 6 1 8 2 5 3 9 3 1 5 7 4 0 8 2 6 3 5 0 2 9 7 4 8 6 

Filler  5 9 0 4 1 7 2 8 6 2 8 0 5 3 1 6 4 7 5 0 9 6 3 7 2 8 1 6 9 3 5 7 1 8 2 0 

Filler  6 1 4 9 7 2 8 5 0 9 1 3 7 0 4 8 5 2 0 6 3 9 2 8 1 7 5 2 6 4 8 0 3 9 7 1 

Hebb 1 3 6 2 8 4 1 7 9 5 4 0 6 1 8 2 5 3 9 3 1 5 7 4 0 8 2 6 3 5 0 2 9 7 4 8 6 

Filler  5 1 7 3 9 0 8 6 4 2 7 3 5 0 6 8 1 4 8 2 7 3 9 5 1 4 0 8 4 6 9 3 0 5 7 1 

Filler  9 2 6 4 1 8 0 7 3 6 4 0 9 3 1 7 5 2 9 6 1 8 3 7 0 5 2 6 2 7 3 5 9 0 4 8 

Hebb 2 3 6 2 8 4 1 7 9 5 4 0 6 1 8 2 5 3 9 3 1 5 7 4 0 8 2 6 3 5 0 2 9 7 4 8 6 

Filler  8 5 9 1 6 4 0 2 7 9 7 1 5 0 4 2 8 3 0 9 2 6 3 8 1 7 4 4 7 9 0 8 6 3 5 1 

Filler  6 4 8 2 0 7 1 5 9 8 5 3 9 1 7 0 2 6 8 2 0 4 6 3 5 9 1 7 0 2 5 1 9 6 3 8 

Hebb 3 3 6 2 8 4 1 7 9 5 4 0 6 1 8 2 5 3 9 3 1 5 7 4 0 8 2 6 3 5 0 2 9 7 4 8 6 

Filler  7 2 9 4 1 5 3 8 6 8 6 1 5 0 3 9 2 4 6 2 8 0 7 9 1 3 5 0 7 2 4 6 3 8 5 1 

Filler  5 3 8 1 9 7 0 6 4 9 3 5 8 1 6 0 4 7 5 8 1 3 9 7 2 4 0 5 0 3 8 2 6 9 7 4 

Hebb 4 3 6 2 8 4 1 7 9 5 4 0 6 1 8 2 5 3 9 3 1 5 7 4 0 8 2 6 3 5 0 2 9 7 4 8 6 

Filler  5 0 9 4 2 6 1 3 8 2 6 8 4 7 5 1 9 3 6 3 7 5 8 1 4 9 2 4 2 7 1 8 5 0 3 9 

Filler  2 8 4 0 3 9 5 7 1 9 3 0 8 6 4 7 1 5 9 4 6 3 1 7 2 0 5 2 9 3 6 1 4 8 5 7 

Hebb 5 3 6 2 8 4 1 7 9 5 4 0 6 1 8 2 5 3 9 3 1 5 7 4 0 8 2 6 3 5 0 2 9 7 4 8 6 

Filler  8 5 3 7 2 4 0 6 1 9 1 7 2 4 6 3 5 8 9 3 0 5 2 6 1 7 4 6 8 2 4 0 5 3 9 7 

Filler  4 9 1 6 3 8 5 2 7 7 2 0 4 1 9 6 8 5 4 9 1 6 3 7 0 5 8 5 3 9 1 7 4 8 6 2 

Hebb 6 3 6 2 8 4 1 7 9 5 4 0 6 1 8 2 5 3 9 3 1 5 7 4 0 8 2 6 3 5 0 2 9 7 4 8 6 

Filler  4 8 1 7 2 6 9 3 0 7 5 1 9 0 6 3 8 2 5 3 9 2 6 1 7 0 4 5 9 2 0 4 6 3 1 8 

Filler  5 3 7 0 9 2 8 4 6 6 9 2 0 5 3 7 4 8 7 0 8 3 5 2 4 6 1 9 6 1 3 0 8 5 7 2 

Hebb 7 3 6 2 8 4 1 7 9 5 4 0 6 1 8 2 5 3 9 3 1 5 7 4 0 8 2 6 3 5 0 2 9 7 4 8 6 

Filler  9 2 5 3 0 7 4 6 1 3 1 7 5 0 9 2 8 4 7 5 0 9 2 4 1 6 8 9 2 6 3 7 0 5 1 4 

Filler  6 8 4 0 7 2 5 1 3 2 5 8 0 3 6 4 9 1 2 6 4 0 8 3 9 7 1 8 4 7 5 0 2 9 6 1 

Hebb 8 3 6 2 8 4 1 7 9 5 7 0 6 1 8 2 5 3 9 3 1 9 7 4 0 8 2 6 3 5 0 2 1 7 4 8 6 

Filler  6 8 4 2 9 0 5 1 3 3 7 0 5 1 6 4 9 2 7 3 0 6 8 5 2 9 1 8 6 2 5 0 4 9 7 1 

Filler  2 4 1 3 8 0 5 9 6 4 1 7 0 3 9 6 8 5 6 4 2 9 1 8 0 5 7 2 5 9 0 6 4 1 3 8 
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Questionnaire for Probing Awareness. An adapted version of McKelvie’s (1987) 

questionnaire was administered through Qualtrics. The reasoning employing McKelvie’s (1987) 

questionnaire and the address on how the questionnaire was adapted for administration in the 

experiment is presented in Chapter 4. 

The Hebb repetition tasks and the questionnaire were administered using two separate 

computers, each with a monitor sized 52cm x 29.5cm. Each task was set up in each computer 

before participants’ arrival such that completion of the Hebb repetition task could be 

immediately followed by the questionnaire.  

Procedure. After providing consent, participants first completed the Hebb repetition task 

and then the questionnaire. In the Hebb repetition task, participants first received instructions on 

completing each trial, followed by the completion of two practice trials and then the 116 

experimental trials. Participants initiated each trial by pressing the spacebar. A fixation cross 

then appeared on screen for 1000ms. After a 500ms blank interval, each item of a sequence 

appeared for 900ms; items appeared one by one separated by a blank inter-stimuli interval of 

100ms. A blank interval of 500ms followed the presentation of the last item. A row of nine blank 

squares then appeared on screen prompting the input of the nine digits just presented. 

Participants input each digit by using the number pad on a keyboard. Participant could input the 

symbol “-” to indicate an unsure response. Each input appeared in each of the blank squares from 

left to right, and remained on screen until nine items had been input. An indefinite period of time 

was allowed for the recall process. After the input of the last item, a 3000ms blank interval 

followed. A prompt to proceed to the next trial then appeared on screen. Participants initiated the 

next trial by pressing spacebar. After completing the Hebb repetition tasks, participants were 

directed to completing the questionnaire by the experimenter. An indefinite period of time was 
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allowed for completing the questionnaire. The whole experiment lasted for approximately one 

hour (i.e., approximately 50 minutes for completing the Hebb repetition tasks and 10 minutes for 

completing the questionnaire). Participants were debriefed after completing the questionnaire.  

Results 

 All statistical analyses for this thesis were conducted using the statistical software R (R 

Core Team, 2019). Data processing was conducted using the packages of tidyr (H. Wickham & 

Henry, 2019), dplyr (H. Wickham, François, Henry, & Müller, 2019) and plyr (A. Wickham, 

2011). Data analyses (i.e., linear mixed effect regression analysis and linear mixed effect logistic 

regression analysis) were conducted using the package lmerTest (Kuznetsova, Brockhoff, & 

Christensen, 2017). Data visualization was conducted using the packages ggplot2 (H. Wickham, 

2016), Hmisc (Harrell, 2020), and cowplot (Wilke, 2019). 

 For all analyses in this thesis, a recalled item was scored as correct only when the item 

was recalled at its presented serial position. For Experiment 1, two filtering criteria were 

implemented prior to the analyses. First, the data of the participants whose performance on the 

filler sequences was in the bottom 10% of all participants were excluded from the analyses. The 

filler performance for each participant was calculated by collapsing all data points of the filler 

sequences into one value. This criterion was implemented to remove participants who were 

potentially not attentive during the experiment and who would not provide diagnostic data. 

Twelve participants (with recall accuracy ranging between .11 and .46) were excluded based on 

this criterion. The second criterion was to exclude data of participants whose performance on the 

filler sequences was in the top 10%. This criterion was implemented to remove participants who 

already had high recall accuracy at the beginning trials of the Hebb sequence such that there 

would not be much room for improvement to be observed along the subsequent trials of 
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repetition. Twelve participants (with recall accuracy ranging between .87 and .97) were excluded 

based on this criterion. In total, data of 101 participants were entered into the analyses.  

Examining the Presence of Hebb Learning before Item Substitution. This first 

analysis was to check whether a Hebb repetition effect had successfully been built up before the 

implementation of item substitution, because the target analysis was to examine whether the 

built-up recall benefit could be observed in the recall of the modified Hebb sequences. As the 

experimental manipulation of item substitution was administered only in the last Hebb 

presentation (i.e., in position in block 8) in each of the three experimental conditions, the setting 

of the Hebb and filler trials in the preceding positions in block in each of the four conditions was 

in standard Hebb paradigm and therefore was identical across the four conditions. As such, to 

examine the presence of built up of the Hebb repetition effect, recall performance on the Hebb 

and filler sequences in each of positions in block 0 to 7 was collapsed across the four conditions. 

The learning gradient of the filler and Hebb sequences was then compared.  

A linear mixed effect regression analysis was performed. In the regression model, recall 

accuracy was entered as the dependent variable. Position in block (0 to 7) and the interaction 

between position in block and trial type (Hebb vs filler sequences) were entered as fixed effects. 

Individual differences were entered as a random effect for the intercept only. This regression 

model was compared against a baseline model that has the same model equation but without the 

interaction component. The results showed a steeper learning gradient for the Hebb sequences 

compared to the filler sequences (b = .02, SE = .001, t(6363) = 21.06, p < .001; Figure 2.2). A 

Hebb repetition effect has therefore been established prior to item substitution. 
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Figure 2.2 

Recall Accuracy of Hebb and Filler Sequences as a function of Position in Block 0 to 7 

Collapsed across the Four Conditions in Experiment 1 

 

 

Comparing the Recall Performance between Each of the Modified Hebb Sequences, 

the Filler Sequences, and the Control Hebb Sequence. Before moving on to the core analyses 

of comparing the recall performance between each of the three modified Hebb sequences (from 

the three experimental conditions) and the control Hebb sequence, and between each of the 

modified Hebb sequences and the filler sequences, Figure 2.3 presents the recall performance of 

each of the three modified Hebb sequences, the control Hebb sequence, and an average of the 

recall performance of the filler sequences in the last position in block of the four conditions. This 

figure is presented for visual comparison with the figure of Burgess and Hitch’s (2006) 
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simulation results (i.e., Figure 2.1). Overall, item substitution seems to have a less detrimental 

effect on recall compared to the model’s predictions. Specifically, recall performance at the 

serial position at and after substitution seems to be substantially less impaired as predicted, and 

in only one case dip below the performance of fillers. The section below presents the statistical 

comparisons of the performance.  

 

Figure 2.3 

Serial Position Curve of the Hebb and Filler Performance across Conditions at Position in Block 

8 in Experiment 1 

 

Note. The filler performance shown in the figure was collapsed across all conditions at position 

in block 8. 
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 Comparison between Recall Performance of Each of the Three Modified Hebb 

Sequences, Control Hebb sequence, and Filler Sequences, in Position in Block 8. This 

section presents the results of comparing the recall performance between the modified Hebb 

sequence from the New1 condition, the New3 condition, or the New 5 condition, and the control 

Hebb sequence, and between each of the three modified Hebb sequences and the filler sequences, 

in position in block 8. The comparisons were conducted for the sections before, at, and after item 

substitution. For example, for the New1 condition, there would be four comparison analyses: (a) 

comparison between the New1 Hebb sequence and the control Hebb sequence at the section of 

substitution (i.e. at serial position 1); (b) comparison between the New1 Hebb sequence and the 

filler sequences at the section of substitution; (c) comparison between the New1 Hebb sequence 

and the control Hebb sequence at the section after substitution (i.e., recall accuracy collapsed 

across serial positions 2 to 9); and (d) comparison between the New1 Hebb sequence and the 

filler sequences at the section after substitution. Accordingly, there were six comparison analyses 

for the New3 condition and six comparison analyses for the New5 condition, which also have a 

before section. The performance of the filler sequences for the comparisons for each of the three 

experimental conditions was the collapsed performance from the control condition and the 

experimental condition of interest.  

 For each comparison, a linear mixed effect logistic regression model was formulated. 

Only the data in position in block 8 was included for analysis in the model. In addition, for the 

comparisons for each of the three experimental conditions, only the data of that experimental 

condition and the control condition were included for analysis in the model. Also, only the data 

at the serial position of interest were included for analysis in the model. In the regression 

equation, recall accuracy was entered as the dependent variable. Serial position and trial type 
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(i.e., modified Hebb sequence vs control Hebb sequence vs filler sequences) were entered as the 

fixed effects. Individual differences were captured as a random effect for the intercept only. The 

same regression model was used two times for two different analyses. In the first analysis, the 

filler sequences were set as baseline for comparison with the modified Hebb sequence. In the 

second analysis, the control Hebb sequence was set as the baseline instead.  

The New1 Condition. Regarding the section of substitution (i.e., serial position 1), the 

recall accuracy of the New1 Hebb sequence was not significantly different from the control Hebb 

sequence (b = -1.21, SE = .69, z = -1.74, p = .082) or the filler sequences (b = -.07, SE = .40, z = -

.16, p = .869; Figure 2.4). Regarding the section after substitution (i.e., serial positions 2 to 9), 

the recall accuracy of the New1 Hebb sequence was superior to the filler sequences (b = .83, SE 

= .10, z = 8.03, p < .001) and was not significantly different from the control Hebb sequence (b = 

.06, SE = .13, z = .47, p = .641; Figure 2.4).  
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Figure 2.4 

Recall Accuracy of the New1 Hebb Sequence, the Control Hebb Sequence, and the Filler 

Sequences of the Two Conditions in Position in Block 8 in Experiment 1 

 

 

The New3 Condition. Regarding the section before substitution (i.e., serial positions 1 

and 2), the recall accuracy of the New3 Hebb sequence was not significantly different from the 

control Hebb sequence (b = -.59, SE = .39, z = -1.51, p = .132) or the filler sequences (b = .33, 

SE = .27, z = 1.24, p = .214; Figure 2.5). Regarding the section of substitution (i.e., serial 

position 3), the recall accuracy of the New3 Hebb sequence was inferior to the control Hebb 

sequence (b = -1.30, SE = .43, z = -3.00, p = .003) and was not significantly different from the 

filler sequences (b = -.28, SE = .28, z = -1.02, p = .306; Figure 2.5). Regarding the section after 

substitution (i.e., serial positions 4 to 9), the recall accuracy of the New3 Hebb sequence was 
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superior to the filler sequences (b = .76, SE= .11, z = 6.96, p < .001) and was not significantly 

different from the control Hebb sequence (b = -.03, SE = .14, z = -.21, p = .832; Figure 2.5).  

 

Figure 2.5 

Recall Accuracy of the New3 Hebb Sequence, the Control Hebb Sequence, and the Filler 

Sequences of the Two Conditions in Position in block 8 in Experiment 1 

 

 

The New5 Condition. Regarding the section before substitution (i.e., serial positions 1 to 

4), the recall accuracy of the New5 Hebb sequence was superior to the filler sequences (b = .83, 

SE = .18, z = 4.62, p < .001) and was not significantly different from the control Hebb sequence 

(b = -.22, SE = .25, z = -.88, p = .377; Figure 2.6). Regarding the section of substitution (i.e., 

serial position 5), the recall accuracy of the New5 Hebb sequence was not significantly different 
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from the control Hebb sequence (b = -.35, SE = .34, z = -1.03, p = .304) or the filler sequences (b 

= .09, SE = .26, z = .36, p = .717; Figure 2.6). Regarding the section after substitution (i.e., serial 

positions 6 to 9), the recall accuracy of the New5 Hebb sequence was superior to the filler 

sequences (b = 1.21, SE = .14, z = 8.76, p < .001) and was marginally superior to the control 

Hebb sequence (b = .34, SE = .17, z = 1.99, p = .047; Figure 2.6).  

 

Figure 2.6 

Recall Accuracy of the New5 Hebb Sequence, the Control Hebb Sequence, and the Filler 

Sequences of the Two Conditions in Position in Block 8 in Experiment 1 
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Discussion 

 Experiment 1 examined the transfer of the Hebb repetition effect for the last presentation 

of a Hebb sequence in which an original item at an early or late serial position was substituted by 

a novel item. I remind the reader of the principles underlying the predictions before summarising 

the results and comparing them against the predictions. 

According to the cumulative matching mechanism, if the substitution occurred at an early 

serial position, the cumulative match between that modified Hebb sequence and the original 

Hebb sequence should be below the threshold. The context set of the original Hebb sequence 

should have been discarded from the cohort for potential recruitment to support recall of the 

modified Hebb sequence and that a new context set should be recruited to support recall of the 

modified Hebb sequence. The recall performance of the modified Hebb sequence should 

therefore be similar to the filler sequences. This prediction would apply to the New1 condition in 

which the modified Hebb sequence and the original Hebb sequence shared a cumulative match of 

0% at serial position 1.  

If the mismatch between the modified Hebb sequence and the original Hebb sequence 

occurred at a later serial position, the predictions are more complicated. Recall at the serial 

positions before item substitution should be able to benefit from the strengthening of the original 

context-item associations. The recall accuracy should be similar to the recall performance of the 

control Hebb sequence which item substitution was absent. Recall at the serial position of 

substitution should, however, be impaired because of the presence of multiple item nodes 

competing to be retrieved and that a non-target item node (i.e., the item node representing the 

item at one serial position after the serial position of substitution) would potentially be a very 

strong competitor for retrieval. The recall accuracy at the section should be inferior to the filler 
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sequences. Recall at the section after substitution should also be impaired because the proneness 

of committing an anticipation error at the serial position of substitution would potentially result 

in the commitment of a chain of anticipation errors along the serial positions followed. The recall 

accuracy at the section after item substitution should be, at the least, inferior to the control Hebb 

sequence. These predictions would apply to the New3 and the New5 conditions because the 

cumulative match between the modified Hebb sequence in each of the conditions and the 

corresponding original Hebb sequence would not drop below the threshold of 60% at the serial 

position of item substitution, there would be re-use of the context set of the original Hebb 

sequence for recall. The below section briefly re-presents the model predictions and relates them 

to the data.  

 Turning to the results, for the New1 condition, the model predicts that the recall 

performance of the modified Hebb sequence should be similar to the performance of the filler 

sequences, at the section of substitution and at the section after substitution. For the section of 

substitution, the results are consistent with the model prediction as there was no significant 

difference in the recall performance between the modified Hebb sequence and the filler 

sequences. However, the recall performance of the modified Hebb sequence was also not 

significantly different from the control Hebb sequence, which is in contrary to the model 

prediction that the recall performance should be inferior to the control Hebb sequence. These 

results are partially consistent with the model predictions, and are considered as not very 

diagnostic. For the section after substitution, the recall performance of the modified Hebb 

sequence was superior to performance of the filler sequences and was not significantly different 

from performance of the control Hebb sequence. This is not consistent with the model prediction.  
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 Regarding the New3 condition, the model predicts that the recall performance of the 

modified Hebb sequence at the section before item substitution should be similar to that of the 

control Hebb sequence. The result was consistent with this prediction. However, the recall 

performance of the modified Hebb sequence was also not significantly different from the filler 

sequences. This was inconsistent with the model prediction that the recall performance of the 

modified Hebb sequence should be superior to the filler sequences. These results being partially 

consistent with the model predictions were therefore considered as not very diagnostic. For the 

section of substitution, the model predicts that the recall performance of the modified Hebb 

sequence should be inferior to the filler sequences. The results were, however, not consistent 

with this prediction as the recall performance of the modified Hebb sequence was found to be not 

significantly different from the filler sequences. For the section after substitution, the model 

predicts that the recall performance of the modified Hebb sequence should be inferior to the 

control Hebb sequence. The result was, however, also not consistent with the prediction as the 

performance of the modified Hebb sequence was found to be not significantly different from the 

performance of the control Hebb sequence.  

 Regarding the New5 condition, the model predictions for the section before, at, and after 

item substitution are identical to those for the New3 condition. For the section before 

substitution, the recall performance of the modified Hebb sequence should be similar to the 

performance of the control Hebb sequence. The result was consistent with this prediction. For the 

section of substitution, the recall performance of the modified Hebb sequence should be inferior 

to the filler sequences. The result was, however, not consistent with this prediction. The recall 

performance of the modified Hebb sequence was not significantly different from the 

performance of the filler sequences. For the section after substitution, the recall performance of 
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the modified Hebb sequence should be inferior to the control Hebb sequence. The result was, 

however, not consistent with this prediction. The recall performance of the modified Hebb 

sequence was superior to the control Hebb sequence.  

 In summary, a consistent pattern of recall performance regarding the section before item 

substitution, the section of substitution, and the section after substitution of the modified Hebb 

sequences was identified across the three experimental conditions. Regarding the section before 

substitution, the recall performance of the modified Hebb sequences was not statistically 

different from the control Hebb sequence. This only applied to the New3 and the New5 

conditions because the modified Hebb sequence in the New1 condition could not contain a 

section that is before the item substitution. Regarding the section of substitution, the recall 

performance of the modified Hebb sequences was not statistically different from the filler 

sequences. Regarding the section after substitution, the recall performance of the modified Hebb 

sequences was not inferior to the control Hebb sequence. Specifically, the performance of the 

modified Hebb sequence in the New1 and New3 conditions was not significantly different from 

the control Hebb sequence while the performance of the modified Hebb sequence in the New5 

condition was superior to the control Hebb sequence. Based on these results, there are three 

recall performance patterns that impose relatively prominent challenge to the model. The 

implications of those three recall performance patterns on the model are discussed below.  

 First, the presence of a Hebb effect for the section after substitution in the New1 

condition suggests that there was Hebb transfer even when an incoming sequence shared a 

cumulative match value lower than the threshold of 60% with the previously learned sequences 

during encoding at the first serial position. And in this case, the Hebb effect was observed even 

when the cumulative match value was at 0% during encoding at the first serial position. This 
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challenges the cumulative matching mechanism: the addition of the memory trace of the 

incoming sequence to that of previously learned sequence(s) did not seem to be determined by 

the cumulative match between the incoming sequence and the previously learned sequence(s).  

 Second, the absence of poorer recall performance of the modified Hebb sequence in 

comparison to the filler sequences at the section of substitution (when there was re-use of the 

original context set, as for the predictions for the New3 and New5 conditions) challenges the 

assumption that novel item information would load onto the context nodes in the corresponding 

timing window in the original context set which would result in competition of multiple item 

nodes for activation during retrieval and hence resulting an impairment in recall accuracy at the 

serial position of the novel item.  

 Third, the absence of poorer recall performance of the modified Hebb sequence 

compared to the control Hebb sequence for the section after item substitution (when there was 

re-use of the original context set, as for the prediction for the New3 and New5 conditions) is 

inconsistent with the prediction that there would be commitment of a chain of anticipation errors 

at the serial positions post-substitution.  

 One of the potential reasons for the results being inconsistent with the model predictions 

was that the substitution of one item was not disruptive enough to the cumulative matching 

mechanism. This could explain the presence of accumulation of memory trace between the New1 

Hebb sequence and the original Hebb sequence, and also the lack of substantial impairment at 

the serial position of substitution (and therefore the lack of impairment at the serial positions 

followed) in the New3 and the New5 conditions. In addition, the recall accuracy at serial position 

1 in the Hebb sequence of all conditions was approaching ceiling, suggesting that the 

manipulation of single item substitution is not a strong test of the cumulative matching 
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mechanism. Experiment 2 was therefore implemented as a strengthened version of Experiment 1 

by substituting two original items in a Hebb sequence by two novel items. In addition, items 

substitution was introduced on every repetition of the Hebb sequence instead of only at the last 

repetition of the Hebb sequence. This allowed a more powerful and continuous observation of 

the potentially disruptive effects of item substitution. As such, Experiment 2 compared the 

learning gradient along position in block between the modified Hebb sequence, the filler 

sequences and a control Hebb sequence which each of the repetitions remained identical. 

Experiment 2 

 Experiment 2 comprised three experimental conditions and one control condition. In each 

of the three experimental conditions, the original items at serial positions 1 and 2 (i.e., the 

New12 condition), or at serial positions 3 and 4 (i.e., the New34 condition), or at serial positions 

5 and 6 (i.e., the New56 condition) in each of the Hebb repetitions were substituted by two novel 

items. In the control condition, all Hebb repetitions remained identical. Experiment 2 compares 

the learning gradient between the Hebb sequence in each of the experimental conditions, the 

filler sequences, and the Hebb sequence in the control condition. More specifically, the 

comparisons were conducted for the sections before, at, and after items substitution.  

 For the New12 condition, encoding of the novel item at serial position 2 of each of the 

Hebb repetitions should result in each of those repetitions sharing a cumulative match of 0% 

with the previous Hebb presentation(s) in the condition. Each Hebb repetition should therefore 

recruit an individual context set. The recall performance of each of the Hebb presentations 

should therefore be similar to the performance of the filler sequences. As such, the learning 

gradient of the New12 Hebb sequence should be similar to the learning gradient of the filler 

sequences, regardless of the section at, or after items substitution. This prediction also applied to 
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the New34 condition because during the encoding of the second novel item at serial position 4 in 

each of the Hebb repetitions, the cumulative match between each of those Hebb repetitions and 

the previous Hebb presentation(s) would be at 50%, which would be lower than the threshold of 

60%. The context set(s) of the previous Hebb presentation(s) would be discarded from the cohort 

for potential recruitment to support recall. Each of the Hebb repetitions should therefore recruit 

an individual context set. The recall performance of each of the Hebb presentations should 

therefore be similar to the filler sequences. The learning gradient should therefore be similar to 

the filler sequences, regardless of the section before, at, or after items substitution.  

 For the New56 condition, encoding of the second novel item at serial position 6 in each 

of the Hebb repetitions would result in each of those repetitions sharing a cumulative match of 

66.67% with the previous Hebb presentation(s) in the condition. This means that the context set 

of the first presentation of the Hebb sequence would be recruited during learning at each Hebb 

repetition. As the same context set would be recruited during the encoding and recall of each of 

the Hebb repetitions, there should be strengthening of the same context-item associations during 

the encoding of the identical items along the repetitions, that is the identical items before and 

after items substitution. However, the novel item information from each of the Hebb repetitions 

would be loaded onto the same sets of context nodes in timing windows 5 and 6. That is, the 

different item nodes representing the novel items in each of the Hebb repetitions would be 

concurrently activated with the context nodes in timing windows 5 and 6 in the original context 

set. As such, the recall accuracy at the section of items substitution along the Hebb repetitions 

should get increasingly worse because of the increasing number of item nodes involved in the 

competition for activation during retrieval. Because the associations between the context nodes 

in the timing windows 5 and 6, and each of the item nodes representing the unique items in each 
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of the Hebb repetitions were not strengthened repeatedly, this would result in the associations 

between those context nodes in timing windows 5 and 6, and the item nodes representing the 

items at serial positions 7 and 8 to be very prominent during retrieval at timing windows 5 and 6. 

The item nodes representing the items at serial positions 7 and 8 would be very strong 

competitors for activation during retrieval at timing windows 5 and 6. As such, the items at serial 

positions 7 and 8 would have a very high chance to be recalled at serial positions 5 and 6, 

resulting anticipation errors at serial positions 5 and 6. The learning gradient at the section of 

items substitution should potentially be negative. Committing anticipation errors at the section of 

items substitution would potentially consequently result in a higher chance of committing 

anticipation errors at the serial positions followed. The recall accuracy at the section after items 

substitution would therefore be impaired. The learning gradient at the section should, at the least, 

be inferior to the learning gradient at the corresponding serial positions of the control Hebb 

sequence.  

 Some prior literature exists that bears on these predictions. Hebb learning along partial 

repetitions of a Hebb sequence has been examined in two studies (Fastame et al., 2005, 

Experiment 1; Schwartz & Bryden, 1971), however, the two studies did not find consistent 

results. Schwartz and Bryden (1971) found that Hebb learning was absence when the beginning 

items along Hebb repetitions did not match while Fastame and colleagues (2005) found some 

minor learning along Hebb repetitions that the beginning items did not match.  

 In Schwartz and Bryden’s (1971) study, the authors aimed to test Hebb’s (1961) 

explanation for the observed improvement in recall performance along repetitions of the same 

sequence in Hebb’s (1961) study. As reviewed in Chapter 1, Hebb suggested that the 

improvement was fueled by the accumulation of memory traces of the repeating sequence along 
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trials. Schwartz and Bryden (1971) reasoned that if there was accumulation of memory trace of a 

sequence when the sequence was repeatedly learned then there should be accumulation of 

memory trace when only a section of the sequence was repeated. To test this assumption, six 

conditions were administered: (a) the first item of all repetitions of a Hebb sequence was novel; 

(b) the first two items of all repetitions of a Hebb sequence were novel; (c) the last item of all 

repetitions of a Hebb sequence was novel; (d) the last two items of all repetitions of a Hebb 

sequence were novel; (e) all repetitions of a Hebb sequence remained identical; and (f) all 

sequences did no repeated. In each of the six conditions, there was a training phase and a testing 

phase. In the training phase, participants completed a Hebb repetition task in accordance to one 

of the six different manipulations described above. In the testing phase that followed, 

participants were also presented with a Hebb repetition task which comprised the Hebb sequence 

from the training phase. However, all repetitions of that Hebb sequence were identical. The 

average recall performance of the Hebb presentations in the testing phase between the six 

conditions was compared.  

 The results showed that the recall performance of the Hebb sequence in which the first 

item, the last item or the last two items of all of the repetitions in the training phase were novel 

was not significantly different from the performance of the Hebb sequence where all of the 

repetitions in the training phase were identical. The recall performance of the Hebb sequence 

where the first two items of all of the repetitions in the training phase were novel was not 

significantly different from the Hebb sequence in which all of the repetitions in the training 

phase were novel sequences. These results are generally consistent with the Burgess and Hitch 

(2006) model predictions. There was, however, one potential major limitation of the study, 

relating to the scoring of items. To perform scoring for each trial, the item at the first serial 
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position was first scored, that is there would be an assignment of a score of 1 if the recall item at 

serial position 1 was the presented item at serial position 1. If the recalled item was correct, 

scoring for the recalled item at serial position 2 then followed. However, if this ascending-serial-

position scoring procedure encountered an erroneous recalled item, scoring in this ascending 

serial position order would then cease. Scoring for the trial would then begin from the end of the 

recalled sequence in an analogous fashion. And if the recalled item in the last serial position was 

not correct, scoring for the whole recalled sequence would cease. This means even if the recalled 

items at the middle serial positions were correct, this scoring system would overlook them. As 

such, the results presented in study should be interpreted with caution. In addition, Schwartz and 

Bryden only examined the overall recall accuracy for each recalled sequence. There was no 

specific examination of recall accuracy at the individual section before, at, or after substitution. 

The results of the study therefore do not provide a strong test of the Burgess and Hitch (2006) 

model.  

 In the related study by Fastame and colleagues (2005, Experiment 1), the authors aimed 

to competitively test major theories of order coding: the chaining theory (e.g., Lewandowsky & 

Murdock, 1989), the positional theory in which order is coded relative only to the beginning 

positions of the sequence (e.g., Brown et al., 2000; Burgess & Hitch, 1999), positional theory in 

which order is coded relative to both the beginning and the ending positions of a sequence but is 

coded more strongly to the beginning positions (Henson, 1998), and the primacy theory (e.g., 

Page & Norris, 1998). Four conditions were administered. There were three experimental 

conditions and one control condition. In each condition, a Hebb sequence was presented 

consecutively four times. In one of the experimental conditions (i.e., the Start-Same condition), 

novel items were inserted at the end of each of the first three presentations of the Hebb sequence. 
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In another experimental condition (i.e., the End-Same condition), novel items were inserted at 

the beginning of each of the first three presentations of the Hebb sequence. In the third 

experimental condition (i.e., the chaining condition), the first three presentations of the Hebb 

sequence began with a different item of the sequence such that the order of the items remained 

along the repetitions but the beginning item was different along the repetitions. In the control 

condition, the first three presentations of the Hebb sequence were unique sequences (or were 

filler sequences). The recall performance of the last presentation of the Hebb sequence across the 

four conditions was then compared.  

 Fastame and colleagues (2005) reasoned that if the start-anchored position theory is 

correct, the recall performance of the Hebb sequence from the Start-Same condition should be 

superior to the recall performance of the Hebb sequence from each of the remaining three 

conditions because that was the only condition which the beginning markers of the Hebb 

sequence (i.e., the beginning items) were repeated along the Hebb presentations. If the positional 

theory which order is coded relative to both the beginning and the ending items of a sequence but 

is coded more strongly to the beginning items was accurate, the recall performance of the Hebb 

sequence from the Start-Same condition should be the best, followed by the performance of the 

Hebb sequence from the End-Same condition, and then followed by the performance of the Hebb 

sequence from the remaining two conditions. If the chaining theory was accurate, the recall 

performance of the Hebb sequence from the Start-Same condition, the End-Same condition, and 

the chaining condition should not differ significantly, while being superior to the performance of 

the Hebb sequence form the control condition. This is because, according to the chaining theory, 

only the consecutive connection between adjacent items was necessary for order coding, the 

repetition of this information in the Start-Same condition, the End-Same condition, and the 
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chaining condition should therefore result in the same level of learning. There was absence of 

repetition of this information in the control condition and so the performance of the Hebb 

sequence from the control condition should be inferior to the other three conditions. If the 

primacy theory was accurate, the recall performance of the Hebb sequence from the Start-Same 

condition should be the best, followed by the performance of the Hebb sequence from the End-

Same condition, and then followed by the performance of the Hebb sequence from the chaining 

and the control conditions. This is because the order of the items within the Hebb sequence 

remained identical along repetitions in the Start-Same and End-Same conditions, learning should 

therefore be observed in the two conditions. And because the items of the Hebb sequence 

remained at the beginning serial positions along the repetitions in the Start-Same condition, the 

order of the items should be coded more prominently along the repetitions compare to the items 

of the Hebb sequence that located at the later serial positions along the repetitions. The 

performance of the Hebb sequence from the Start-Same condition should therefore be superior to 

the performance of the Hebb sequence from the End-Same condition. For the chaining condition, 

because some of the ending items in the first presentation of the Hebb sequence was presented at 

the beginning serial positions in the second and third repetitions, the exact order of the items of 

the Hebb sequence was not being repeated along the repetitions. There should therefore be no 

learning along the repetitions and so the performance of the Hebb sequence from the chaining 

condition should be similar to that from the control condition.  

 The results showed that the recall performance of the Hebb sequence from the Start-Same 

condition was superior to the performance of the Hebb sequence from the control condition, and 

that the performance of the Hebb sequences from the End-Same and the Chaining conditions was 

not significantly different from the performance of Hebb sequence from the control condition. 
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These results suggested that the beginning marker of a sequence was most important for order 

coding.  

 Fastame and colleagues (2005) then followed up these results with more detailed 

examination of learning at each serial position of the Hebb sequence from the End-Same and the 

chaining condition. The performance at the last serial position of the Hebb sequence from the 

End-Same and the chaining conditions was found to be superior to the performance at the last 

serial position of the Hebb sequence from the control condition. This suggested that some level 

of learning had occurred along the repetitions in the End-Same and the control conditions. These 

results, perhaps of most interest to Fastame and colleagues, suggested that positional theory with 

a more prominent role of the beginning marker in order coding while a minor role of the end-

marker in order coding was more supported compared to the other three order coding theories. 

Of most interest to this section, the results showed that learning was possible even when the 

beginning items along repetitions did not match. Although the learning observed was minor, as it 

was only observed in the last serial position of the Hebb sequence, learning nonetheless 

occurred. This would challenge the Burgess and Hitch (2006) model’s prediction.  

 There are another two studies that found learning for individual items when the items 

occupied the same serial position along trials—item-position learning (Nakayama & Saito, 2017; 

Majerus & Oberauer, 2020)—which seems to also pose a challenge to the cumulative matching 

mechanism of the Burgess and Hitch (2006) model.  

 In Nakayana and Saito’s (2017, Experiment 4) study, the authors aimed to test the 

positional theory for serial recall. The authors tested whether there would be learning of an item 

if the item was repeatedly presented in the same serial position across trials. The authors also 

wanted to compare the rate of item-position learning against Hebb learning. To examine this, the 
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authors assigned certain items to be presented more frequently at certain serial positions (high-

frequency items) while others were repeated less frequently (low-frequency items). As an 

example, at the first serial position, digits 0 and 1 were presented more frequently compared to 

the rest of the digits in the stimuli pool (digits 2 to 9). The authors then composed three types of 

sequences to be presented along trials. The first type of sequence was the Hebb sequence, which 

comprised only high-frequency items across the five serial positions, and involved presentation 

of the same list, as in the standard Hebb paradigm. The second was called mixed sequence, and 

comprised both high-frequency items and low-frequency items. That is, certain serial positions 

would contain the corresponding high-frequency items while certain serial positions would 

contain the corresponding low-frequency items. The third type of sequence was the filler 

sequence, which comprised only the low-frequency items. These three types of sequences were 

presented in alternating trials. An important feature of the mixed sequence that should be pointed 

out is that because two different digits were assigned as high frequency items at each serial 

position, the mixed sequences were the different combinations of the different high and low-

frequency items across serial positions along trials. This means that none of the mixed sequences 

were identical or were repeated whole along trials.  

 To analyse the results, the authors plotted separately the recall accuracy of the items in 

the Hebb sequence, the high-frequency items in the mixed sequences, the low-frequency items in 

the mixed sequences, and the items in the filler sequences along the trials. The rate of learning of 

the Hebb items was shown to be higher than each of the other three sequence types, followed by 

the high-frequency items, and then followed by the low-frequency items and the filler items. The 

authors suggested that the presence of a superior learning rate for the high-frequency items 

compared to the low-frequency items and filler items suggests that there was item-position 
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learning. Also, the authors suggested that the difference in rate of learning between Hebb items 

and the high-frequency items could mean that Hebb learning and item-position learning were 

based on different mechanisms.  

 However, caution is needed in accepting these conclusions. These comparisons of recall 

performance between the different item types were based on visual comparison; there was no 

testing of these patterns observed. Nonetheless, the authors performed a regression analysis 

examining whether performance for the high-frequency items (i.e., collapsing the Hebb items 

and high-frequency items in the mixed sequence) would be superior to the low-frequency items 

(i.e., collapsing filler items and the low-frequency items in the mixed sequences) at each of the 

five serial positions. The results showed superior performance for the high-frequency items. This 

suggests that there was item-position learning. Of particular interest here, this means learning 

occurred along the varying sequences or, in other words, along sequences where cumulative 

match would likely be 0% at beginning serial positions. The cumulative matching mechanism of 

the Burgess and Hitch (2006) model would not predict learning to occur along these sequences. 

This would therefore challenge the cumulative matching mechanism.   

 In Majerus and Oberauer’s (2020, Experiment 3) study, the authors aimed to test whether 

serial order coding would share the same mechanism as number-size coding, as there seems to be 

some evidence suggesting the processing of a smaller size numbers involves another cognitive 

and neurological system from the processing of greater size numbers. To examine this, the 

experiment comprised a learning session and a testing session. In the learning session, 

participants were required to learn the pairing of words and numbers. A word and a number 

value would be presented on the screen simultaneously and participants were required to learn 

the pair. Specifically, participants had to learn 14 word-number pairs. Each of the numbers from 



Chapter 2: Leaning of Partial Repetitions  95 
 

1 to 7 was paired with two different words. In addition to learning word-number pairs, 

participants were also required to learn 14 word-color word pairs (i.e., each of seven different 

color words was paired with two different words) and 14 word-novel word pairs (i.e., each of 

seven novel words was paired with two different words), as controls for the learning of word-

number pairs. Participants had to reach a good level of performance on the pair knowledge 

before moving on to the testing session.  

 In the testing phase, participants were divided into two groups, to receive different types 

of sequences for the immediate serial recall task. For one of the groups, participants received a 

type of sequence called number-congruent sequences. These sequences placed words in the serial 

positions congruent to the number value that the words were paired with during the learning 

phase. As each number value was paired with two different words, the presented word was 

selected randomly from the two candidates. Recall sequences were constructed in a similar 

manner for words that were paired with colours or novel words, by arbitrarily assigning each 

colour and each novel word to a number. As such, this group of participants received three types 

of immediate serial recall sequences. The other group of participants also received these three 

types of sequences, except that they received number-incongruent sequences instead of number-

congruent sequences. The number-incongruent sequences were the modified version of the 

number-congruent sequences in which the words were presented at serial positions that were 

incongruent to the number value they were paired with during the training phase. In particular 

detail, the words were placed four serial position further into the sequence than the values they 

were originally paired with. The authors reasoned that if the serial order coding system shared 

the same system as the number-coding system, learning of words that were presented at serial 

positions that were congruent to the values they paired with should be facilitated and so 
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performance should be superior to the two types of control sequences (with no facilitation) and 

also to the number-incongruent sequences (with potential impairment from the incongruency 

between serial positions and the values they were paired with). In addition to the three types of 

sequences each group of participants received, and of most interest to this section, the authors 

also implemented another type of control sequence for both groups of participants in which each 

of 14 novel words were randomly presented at each of the seven serial positions instead of 

having the constraint that two certain words could only be presented at one of the seven serial 

positions, as in the three types of sequences described previously. This was implemented to 

examine the presence of item-position learning.  

 Of most interest to this section, the results showed that the performance for the control 

items (which were presented randomly across the seven serial positions) was inferior to each of 

the four other types of items. This suggests that there was item-position learning. In particular, 

this means that learning occurred along varying sequences or, in other words, along sequences 

that likely shared a cumulative match of 0% at beginning serial positions. The cumulative 

matching mechanism in the Burgess and Hitch (2006) model would not predict the presence of 

learning along these sequences. This result presents a challenge to the cumulative matching 

mechanism.  

 Another study (Szmalec et al., 2005, Experiment 1) also seems to have found some 

evidence that challenges the cumulative matching mechanism of the model. As reviewed in 

Chapter 1, Szmalec and colleagues aimed to examine whether Hebb learning was analogous to 

the process of lexical learning. A Hebb repetition task was presented. In particular, the Hebb 

sequence comprised nine nonsense syllables. Those nine nonsense syllables were divided into 

three groups, that is the first three nonsense syllables were in the first group, the next three 
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nonsense syllables were in the second group and the last three nonsense syllables were in the 

third group. Along the repetitions, the order of the three groups were different while the items 

within each group remained identical. Importantly, the groups were not demarcated by additional 

stimuli such that the procedure was identical to a classic Hebb procedure but that the order of the 

items along the repetitions was modified. Szmalec and colleagues hoped that participants would 

perform Hebb learning of each of the three groups of nonsense syllables as an individual novel 

word. Szmalec and colleagues then examined whether the three learned “novel words” had been 

entered into the lexical store. Of most interest to this section, Hebb learning was found for each 

of the three groups of nonsense syllables. This showed that Hebb learning had occurred even 

when the beginning items along the repetitions were different or, in the Burgess and Hitch (2006) 

model’s terms, were not a match. This result seems to challenge Burgess and Hitch (2006) 

model’s predictions.  

 In summary, previous studies seem to have found some consistent results which Hebb 

learning was possible when the beginning items along repetitions did not match. Experiment 2 

aimed to perform central testing of this phenomenon, and also to examine the presence and level 

of Hebb learning when the novel items (i.e., the mismatch section) located at later serial 

positions in the repetitions. Experiment 2 also examined the performance of the novel items 

along the repetitions, to perform more comprehensive testing of the model predictions.  

Method 

Participants. One hundred and twenty-three undergraduate psychology students from the 

University of Western Australia were recruited. Students who participated in Experiment 1 could 

not sign up for the current experiment. Student participated the experiment as part of their 

undergraduate course.   
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Design. A within-participant design of 9 (serial position: 1 to 9) × 2 (trial type: filler vs 

Hebb) × 8 (position in block: 0 to 7) × 4 (condition: New12 vs New34 vs New56 vs control) was 

employed. The Hebb sequence was presented on every third trial, starting from the third trial, for 

eight presentations.  

Materials. 

The Hebb Repetition Task. Letters instead of digits were used for each sequence in the 

task, to accommodate the number of unique items presented in the experiment. A pool of 15 

letters was used for constructing the sequences. These 15 letters were divided into five different 

groups of different phonology. The five groups of letters were: (a) B G T; (b) F S X; (c) J K H; 

(d) M N Z; and (e) L R Q. This allowed the sampling process to have control of minimizing the 

commitment of the phonological similarity effect at certain serial positions which could 

potentially confound the analyses of interest.  

The process of constructing the Hebb and filler sequences for a condition is presented 

below. For each condition, the Hebb sequences were first constructed, followed by the filler 

sequences. To construct a Hebb sequence, nine items were randomly sampled without 

replacement from the five groups of three letters. A constraint implemented for the sampling 

process was that items in adjacent serial position(s) could not be from the same group. If the 

condition under construction was the control condition, the constructed sequence would be 

allocated to trial number 3, 6, 9, 12, 15, 18, 21, and 24. If the condition under construction was 

an experimental condition, the constructed sequence would be allocated only to trial number 3, 

the construction of the modified Hebb sequences then followed. To construct the first modified 

Hebb sequence, two items from the pool of 15 letters were sampled to replace the original items 

at the serial positions of substitution of a copy of the previously constructed Hebb sequence (or 
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the original Hebb sequence). The item in the earlier serial position of substitution was first being 

constructed, followed by the item in the later serial position. For example, if the experimental 

condition was the New34 condition, the novel item that would be allocated to serial position 3 

would first be constructed, followed by the novel item that would be allocated to serial position 

4. For the sampling of the first item, four constraints applied. First, the letter could not be 

identical to any of the original items at the serial positions that was not for substitution. Second, 

the item could not be identical to any of the two items in the serial positions of substitution in the 

previous Hebb sequence (i.e., the Hebb sequence allocated to trial number 3). Third, the letter 

could not be from the same group as the letter in the same serial positions in the previous Hebb 

sequence. Fourth, the letter could not be from the same group as the item at the immediately 

preceding serial position of this novel item in the modified Hebb sequence under construction. If 

one of the constraints was not met during the sampling process, another item would be resampled 

until all constraints were satisfied. If the sampled item satisfied all constraints, the item would 

replace the original item at the earlier serial position of substitution in the copy of the original 

Hebb sequence. After this, construction of the second novel item followed, also under the four 

constraints applied for the sample of the first novel item but, regarding the last constraint 

mentioned above, the sampled item could not be from the same group as the two adjacent items 

in the modified Hebb sequence, that are the first novel item and the original item at one serial 

position after the later serial position of substitution. If all constraints were met, the sampled item 

would replace the original item at the later serial position of substitution in the copy of the 

original Hebb sequence. The construction of the first modified Hebb sequence would then be 

completed. The construction of the next modified Hebb sequence for the condition the followed, 

with the same constraints applied, until the last modified Hebb sequence had been constructed. 
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The construction of the filler sequences then followed. Similar to Experiment 1, each constructed 

filler sequence would be immediate allocated to the pre-decided trial number, that is starting 

from trial number 1, then 2, and then 4, and so on. Construction of each filler sequence was 

under two constraints. Items in adjacent serial position(s) could not be from the same group, and 

each item in the sequence could not be identical to the item in the same serial position in the 

adjacent sequence(s). Two filler sequences were additionally inserted after the last Hebb 

presentation (that located at trial number 24), to avoid the Hebb sequence being the last sequence 

being learned before an enforced one-minute break between conditions.  

In total, there were 26 trials for each condition, 104 trials for the four conditions of the 

experiment. Each participant received a unique set of sequences. An example set of trials for a 

participant is presented in Table 2.2. The order of completing the four conditions was decided by 

a 4 x 4 Latin square.  
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Table 2.2 

An Example Set of Trials for a Participant in Experiment 2 

Trial type Position in 

block 

Condition 

  Control New12 New34 New56 

Filler  F B J M L N R T X K Z Q T X H S R B Q G X N H T F M R Q B S N K X J L T 

Filler  G Q X N H R B Z K Z H F B R J M G L G R J X N B K F Z J G Q F Z B R K S 

Hebb 0 J R Z F B K M G Q T M G J Z R S H B T L F M J G Q H N L S B J Q H M T R 

Filler  F G N K Q T Z X R B Z K X Q G R S J N G R X H L M F J R G Z X H T J Q N 

Filler  Q K F M T N B H L X L B N J M F G K L K N F T S B R M S B N K L Z X H Q 

Hebb 1 J R Z F B K M G Q L K G J Z R S H B T L Z B J G Q H N L S B J N X M T R 

Filler  R K X B Z T L N J F B M H Q T L X J G R N H S Q M T J S R M G H T Z Q J 

Filler  S L B N J M K X G B L J F N H Z T X F K L M G N B J R M T R F J G Q K Z 

Hebb 2 J R Z F B K M G Q M X G J Z R S H B T L K F J G Q H N L S B J Q H M T R 

Filler  S G M R K X J L T L N H T S G X J Z G J R M F Q X K T G R K M X N T Q S 

Filler  Z K G X R J Q S N G H M R F L K T X N B S H R F K M L F N J Q T H R B X 

Hebb 3 J R Z F B K M G Q K N G J Z R S H B T L Z R J G Q H N L S B J N X M T R 

Filler  T Q F M K R Z S G R M X G K L F Z J Z G R S H M K X Q G Q M K X L J S T 

Filler  R X H B N Q J F Z T J R M F K G N L H F T Q M K X R G Q J G X Z R F N B 

Hebb 4 J R Z F B K M G Q Q F G J Z R S H B T L K B J G Q H N L S B J G H M T R 

Filler  F J B Q N T Z X L L H M B X N R J S F T H M L J B R X G J N X L F K Q M 

Filler  T S H M L G R K N Q M B F J L G K N M X R K G S T Z L N K R G S Z J B L 

Hebb 5 J R Z F B K M G Q T L G J Z R S H B T L Z F J G Q H N L S B J Q F M T R 

Filler  G F N R J T H X M M Q H B X J F L Z Q H X M G R N F K S H Q N B Z L X G 

Filler  F M J G R X N Q K N H B X R F T Z K S Z Q B H L K M T Q B Z S K L N G H 

Hebb 6 J R Z F B K M G Q K X G J Z R S H B T L X M J G Q H N L S B J Z H M T R 

Filler  S T H M R J N Q B Q S T N H B X J Z X M K Q T R J Z G M X G K R J Q N S 

Filler  Z F Q B H N G K X T J X M L Z K G S J T R S N B Z F Q Z G X R H L T S J 

Hebb 7 J R Z F B K M G Q L M G J Z R S H B T L Z F J G Q H N L S B J Q G M T R 

Filler  G K M X Q H F T N N R K B S H F Q M H G S Z R J T F L N R H X T F J B M 

Filler  J T R S N F K G M R S N K T Z H L G L N F B K S J Z T G Z X K R N B J F 

 

 

Questionnaire for Probing Awareness. The same questionnaire administered in 

Experiment 1 was employed. Details regarding this testing are presented in Chapter 4.  

Procedure. The procedure was identical to Experiment 1 except: (a) participants 

responded with letter keys instead of using the number pad on the keyboard; and (b) the enforced 

1-minute break was located after every 29 trials as implemented in Experiment 1. This means the 

break was not implemented after the last filler sequence of each condition but after a number of 

trials into the subsequent condition.  
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Results 

 For this experiment, 17 participants were first excluded from the data set for analysis 

because they received instructions that partially differed from those for the remaining 

participants. The 17 participants had been additionally explicitly instructed not to give up on 

learning items at late serial positions as a strategy for boosting accuracy of the items at earlier 

serial positions. This instruction was formulated due to the observation that some participants 

seemed to be completely giving up on later items. This additional instruction was later 

considered as too restrictive and inconsistent with previous experiments and so the presentation 

of this instruction ceased, and the data of the participants who received this instruction were 

excluded. In addition, the participant-recruiting system erroneously allowed one of the 

participants from Experiment 1 to sign up for this experiment, the data of that participant were 

therefore also excluded. Furthermore, the Hebb repetition task crashed during one of the 

participants’ testing session, the data of the incomplete Hebb repetition task of this participant 

were therefore excluded.  

Among the remaining 104 participants, similar to Experiment 1, the data of 10 

participants whose filler performance was at the bottom 10% (accuracy ranging from .20 to .38) 

and the data of another 10 participants whose filler performance was at the top 10% (accuracy 

ranging from .76 to .85) were excluded from the analyses. In total, data of 84 participants were 

entered into the analyses.  

Examining Hebb Learning in the Control Condition. This analysis checked whether 

Hebb learning had occurred in the control condition so that the learning gradient of the Hebb 

sequence in this condition could act as a baseline for comparison in later analyses. A linear 

mixed effect regression model was formulated. In the model, recall accuracy was entered as the 
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dependent variable. Position in block and the interaction between position in block and trial type 

were entered as the fixed effects. Individual differences were entered as a random effect for the 

intercept only. This model was compared against a baseline model which was identical to the 

previous mentioned model, except that it did not include the interaction. The results showed a 

steeper learning gradient of the Hebb sequence than the filler sequences in the control condition 

(b = .04, SE = .002, t(1260) = 14.77, p < .001), suggesting that Hebb learning occurred in the 

control condition (Figure 2.7).   

Comparing the Learning Gradient of the Hebb Sequence in the Each of the 

Experimental Conditions with the Control Hebb Sequence and with the Filler Sequences. 

This section presents the analyses of comparing the learning gradient of the Hebb sequence from 

each of the three experimental conditions with the control Hebb sequence and with the filler 

sequences of both the experimental condition of interest and the control condition. These 

comparisons were performed for each of the sections before items substitution, at items 

substitution, and after items substitution. As such, there were four comparison analyses for the 

New12 condition—New12 Hebb learning gradient vs control Hebb learning gradient at the 

section of substitution, New12 Hebb learning gradient vs fillers learning gradient at the section of 

substitution, New12 Hebb learning gradient vs control Hebb learning gradient at the section after 

items substitution, and New12 Hebb learning gradient vs fillers learning gradient at the section 

after items substitution. Accordingly, there were six comparison analyses for each of the New34 

and the New56 conditions, with the addition of analogous before condition comparisons.  
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Figure 2.7 

Recall Accuracy of the Hebb and Filler Sequences as a function of Position in Block 0 to 7 in the 

Control Condition in Experiment 2 

 

 

For the comparisons at each of the three sections (before, at, and after items substitution) 

for an experimental condition, one linear mixed effect logistic regression model was formulated. 

Before formulating the model, a filtered data set only including the data of the experimental 

condition of interest and the control condition, and the data at the serial positions of interest (that 

is the serial positions regarding the before, at, or after items substitution section) was obtained. 

This filtered data set was then entered into the model for analysis. In the model, recall accuracy 

was entered as the dependent variable. For the independent variables, serial position, position in 
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block, and the interaction between position in block and a factor named trial type comprising the 

experimental Hebb sequence, control Hebb sequence, and the filler sequences of both conditions 

were entered as the fixed effects. Individual differences were entered as the random effect for the 

intercept only. For example, for the comparison between the New12 Hebb sequence and the 

control Hebb sequence at the section of substitution, the control Hebb sequence in the factor of 

trial type would be set as the baseline for comparison. A positive or a negative beta value for the 

interaction term would indicate the difference in gradient between the New12 Hebb sequence 

and the control Hebb sequence. For the comparison between the New12 Hebb sequence and the 

filler sequences at the section of substitution, the filler sequences in the factor of trial type would 

be set as the baseline for comparison. Another regression model was then formulated for the 

comparisons regarding the section after items substitution in the New12 condition.  

The New12 Condition. At the serial positions of substitution (i.e., serial positions 1 and 

2), the learning gradient of the New12 Hebb sequence was steeper than the filler sequences (b = 

.04, SE = .02, z = 2.25, p = .025) but was not as steep as the control Hebb sequence (b = -.09, SE 

= .03, z = -3.40, p = .001; left panel of Figure 2.8). At the serial positions after substitution (i.e., 

serial positions 3 to 9), the learning gradient of the New12 Hebb sequence was steeper than the 

filler sequences (b = .09, SE = .01, z = 10.70, p < .001) but was not as steep as the control Hebb 

sequence (b = -.11, SE = .01, z = -9.55, p < .001; right panel of Figure 2.8). 
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Figure 2.8 

Recall Accuracy of the New12 Hebb Sequence, the Control Hebb Sequence, and the Filler 

Sequences of the Two Conditions as a function of Position in Block 0 to 7 in Experiment 2 

 

Note. Left panel: recall accuracy at the section of items substitution; Right panel: recall accuracy 

at the section after items substitution. 

 

The New34 Condition. At the serial positions before substitution (i.e., serial positions 1 

and 2), the learning gradient of the New34 Hebb sequence was steeper than the filler sequences 

(b = .12, SE = .02, z = 5.44, p < .001) and was not significantly different from the control Hebb 

sequence (b = -.01, SE = .03, z = -.25, p = .799; left panel of Figure 2.9). At the serial positions of 

substitution (i.e., serial positions 3 and 4), the learning gradient of the New34 Hebb sequence 

was steeper than the filler sequences (b = .08, SE = .02, z = 4.70, p < .001) but was not as steep 

as the control Hebb sequence (b = -.10, SE = .02, z = -4.27, p < .001; middle panel of Figure 2.9). 

At the serial positions after substitution (i.e., serial positions 5 to 9), the learning gradient of the 

New34 Hebb sequence was not as steep as the control Hebb sequence (b = -.12, SE = .01, z = -
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9.69, p < .001) but was steeper than the filler sequences (b = .08, SE = .01, z = 8.09, p < .001; 

right panel of Figure 2.9).  

Figure 2.9 

Recall Accuracy of the New34 Hebb Sequence, the Control Hebb Sequence, and the Filler 

Sequences of the Two Conditions as a function of Position in Block 0 to 7 in Experiment 2 

 

Note. Left panel: recall accuracy at the section before items substitution; Middle panel: recall 

accuracy at the section of items substitution; Right panel: recall accuracy the section after items 

substitution. 

 

The New56 Condition. At the serial positions before substitution (i.e., serial positions 1 

to 4), the learning gradient of the New56 Hebb sequence was steeper than the filler sequences (b 

= .16, SE = .01, z = 10.73, p < .001) and was not significantly different from the control Hebb 

sequence (b = -.01, SE = .02, z = -.46, p = .648; left panel of Figure 2.10). At the serial positions 

of substitution (i.e., serial positions 5 and 6), the learning gradient of the New56 Hebb sequence 

was steeper than the filler sequences (b = .10, SE = .02, z = 6.08, p < .001) but was not as steep 

as the control Hebb sequence (b = -.11, SE = .02, z = -5.20, p < .001; middle panel of Figure 

2.10). At the serial positions after substitution, the learning gradient of the New56 Hebb 
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sequence was not as steep as the control Hebb sequence (b = -.10, SE = .02, z = -6.13, p < .001) 

but was steeper than the filler sequences (b = .12, SE = .01, z = 9.49, p < .001; right panel of 

Figure 2.10).  

 

Figure 2.10 

Recall Accuracy of the New56 Hebb Sequence, the Control Hebb Sequence, and the Filler 

Sequences of the Two Conditions as a function of Position in Bock 0 to 7 in Experiment 2 

 

Note. Left panel: recall accuracy at the section before items substitution; Middle panel: recall 

accuracy at the section of items substitution; Right panel: recall accuracy at the section after 

items substitution. 

 

Discussion 

 Experiment 2 tested the cumulative matching mechanism of the Burgess and Hitch 

(2006) model by examining the presence and level of Hebb learning when the beginning items or 

items in later serial positions were novel along the repetitions. Three experimental conditions 

were administered in which the items at serial positions 1 and 2, or 3 and 4, or 5 and 6 were 

novel along the repetitions. In a control condition, all repetitions were identical.  
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For the New12 condition, the model predicts that the learning gradient regarding both the 

sections at and after items substitution of the New12 Hebb sequence should be similar to the 

filler sequences, as the mismatch at the start of the Hebb sequences would prevent any reuse of 

the old context. The results were not consistent with this prediction. At both the sections at and 

after items substitution, the learning gradient of the New12 Hebb sequence was steeper than the 

filler sequences.  

For the New34 condition, the model predicts that the learning gradient at all of the 

sections of before, at, and after items substitution of the New34 Hebb sequence should be similar 

to the filler sequences. The results were not consistent with this model prediction. Regarding the 

section before items substitution, the learning gradient of the New34 Hebb sequence was steeper 

than the filler sequences and was similar to the control Hebb sequence. At the section of 

substitution, the learning gradient of the New12 Hebb sequence was steeper than the filler 

sequences. At the section after items substitution, the learning gradient was also steeper than the 

filler sequences.  

For the New56 condition, regarding the section before items substitution, the model 

predicts that the learning gradient of the New56 Hebb sequence should be similar to the control 

Hebb sequence. The result was consistent with this prediction. Regarding the section of 

substitution, the model predicts that the learning gradient of the New56 Hebb sequence would 

potentially be negative. The result was not consistent with this prediction. The learning gradient 

of the New56 Hebb sequence was steeper than the filler sequences. Regarding the section after 

substitution, the model predicts that the learning gradient of the New56 Hebb sequence should be 

less steep compare to the control Hebb sequence. The results supported this prediction.  
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In summary, the results across the three experimental conditions showed a consistent 

pattern of performance: (a) regarding the section before items substitution, the learning gradient 

of the experimental Hebb sequences was similar to the control Hebb sequence; (b) regarding the 

section of items substitution, the learning gradient of the experimental Hebb sequences was 

steeper than the filler sequences; and (c) regarding the section after items substitution, the 

learning gradient of the experimental Hebb sequences was not as steep as the control Hebb 

sequence.  

These recall performance patterns impose two relatively prominent challenges to the 

Burgess and Hitch (2006) model. The first was the steeper learning gradient of the New12 Hebb 

sequence compared to the filler sequences at the section after items substitution. This suggests 

that Hebb learning occurred even when the cumulative match between Hebb repetitions was 0% 

during encoding at the beginning serial positions. This challenges the concept that accumulation 

of memory trace of an incoming sequence onto the memory trace of the previously learned 

sequences was determined by the cumulative match between those sequences. The second recall 

performance pattern that challenges the model was the improvement in recall performance on the 

novel items along the Hebb repetitions. This not only challenges the model prediction which the 

novel items inserted in the repetitions would act as a disruption to recall at those serial positions 

and so severe impairment in recall accuracy should be observed at those serial positions, but 

seems to suggest some form of learning had taken place along those novel items and that the 

form of learning would not be hard item identity based (i.e., would not base on the exact match 

of item identity) because the novel items were different along the repetitions.  
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General Discussion 

 This section discusses the consistency of results between Experiments 1 and 2. 

Implication of the consistent findings that challenge the Burgess and Hitch (2006) model is then 

discussed. Potential explanations for the consistent results that challenge the Burgess and Hitch 

(2006) model are then presented.  

The Consistency of the Results between Experiments 1 and 2 

The results of Experiments 1 and 2 were generally consistent. Regarding the section 

before item(s) substitution, the recall performance of the experimental Hebb sequences in both 

experiments was similar to the control Hebb sequence. Regarding the section of item(s) 

substitution, the recall performance of the experimental Hebb sequences in both experiments was 

not inferior to the filler sequences. However, there was still slight inconsistency between the two 

experiments. In Experiment 1, the recall performance of the all of the experimental Hebb 

sequences was similar to the filler sequences. In Experiment 2, the recall performance of all of 

the experimental Hebb sequences was superior to the filler sequences. Regarding the section 

after item(s) substitution, there was also inconsistency in performance between the two 

experiments. In Experiment 1, the recall performance of the experimental Hebb sequences was 

similar to the control Hebb sequence in two of the experimental conditions and was superior to 

the control Hebb sequence in one of the experimental conditions. In Experiment 2, the recall 

performance of all of the experimental Hebb sequences was inferior to the control Hebb 

sequence.  

Regarding the inconsistencies between the two experiments mentioned above, there could 

be two reasons. One is that Experiment 2 gave a better measure of item(s) substitution than 

Experiment 1 because of the more data points involved in the observations (rather than relying 
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on a single transfer trial as in Experiment 1). The second is that Experiment 2 involved more 

items for substitution while Experiment 1 involved only one item for substitution.  

Consistent Findings between Experiments 1 and 2 that Pose Challenges to the Burgess and 

Hitch (2006) Model 

Overall, there were two recall performance patterns from both Experiments 1 and 2 that 

imposed relatively prominent challenge to the Burgess and Hitch (2006) model. The first was the 

superior recall performance of the experimental Hebb sequence compared to the filler sequences 

at the after substitution section in the New1 condition (in Experiment 1) and the New12 

condition (in Experiment 2). This suggests that Hebb learning was possible even when an 

incoming sequence shared a cumulative match of 0% with the previously learned sequences 

during encoding at early serial positions. This challenges the concept which the presence of 

learning is dependent on the size of cumulative match between an incoming sequence and 

previously learned sequences. This therefore challenges the cumulative matching mechanism. 

This observation was consistent with the findings of Fastame and colleagues’ (2005, Experiment 

1) study, Nakayama and Saito’s (2017, Experiment 4) study, Majerus and Oberauer’s (2020, 

Experiment 3) study and Szmalec and colleagues’ (2009) study, but was inconsistent with 

Schwartz and Bryden’s (1971) findings. However, as previously mentioned, the scoring system 

employed in Schwartz and Bryden’s study raises some concerns. As such, there seems to be 

some consistent findings among studies showing that Hebb learning is possible when incoming 

sequences and previously learned sequence shared a cumulative match of 0% at beginning serial 

positions.  

The second performance pattern that challenges the Burgess and Hitch (2006) model was 

the relatively good performance on the experimental Hebb sequences in comparison to the filler 
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sequences at the section of item(s) substitution. This challenges the prediction that there would 

be very high proneness of committing anticipation error(s) at the serial position(s) of substitution. 

This examination of the recall performance of the novel items inserted in the Hebb repetitions 

seems to be the first to be observed in a study, as previous studies focused on examining the 

presence of learning along the identical items in the Hebb repetitions.  

Potential Explanations for the Two Recall Performance Patterns that Challenge the Burgess 

and Hitch (2006) Model 

If the Burgess and Hitch (2006) model is unable to account for the results, what 

additional or alternative assumptions might be necessary? 

Regarding the performance pattern of the presence of Hebb learning when Hebb 

repetitions shared a cumulative match of 0% at beginning serial positions, one potential 

explanation for this phenomenon is that matching was not cumulative based but based on the 

entire list. A mechanism that evaluates the overall match between an incoming sequence and 

previously learned sequences could account for the mismatch of items at the beginning serial 

positions between those sequences and the presence of accumulation of memory trace for the 

matched items located at later serial positions.  

Regarding the good recall performance on the experimental Hebb sequences (compared 

to the filler sequences) at the section of item(s) substitution, the improvement in recall 

performance on the novel items along the repetitions in Experiment 2 perhaps could offer some 

insight into this phenomenon. This is because the improvement in performance on the novel 

items along repetitions seems to suggest the presence of another form of learning. The section 

below presents the speculation of what that additional form of learning could be.  
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First, there was technically no difference between the novel items in the Hebb repetitions 

and the novel items in the filler sequences. The prominent difference that could potentially be 

attributed to the difference in recall between those novel items would be the presence of 

repeating items in the rest of the serial positions in the Hebb sequence. This suggests that recall 

accuracy of the novel items in the Hebb sequences was dependent on the presence of the 

repeating items in the Hebb sequences along repetitions. Participants seem to have taken the 

difference between the Hebb repetitions and the filler sequences into consideration during the 

Hebb repetition task. In other words, participants may have evaluated the similarities and 

differences between the Hebb presentations and the filler sequences along trials, and used that 

knowledge to learn different parts of the list in different ways. As the repetition structure would 

not be known to participants prior to the study, participants must have slowly developed the 

concept that there were sequences that did not repeat along trials (i.e., the filler sequences) while 

there were sequences repeated along trials (i.e., the Hebb sequences). And importantly, this also 

means that when participants were performing evaluation of a Hebb repetition (that comprised 

novel items), the concepts being captured would not only be the presence of repeating items in 

this incoming sequence and the absence of repeating items in the other sequences (i.e., the filler 

sequences), but would also be the presence of repeating items in section(s) of the previously 

learned sequences (i.e., the Hebb presentations) and presence of non-repeating items in a section 

of those previously learned sequences (i.e., the novel item section of the Hebb presentations). 

This meta-knowledge could have aided better learning of future presented Hebb sequence(s), 

such as by separately grouping the repeating and novel items in the Hebb trials. As such, this 

form of learning could potentially explain the presence of improvement in recall performance on 

the novel items along the Hebb repetitions.  
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In fact, there was some evidence from the response from the two post-experiment 

questionnaires administered in Experiments 1 and 2 that supports the presence of the evaluation 

process. In Experiment 1, in a question that asked participants whether they noticed anything 

particular during the experiment, 14 participants reported being aware that there were repetitions 

of sequences in the experiment and that there was slight changes at the last repetition of the 

repeating sequence. In Experiment 2, also in a question that asked participants whether they 

noticed anything particular during the experiment, six participants reported being aware that 

there were repetitions of sequences in the experiment and that there were slight changes along 

the repetitions. Also, one of the six participants detailed that the slight changes along repetitions 

were different across blocks of trials. These reports suggest that participants evaluated the 

similarities and differences across the Hebb repetitions in the two experiments.  

Further follow-up examination of the reaction time performance of the Hebb sequence 

along repetitions for each of the four conditions in Experiment 2 seems to suggest that 

participants grouped the novel items separately from the repeating items along learning of those 

repetitions. The most prominent evidence was observed in the New56 condition. Along position 

in block 0 to 4, there was high reaction time for the recall of the first item as well as serial 

position 5 and 7, each followed by a drastic drop of reaction time at serial positions 2 and 3. 5 

and 6, as well as 8 and 9. This patterns seems to suggest that participants had adopted a regular 

grouping pattern of 3-3-3 for the Hebb sequence along position in block 0 to 4. There was then a 

change in the reaction time pattern in the subsequent position in block. There were reaction time 

peaks at serial position 1, 5, and 7, each followed by low reaction times for serial positions 2 to 

4, 6, and 8 and 9. This pattern seems to show that participants had adopted a grouping pattern of 

4-2-3, which would be consistent with the demarcation of the repeating items and novel items in 
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the New56 Hebb sequence. This change in reaction time pattern along position in block (that 

became consistent with where the novel items were located in the Hebb sequence) seems to 

provide some support to the speculation that participants identified the pattern of repeating and 

novel items along Hebb repetitions and separately grouped the repeating and novel items. As 

such, there seems to be some rather strong supportive evidence for the presence of an evaluation 

process (that evaluates the similarities and differences among learned sequences) and the 

performance of separate grouping for information with different patterns (that is, in the case of 

Experiment 2, the separate grouping of the repeating information and novel information along 

Hebb repetitions) during sequence learning. These two processes are suggested to be processes 

of extracting information (i.e., patterns) of learned information, and the use of the extracted 

information to support future learning. These two processes should operate on, or in addition to, 

a memory storage system that stores the sequential information and allow the information to be 

evaluated. This perhaps suggests the need to account for a mechanism that governs these 

processes, on top of a memory-trace-accumulating mechanism such as the Burgess and Hitch 

(2006) model.  

Summary 

 Experiments 1 and 2 tested the cumulative matching mechanism of the Burgess and Hitch 

(2006) model by examining the presence and level of Hebb learning along Hebb repetitions 

which the beginning items were novel or the items in later serial positions were novel. The recall 

performance on the novel items were also examined, to provide a comprehensive examination of 

the model predictions. The results from the two experiments were generally consistent. Two 

recall performance patterns were found to impose rather prominent challenge to the model. The 

first was the presence of Hebb learning along repetition(s) in which novel item(s) were located at 
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the beginning serial positions. This suggests that Hebb learning was possible even when 

repetitions of a sequence shared a cumulative match of 0% at the beginning serial positions.  

 The second performance pattern was the absence of severe impairment at the serial 

position(s) of the novel items in the Hebb repetition(s). This challenges the prediction that there 

would be overloading of the context nodes in the timing window(s) corresponded to the serial 

position(s) of item(s) substitution which would result in severe impairment in recall at the 

section. However, the presence of improvement in recall performance on the novel items along 

repetitions in Experiment 2 seems to suggest an additional form of learning which participants 

could have performed evaluation of similarity/difference among learned sequences and generated 

concept of the similarity/difference among the learned sequences. The concept could have aided 

learning of incoming sequences.  
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Chapter 3: Examining the Learning of Overlapping Sequences 

 The two experiments in this chapter tested a different aspect of the cumulative matching 

process than the two experiments in the previous chapter. In the previous chapter, the two 

experiments tested the cumulative matching mechanism by examining presence of Hebb learning 

along Hebb repetitions that share a cumulative match that would or would not drop below the 

model’s cumulative match threshold of 60% during encoding. The two experiments in this 

chapter examined whether there would or would not be strengthening of the context-item 

associations of a sequence if another different but slightly overlapping sequence was learned 

concurrently.  

 According to the cumulative matching mechanism, during the encoding of a sequence, 

previously learned sequences that share overlapping beginning items with that incoming 

sequence would be included in the cohort for potential recruitment, and therefore would receive 

strengthening of the corresponding context-item associations. But during the encoding of the 

later unique items of the incoming sequence, the cumulative match between those previously 

learned sequences and the incoming sequence would drop. Eventually, the cumulative match 

might drop below the threshold of 60%, and the incoming sequence would ultimately recruit an 

individual context set for recall; or it might be that one of the previously learned sequences 

stayed above the threshold and so the incoming sequence would recruit the context set of that 

previously learned sequence for recall. Regardless of each of these two potential outcomes, this 

section focuses on the model prediction that those previously learned sequences that share 

overlapping items at the beginning serial positions with the incoming sequence should have the 

context-item associations that correspond to those overlapping items strengthened during the 

encoding process. Even if the entire context set of those previously learned sequences was later 
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discarded during the encoding process, the strengthened associations should be retained. This 

should therefore improve the recall accuracy of those overlapping items in those previously 

learned sequences, if recall is later required. As such, learning a sequence that is similar to a 

previously learned sequence should improve the recall performance of that previously learned 

sequence. The two experiments in this chapter tested this model prediction.  

 In both experiments, two different but slightly overlapping Hebb sequences were 

presented within the same Hebb repetition task. In one condition, the beginning items of the two 

Hebb sequences were overlapping, in that they shared the same initial items in the same order. 

The presentations of the two Hebb sequences interleaved each other along trials in the Hebb 

repetition task. This allowed the examination of whether learning the two Hebb sequences would 

enhance the recall performance of each other. To examine the presence of the enhancement 

along learning of the two Hebb sequences, a control condition was administered in which the two 

Hebb sequences were unique. 

 In addition to the testing of this enhancement effect, the experiments also tested another 

assumption of the cumulative matching mechanism, that learning could only occur if the 

repetitions shared a cumulative match above the threshold (here assumed to be 60% as in 

Burgess & Hitch, 2006). To test this assumption, another condition was administered, in which 

the overlapping section of the two Hebb sequences was at the end instead of at the beginning 

serial positions. The question is whether there would be accumulation of memory trace if the 

repetitions shared a cumulative match below the threshold of 60% during encoding at the 

beginning serial positions.  

 The two experiments differed in the number of items overlapping between the two Hebb 

sequences. In Experiment 3, each sequence in the Hebb repetition task comprised nine items. 
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The beginning four items or the ending four items of the two Hebb sequences were overlapping. 

In Experiment 4, each sequence in the Hebb repetition task also comprised nine items. The 

beginning seven or the ending seven items of the two Hebb sequences were overlapping, to 

provide a stronger manipulation of the overlap. The model predictions regarding each of the 

three conditions in each of the two experiments are presented below.  

Experiment 3 

 Three conditions were administered. In the Start-Same condition, the beginning four 

items between the two Hebb sequences were overlapping. In the End-Same condition, the ending 

four items between the two Hebb sequences were overlapping. In the control condition, the two 

Hebb sequences were unique. The learning gradient of the two Hebb sequences in each of the 

two experimental conditions was compared against the two Hebb sequences in the control 

condition. The model predictions are explained in detail next. 

 For the Start-Same condition, during the encoding of the first presentation of the first 

Hebb sequence (Hebb 1), the sequence should recruit an individual context set for recall. During 

the encoding of the first presentation of the second Hebb sequence (Hebb 2), Hebb 1 would share 

a cumulative match of 100% with Hebb 2 for the overlapping section. There would be 

strengthening of the context-item associations for these items. At the subsequent serial position 

of Hebb 2 (i.e. at serial position 5), the cumulative match between Hebb 1 and Hebb 2 would 

drop from 100% to 80%, because there were four items in Hebb 1 found to be match with the 

five presented items of Hebb 2. As the cumulative match of 80% would be above the threshold 

of 60%, there would be concurrent activation between the set of context nodes in timing window 

5 in the context set of Hebb 1 and the item node representing the unique item at serial position 5 

of Hebb 2. As a result, the set of context nodes in timing window 5 in the context set of Hebb 1 
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should be associated to the item node representing the unique item at serial position 5 of Hebb 1 

and also the item node representing the unique item at serial position 5 of Hebb 2. Similarly, 

during the encoding of the subsequent unique item of Hebb 2 (i.e., the item at serial position 6), 

the cumulative match between Hebb 1 and Hebb 2 would further drop from 80% to 66.67%. 

Because the cumulative match would still be above the threshold of 60%, there would be 

concurrent activation between the set of context nodes in timing window 6 in the context set of 

Hebb 1 and the item node representing the unique item at serial position 6 in Hebb 2. The set of 

context nodes in timing window 6 in the context set of Hebb 1 would have associations to the 

item node representing the unique item at serial position 6 in Hebb 1 and the item node 

representing the unique item at serial position 6 in Hebb 2. 

 At encoding of another subsequent unique item of Hebb 2 (i.e., the item at serial position 

7), the cumulative match between Hebb 1 and Hebb 2 would drop from 66.67% to 57.14%. 

Because the cumulative match would be below the threshold of 60%, the context set of Hebb 1 

would be discarded from the cohort for potential recruitment to support recall of Hebb 2. Hebb 2 

would therefore recruit a new context set to support recall. 

 The upshot of the events just described is that encoding of Hebb 2 would improve the 

recall accuracy at the overlapping section in Hebb 1 but would impair the recall accuracy at the 

non-overlapping section in Hebb 1. When Hebb 1 is presented again, it would bear the analogous 

relation to Hebb 2, and so this pattern of enhancement and impairment would accumulate across 

lists. Accordingly, learning the two Hebb sequences along trials should improve the recall 

performance of each other at the overlapping section but impair the recall performance of each 

other at the non-overlapping section. The learning gradient of the two Hebb sequences at the 

overlapping section (i.e., at serial positions 1 to 4) should be superior to the control Hebb 
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sequences at the corresponding serial positions. The learning gradient of the two Hebb sequences 

at the non-overlapping section (i.e., at serial positions 5 to 9) should, however, be inferior to the 

control Hebb sequences at the corresponding serial positions.  

 For the End-Same condition, because the overlapping section of the two Hebb sequences 

was at the end, encoding of the unique items of each of the two Hebb sequences should result in 

the two Hebb sequences sharing a cumulative match of 0% from the very first item. Each of the 

two Hebb sequences should recruit an individual context during the encoding of the beginning 

items. As such, because the context set of Hebb 1 would not be in the cohort during the encoding 

of Hebb 2, and vice versa, there would not be strengthening of context-item associations of one 

of the Hebb sequences during the learning of the other Hebb sequence. The learning gradient of 

the two Hebb sequences at both the sections of non-overlapping (i.e. at serial positions 1 to 5) 

and overlapping (i.e., at serial positions 6 to 9) should be similar to the control Hebb sequences 

at the corresponding serial positions.  

Method 

Participants. One hundred and fifty participants were recruited from an online testing 

platform—Prolific Academic (https://www.prolific.co/). Criteria for participation were: (a) age: 

18 to 41; (b) country of residence: UK, US, Australia, New Zealand, Canada, or Ireland; and (c) 

fluent in English. Each participant was reimbursed with £2 for participation (approximately £10 

per hour).  

Design. A mixed design of 3 (condition: Start-Same vs End-Same vs control) × 9 (serial 

position: 1 to 9) × 3 (trial type: filler vs Hebb 1 vs Hebb 2) × 7 (position in block: 0 to 6) was 

used. Condition was a between-participants factor. The others were within-participant factors. 

The two Hebb sequences were presented in alternating trials, using a format of 
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H1FH2FH1FH2F… (where H1 refers to Hebb 1, H2 refers to Hebb 2, and F refers to filler 

sequences). Each of the two Hebb sequences was presented on every fourth trial, for seven 

presentations. Each position in block comprised one presentation of the Hebb 1, one presentation 

of the Hebb 2, and two filler sequences (with each located after one of the Hebb sequences).  

Materials. Each sequence in a condition was constructed of nine letters randomly 

sampled without replacement from the same pool of 15 letters used in Experiment 2. The 15 

letters were divided into five groups based on their phonological similarity, as in Experiment 2. 

A constraint implemented upon sampling for a sequence was that items in adjacent serial 

position(s) could not be from the same phonological group.  

For each condition, the two Hebb sequences were first constructed, followed by the filler 

sequences. The first Hebb sequence was first constructed, under the constraints mentioned 

above. The sequence was then allocated to the designated trial numbers (i.e., trial numbers 1, 5, 

9, 13, 17, 21, and 25). For the construction of the second Hebb sequence, if the condition under 

construction was the control condition, another nine-item sequence was generated, under an 

additional constraint which each item in the sequence could not be identical to the item in the 

same serial position in the first Hebb sequence. If the condition under construction was an 

experimental condition, a copy of the first Hebb sequence was made. The five items in the non-

overlapping section in the copy were reconstructed. A five-item sequence was generated, using 

the constraints of resampling without replacement and items in adjacent serial position(s) could 

not be from the same phonological group. In addition, each of the five items could not be 

identical to the item in the same serial position in the first Hebb sequence. Also, the item in the 

five-item sequence that would be located adjacent to the item in the overlapping section could 

not be from the same phonological group as that item in the overlapping section. If all constraints 
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had been satisfied, the five-item sequence would replace the five items in the non-overlapping 

section in the copy of the first Hebb sequence, forming the second Hebb sequence. The sequence 

was then allocated to the designated trial numbers (i.e., trial numbers 3, 7, 11, 15, 19, 23, and 

27). 

After the construction and allocation of the two Hebb sequences, the construction of the 

filler sequences followed. Each filler sequence was constructed under the constraints of sampling 

without replacement from the pool of 15 letters, items in adjacent serial position(s) could not be 

from the same phonological group, and each item in the sequence could not be identical to the 

item in the same serial position in the adjacent sequence(s), which would be the two Hebb 

sequences. Each constructed filler sequence was immediate allocated to the designated trial 

number (i.e., trial numbers 2, 4, 6, 8, etc).  

In total, there were 28 trials per condition. Each participant received a unique set of 

sequences. Participants were randomly assigned to completing one of the three conditions. An 

example set of sequences for each condition is presented in Table 3.1.  
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Table 3.1 

An Example Set of Trials for Each of the Three Conditions in Experiment 3 

Trial type Position in block  Condition  

  Control End-Same Start-Same 

Hebb1  Q T K F Z R G J S K X B Z Q S G R H X M B K Z R G S J 

Filler  B R S H M T L X K S Z G Q J F N T L H X R M G J S L Z 

Hebb2  M S J R G N X H L N T Q F K S G R H X M B K T Z L H F 

Filler 0 N L X K B Z Q S J G J R X Z B H Q S K S T L N H F G Q 

Hebb1  Q T K F Z R G J S K X B Z Q S G R H X M B K Z R G S J 

Filler  X Q N B J S R Z G H F R T M J X L G Z G H S Q M B K X 

Hebb2  M S J R G N X H L N T Q F K S G R H X M B K T Z L H F 

Filler 1 T N Q S K B M L X L H X M B R K F N R F T H N Q X G K 

Hebb1  Q T K F Z R G J S K X B Z Q S G R H X M B K Z R G S J 

Filler  X Z T K Q F N B J M Q T S H N L B X T L Z J S G R N H 

Hebb2  M S J R G N X H L N T Q F K S G R H X M B K T Z L H F 

Filler 2 K F T N Q H S B Z S J N Q G F K Z L T F L M J B X Q N 

Hebb1  Q T K F Z R G J S K X B Z Q S G R H X M B K Z R G S J 

Filler  Z J L X B M H R F R H G S N L K B X H F L M B J X R Z 

Hebb2  M S J R G N X H L N T Q F K S G R H X M B K T Z L H F 

Filler 3 H R Z G X K L N T R J X N G L K F M G J M F L B K N X 

Hebb1  Q T K F Z R G J S K X B Z Q S G R H X M B K Z R G S J 

Filler  H L G Z F J R T M S J Z Q T X H M R G F H M L T X J Z  

Hebb2  M S J R G N X H L N T Q F K S G R H X M B K T Z L H F 

Filler 4 J M B Q F H Z G R L G M X J Q T N F G Z S H L T N F K 

Hebb1  Q T K F Z R G J S K X B Z Q S G R H X M B K Z R G S J 

Filler  N R T S K Z Q B F X N H R G F Z K L J X Q N B H S R Z 

Hebb2  M S J R G N X H L N T Q F K S G R H X M B K T Z L H F 

Filler 5 Z K G S R M H B X F G M R J X T Z L K G Z L F J B N Q 

Hebb1  Q T K F Z R G J S K X B Z Q S G R H X M B K Z R G S J 

Filler  K L G M X H R T N Q Z H B F L N K G J R M B F K Q N T 

Hebb2  M S J R G N X H L N T Q F K S G R H X M B K T Z L H F 

Filler 6 N F G H L M S T J H M R G S J N Q T S H G M R X J B N 

 

 

Procedure. After providing consent, each participant received instructions for 

completing the Hebb repetition task. Participants proceeded from the instructions to the first trial 

by clicking a “Next” button. At the beginning of each trial, a fixation cross appeared for 1000ms. 

Each of the nine letters of the sequence then appeared one by one, each for 900ms and was 

separated by an inter-stimuli interval of 100ms. A blank interval of 100ms followed the 

presentation of the last letter. A row of asterisks then appeared, prompting the recall of the just-

presented sequence. Input of each letter was completed by using a keyboard. The typed letter did 

not appear on the screen. An indefinite period of time was allowed for the recall process. When 
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the last letter had been input, a prompt to proceed to the next trial appeared. Participant initiated 

the next trial by pressing spacebar. After completing the experiment, participants were directed 

to a debriefing page with contact details. Participants were then directed to the Prolific website to 

receive payment. The entire experiment took approximately 12 minutes.  

Results 

 For this experiment, participants whose filler performance was in the bottom 20% or in 

the top 10% were excluded from the analyses. The increase in number of participants excluded 

from the bottom filler performance, as compared to the two experiments in the previous chapter, 

was due to a nosier data set. Preliminary analysis of the complete data set identified several 

participants reaching full or high accuracy at the beginning Hebb trials but dropping to a 0 or 

near 0 accuracy at the later Hebb trials. The experiment therefore employed the filtering criteria 

used in the previous two experiments in Chapter 2, for consistency, but with a stricter 

implementation, to capture and exclude the potentially greater number of participants who were 

not attentive during the task. Thirty participants were excluded from the lower end of filler 

performance, with recall accuracy ranging from 0 to .33. Fifteen participants were excluded from 

the upper end of the filler performance, with recall accuracy ranging from .77 to .98.  

Examining the Presence of Hebb Learning in the Control Condition. This analysis 

checked whether Hebb learning has been established for each of the two Hebb sequences in the 

control condition such that the learning gradient of the Hebb sequences could act as a baseline 

for comparison in later analyses. A linear mixed effect regression analysis was performed. In the 

model, recall accuracy was entered as the dependent variable. For the independent variables, 

position in block and the interaction between position in block and trial type were entered as 

fixed effects. Individual differences were entered as a random factor for the intercept only. In the 
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factor of trial type, filler sequences was set as baseline for comparison. The results showed that 

the learning gradient of both Hebb 1 and Hebb 2 was steeper than the gradient of the filler 

sequences (Hebb 1: b = .04, SE = .01, t(700) = 7.33, p < .001; Hebb 2: b = .04, SE = .01, t(700) = 

6.51, p < .001). This suggests that Hebb learning occurred for each of the two Hebb sequences. 

In addition, the learning gradient between Hebb 1 and Hebb 2 was not statistically different (b = 

-.005, SE = .01, t(700) = -.82, p = .415). The comparisons are displayed in Figure 3.1.  

 

Figure 3.1 

Recall Accuracy of the Hebb Sequences and the Filler Sequences as a function of Position in 

Block 0 to 6 in the Control Condition in Experiment 3 
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Comparing the Learning Gradient between the Experimental Hebb Sequences and 

the Control Hebb Sequences. This section presents analyses comparing the learning gradient 

between the Start-Same Hebb sequences and the control Hebb sequences, and between the End-

Same Hebb sequences and the control Hebb sequences, separately for the overlapping and non-

overlapping sections. There were therefore four comparisons in total. For each comparison, a 

linear mixed effect logistic regression analysis was performed. For each regression model, a 

filtered data set was used. The data set only comprised the data of the experimental condition of 

interest and the control condition, the data at the serial positions of interest, and the data of the 

Hebb sequences. In the model, recall accuracy was entered as the dependent variable. For the 

independent variables, serial position, position in block, and the interaction between position in 

block and condition were entered as the fixed effects. Individual differences were entered as the 

random effect for the intercept only. This model was then compared against a baseline model 

which was identical to the previous mentioned model except the interaction component was not 

included.  

The Start-Same Hebb Sequences vs the Control Hebb Sequences. For the overlapping 

section (i.e., serial positions 1 to 4), the learning gradient of the Start-Same Hebb sequences was 

marginally steeper than that of the control Hebb sequences (b = .10, SE = .05, z = 2.07, p = .040; 

left panel of Figure 3.2). For the non-overlapping section (i.e., serial positions 5 to 9), the 

learning gradient of the Start-Same Hebb sequences was steeper than that of the control Hebb 

sequences (b = .13, SE = .04, z = 3.59, p < .001; right panel of Figure 3.2). However, it should be 

pointed out that the superiority of the Start-Same Hebb sequences in both sections was not 

prominent, as shown in Figure 3.2.  
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Figure 3.2 

Recall Accuracy of the Start-Same and Control Hebb Sequences as a function of Position in 

Block 0 to 6 regarding the Overlapping Section (left panel) and the Non-overlapping Section 

(right panel) in Experiment 3 

 

 

Note. SP refers to serial position. Filler performance of the two conditions was included for 

visual comparison.  

 

The End-Same Hebb Sequences vs the Control Hebb Sequences. For the non-

overlapping section (i.e., serial positions 1 to 5), the learning gradient of the End-Same Hebb 

sequences was not statistically different from the control Hebb sequences (b = -.02, SE = .04, z = 

-.64, p = .523; left panel of Figure 3.3). For the overlapping section (i.e., serial positions 6 to 9), 

the learning gradient of the End-Same Hebb sequences was steeper than that of the control Hebb 

sequences (b =.09, SE = .04, z = 2.59, p = .010; right panel of Figure 3.3).  
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Figure 3.3 

Recall Accuracy of the End-Same and Control Hebb Sequences as a function of Position in Block 

0 to 6 regarding the Non-overlapping Section (left panel) and the Overlapping Section (right 

panel) in Experiment 3 

 

 

Note. SP refers to serial position. Filler performance of the two conditions was included for 

visual comparison. 

 

Discussion 

 Experiment 3 tested the cumulative matching mechanism of the Burgess and Hitch 

(2006) model by examining whether concurrently learning two sequences that overlapped in 

some items would result in mutual support, or mutual interference, or both. According to the 

cumulative matching mechanism, if an incoming sequence overlapped a previously learned 

sequence at the beginning section, encoding of the beginning items of the incoming sequence 

would identify the previously learned sequence as a match and would include the context set of 

that previously learned sequence into the cohort for potential recruitment to support recall of the 

incoming sequence. This means that would be strengthening of the context-item associations for 
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the previously learned sequence. The model predicts that even if the previously learned sequence 

would yield a cumulative match lower than the threshold of 60% with the incoming sequence 

during later encoding of the unique items of the incoming sequence such that the context set of 

that previously learned sequence would be discarded from the cohort for potential recruitment to 

support recall of the incoming sequence, the strengthened context-item associations regarding the 

overlapping items would be retained. This means that learning a sequence that overlapped with a 

previously learned sequence should improve the recall performance of that previously learned 

sequence. Conversely, lists overlapping at the end should not affect each other, as they would use 

different contexts. 

For the Start-Same condition, regarding the section of overlapping, the model predicts 

that the learning gradient of the Start-Same Hebb sequences should be superior to the control 

Hebb sequences. The results were consistent to this prediction. Regarding the section of non-

overlapping, the model predicts that the learning gradient of the Start-Same Hebb sequences 

should be inferior to the control Hebb sequences. The results were, however, not consistent to 

this prediction, as the learning gradient of the Start-Same Hebb sequences was steeper than the 

control Hebb sequences.  

For the End-Same condition, the model predicts that the learning gradient at both the 

non-overlapping and overlapping sections should be similar to the control Hebb sequences. The 

results were, however, not completely consistent to the model predictions. The learning gradient 

of the End-Same Hebb sequences was similar to the control Hebb sequences for the non-

overlapping section, but was steeper than the control Hebb sequences for the overlapping 

section.  
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 The results of this experiment present two challenges to the Burgess and Hitch (2006) 

model. First, the presence of superior learning gradient of the End-Same Hebb sequences 

compared to the control Hebb sequences regarding the overlapping section suggests that learning 

of the overlapping sequences benefited the recall performance of the overlapping items. This 

challenges the model prediction which the context set of one of the Hebb sequences should not 

be involved in the encoding process of the other Hebb sequence. The lack of interaction between 

the memory trace regarding the overlapping items of the two Hebb sequences should therefore 

result in no superiority in recall performance compared to the control Hebb sequences. This 

observation that challenges the cumulative matching mechanism seems to be consistent with the 

findings in Experiments 1 and 2 which there was accumulation of memory traces along 

repetition(s) that shared cumulative match of 0% at beginning serial positions. 

However, caution is needed in interpreting the superiority of learning of the overlapping 

items in the End-Same Hebb sequences compares to the control Hebb sequences as an 

accumulation of memory trace as assumed by Hebb (1961). This is because accumulation of 

memory trace seems to assume that the overlapping information from the two End-Same Hebb 

sequences would be entered into the same storage. If there is accumulation of memory trace of 

the overlapping items along trials, regardless of whether the overlapping items were from the 

trials of Hebb 1 or Hebb 2, it would be unclear how there could be Hebb learning for the unique 

items in each of the Hebb sequences along trials, that is how was the unique information being 

stored separately along trials. One potential explanation could draw reference to the potential 

occurrence of a process in Experiments 1 and 2, that is the evaluation of similarity and 

differences among learned sequences which allow generation of a concept of the patterns of 

learned sequences. It was speculated that the concept could then assist participants to perform 
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better learning in the future. For the case in this experiment, perhaps participants had been aware 

of the pattern of the presence of an overlapping section and a non-overlapping section between 

the two Hebb sequences. They had then used this concept to better predict the structure of the 

future Hebb sequences and to formulate strategies, such as grouping (e.g., Frankish, 1985; 

Henson, 1999; Ryan, 1969a, 1969b), to better learn the future Hebb sequences. If so, the 

overlapping items and the two different sections of non-overlapping items could have been 

treated as three different groups. This could perhaps explain how there could be individual 

learning for the three different sub-sequences along the Hebb trials.  

 The second challenge to the model comes from the observation that learning of the Start-

Same Hebb sequences was not inferior to the control Hebb sequences for the non-overlapping 

section; indeed, there was superiority of learning of the Start-Same Hebb sequences. This 

challenges the prediction that unique item information from each of the Hebb sequences would 

load onto the context set of the other Hebb sequence, so that the two sequences would interfere 

with each other. This potentially relates to the performance observed in Experiments 1 and 2 

where the recall accuracy at the serial position(s) of item(s) substitution was not inferior to the 

filler sequences, which challenged the model prediction which recall at those serial position(s) 

should be impaired by the loading of novel item information to an original context set. As 

mentioned in the previous chapter, and speculated in the above paragraph, participants could 

have performed an evaluation of similarity/difference between learned sequences and could have 

then generated a concept of the patterns of those learned sequences, that is the concept that there 

was an overlapping section and a non-overlapping section between the two Hebb sequences. 

Participants could have then used this concept to devise strategies, such as grouping, to assist 

learning of the Hebb sequences. Because grouping essentially means that there was demarcation 
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between the overlapping items and the non-overlapping items within the Hebb sequence, the two 

groups of items may plausibly have used distinct context sets. Learning of the different non-

overlapping sections of the two Hebb sequences therefore would be similar to learning two 

individual sequences, and the two sub-sequences would not interfere with each other. As well as 

simply producing a lack of interference, this might explain why there was actually superior 

learning for the Start-Same Hebb sequences compared to the control Hebb sequences: learning at 

those serial positions in the Start-Same Hebb sequences may have been enhanced by grouping 

compared to learning at the corresponding serial positions in the control Hebb sequences which 

grouping might not have occurred (e.g., Frankish, 1985; Henson, 1999; Ryan, 1969a, 1969b).  

However, if we accept grouping as an explanation for the results observed, a question 

then is how strongly the observed result challenges the Burgess and Hitch (2006) model. This is 

because the model predictions for the Hebb effect were generated under the assumption that lists 

were entirely ungrouped, and that the non-overlapping items in the Hebb sequences use the same 

context set. It may be that allowing some additional assumptions about the grouping within Hebb 

lists, and the recruitment of new contexts for the non-overlapping groups, would allow the model 

to account for the learning observed here.   

 Experiment 4 was implemented in hope to confirm the results obtained in Experiment 3, 

not only on the results that were inconsistent to the model predictions but also for checking the 

presence of superior learning gradient of the Start-Same Hebb sequences compared to the control 

Hebb sequences at the overlapping section because the superiority observed in this experiment 

was only marginally significant. In Experiment 4, seven instead of four items were overlapping 

between the two Hebb sequences. This was implemented in hope to strengthen the effect of items 

overlapping.  
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Experiment 4 

 This experiment was a strengthened version of Experiment 3, with seven instead of four 

items between the two Hebb sequences overlapping. This increase in number of items 

overlapping was the only update from the previous experiment. As such, there were also three 

conditions, the Start-Same condition, the End-Same condition and the control condition.  

 The model predictions for the End-Same condition was identical to Experiment 3 because 

the Hebb sequences would be sharing a cumulative match of 0% at the beginning serial 

positions. The model prediction for the Start-Same condition was a bit different. Because the two 

seven-item-overlapping Hebb sequences would be sharing a cumulative match of 77.78% during 

the encoding of the last unique item in each of the sequences, which would also be the last item 

of the sequences, the two Hebb sequences should therefore be recruiting the same context set 

along trials. This means that there would be strengthening of the same context-item associations 

for the overlapping items along the trials of the two Hebb sequences. The learning gradient at the 

overlapping section should be superior to the control Hebb sequences. However, the context 

nodes in each of timing windows 8 and 9, that is the timing windows corresponded to the serial 

positions of the unique items of the two Hebb sequences, would have associations to the item 

node representing the unique item of Hebb 1 and the unique item of Hebb 2. The associations to 

each of the item node representing the unique item of Hebb 1 and the item node representing the 

unique item of Hebb 2 would be strengthened along the trials of the two Hebb sequences. This 

would therefore result in cue-overload effect at the non-overlapping section. The learning 

gradient at the non-overlapping section should be inferior to the control Hebb sequences.  

 

 



Chapter 3: Learning of Overlapping Sequences  136 
 

Method 

Participants. One hundred and fifty participants were recruited from the online testing 

platform Prolific Academic. The participation criteria and reimbursement were identical to 

Experiment 3. In addition, participants who had completed Experiment 3 could not sign up for 

this experiment.  

Design, Materials, and Procedure. There were no changes from Experiment 3 except 

the number of letters overlapping between the two Hebb sequences in the two experimental 

conditions increased from four to seven. The lists were constructed in the same fashion as for 

Experiment 3. 

Results 

The exclusion criteria were identical to Experiment 3. The recall accuracy of the bottom 

20% filler performance ranged between .01 and .29. The recall accuracy of the top 10% filler 

performance ranged between .70 and 1. The analyses were identical to Experiment 3.  

Examining the Presence of Hebb Learning in the Control Condition. The learning 

gradient of Hebb 1 and Hebb 2 was steeper than the filler sequences in the control condition 

(Hebb 1: b = .02, SE = .01, t(720) = 4.19, p < .001; Hebb 2: b = .02, SE = .01, t(720) = 3.40, p = 

.001; Figure 3.4). Hebb learning has therefore been established for each of the Hebb sequences. 

However, as shown in Figure 3.4, the learning was not as prominent as in Experiment 3, partly 

due to an apparent improvement in filler lists across trials. The learning gradient of Hebb 1 and 

Hebb 2 was not significantly different (b = -.005, SE = .006, t(720) = -.79, p = .43; Figure 3.4).  
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Figure 3.4 

Recall Accuracy of the Hebb Sequences and the Filler Sequences as a function of Position in 

Block 0 to 6 in the Control Condition in Experiment 4 

 

 

Comparing the Level of Learning between the Experimental Hebb Sequences and 

the Control Hebb Sequences. 

The Start-Same Hebb Sequences vs the Control Hebb Sequences. At the overlapping 

section (i.e., serial positions 1 to 7), the learning gradient of the Start-Same Hebb sequences was 

not significantly different from the control Hebb sequences (b = .03, SE = .03, z = 1.08, p = .630; 

left panel of Figure 3.5). However, in the figure, there seems to be a rather drastic increase in 

recall accuracy along position in block 0 to 2 while a relatively consistent recall accuracy along 

the subsequent position in block. This prompted an examination of whether the visually drastic 
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increase in recall accuracy was significantly superior to the control Hebb sequences. The same 

analysis as above was conducted except the position in block of interest was confined to 0 to 2 

that is to examine whether the learning gradient of Start-Same Hebb sequences at the 

overlapping section was superior to the control Hebb sequences along position in block 0 to 2. 

The results showed steeper learning gradient for the Start-Same Hebb sequences (b = .31, SE = 

.11, z = 2.83, p = .005). 

At the non-overlapping section (i.e., serial positions 8 and 9), the learning gradient of the 

Start-Same Hebb sequences was not significantly different from the control Hebb sequences (b = 

-.08, SE = .05, z = -1.48, p = .140; right panel of Figure 3.5).  

 

Figure 3.5 

Recall Accuracy of the Start-Same and Control Hebb Sequences as a function of Position in 

Block 0 to 6 regarding the Overlapping Section (left panel) and the Non-Overlapping Section 

(right panel) in Experiment 4 

 

 

Note. SP refers to serial position. Filler performance of the two conditions was included for 

visual comparison. 
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The End-Same Hebb Sequences vs the Control Hebb Sequences. At the non-

overlapping section (i.e., serial positions 1 and 2), the learning gradient of the End-Same Hebb 

sequences was not significantly different from the control Hebb sequences (b = -.003, se = .06, z 

= -.05, p = .963; left panel of Figure 3.6). At the overlapping section (i.e., serial positions 3 to 9), 

the learning gradient of the End-Same Hebb sequences was also not significantly different from 

the control Hebb sequences (b = .03, se = .03, z = 1.08, p = .282; right panel of Figure 3.6). 

 

Figure 3.6 

Recall Accuracy of the End-Same and Control Hebb Sequences as function of Position in Block 0 

to 6 regarding the Non-overlapping Section (left panel) and the Overlapping Section (right 

panel) in Experiment 4 

 

 

Note. SP refers to serial position. Filler performance of the two conditions was included for 

visual comparison.  
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Discussion 

 Experiment 4 was a strengthened version of Experiment 3, implementing seven instead of 

four items overlapping between the two Hebb sequences. This was to confirm the findings in 

Experiment 3, particularly the results that were inconsistent with the model predictions: the 

presence of superior learning at the overlapping section of the End-Same Hebb sequences, and 

the presence of superior learning at the non-overlapping section of the Start-Same Hebb 

sequences. Also, although the overlapping section of the Start-Same Hebb sequences was 

superior to the control Hebb sequences in Experiment 3, the superiority was only marginally 

significant, Experiment 4 aimed to confirm on this result. The section below briefly presents the 

model predictions regarding the comparison of learning gradient between the experimental Hebb 

sequences and the control Hebb sequences, and whether the results were consistent to the 

predictions.  

 For the Start-Same condition, regarding the overlapping section, the model predicts that 

the learning gradient of the Start-Same Hebb sequences would be steeper than the control Hebb 

sequences. The results were not consistent to this prediction, as the learning gradient of the Start-

Same Hebb sequences was found to be not significantly different from the control Hebb 

sequences. However, more detail inspection of the results showed that there was steeper learning 

gradient for the Start-Same Hebb sequences but was confined to position in block 0 to 2. The 

recall accuracy was maintained at a very similar level along further position in block, resulting 

an overall learning gradient to be not significantly different from the control Hebb sequences. 

Although the superiority in learning for the Start-Same Hebb sequences did not span along the 

whole spectrum of position in block, the presence of superiority along position in block 0 to 2, 

nonetheless, provided evidence that there was enhancement of learning for the overlapping 
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items. This offered some support to the model prediction, but caution is needed for such 

interpretation as this was based on a post-hoc analysis.  

 Regarding the non-overlapping section, the model predicts that the learning gradient of 

the Start-Same Hebb sequences should be inferior to the control Hebb sequences because of the 

presence of cue-overload effect. The results were, however, not consistent with this prediction, 

as the learning gradient of the Start-Same Hebb sequences was found to be not significantly 

different from the control Hebb sequences. This result was, in fact, rather consistent to the 

findings in the previous experiment which learning was found to be superior to the control Hebb 

sequences. As such, both experiments found absence of inferior learning for the non-overlapping 

items in Start-Same Hebb sequences.  

As speculated in the previous experiment, the process of evaluation of 

similarity/difference among learned sequences may have occurred. Participants could have been 

aware of the presence of the overlapping and non-overlapping sections between the two Hebb 

sequences and could have then formulated strategies, such as grouping, to aid learning of the 

Hebb sequences. However, as also previously mentioned, there are questions about how strongly 

these results rule out the Burgess and Hitch (2006) model without considering further 

assumptions about grouping in the model.   

As such, Experiments 3 and 4 are consistent with the involvement of an evaluation 

process and grouping in learning, allowing the avoidance of interference between mismatch 

items along repetitions. In fact, such an enhancing effect might account for the findings in one of 

the previously mentioned study that challenges the cumulative matching mechanism of the 

Burgess and Hitch (2006) model—Szmalec and colleagues’ (2009) findings. As previously 

mentioned Szmalec and colleagues presented a Hebb repetition task to participants. In the task, a 
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Hebb sequence comprised nine nonsense syllables. The nine nonsense syllables were divided 

into three groups, that is the first three nonsense syllables being the first group, the following 

three nonsense syllables being the second group, and the last three nonsense syllables being the 

third group. Along the repetitions, the order of the three groups altered while the order of items 

within each group remained unchanged. Importantly, such grouping was done without notifying 

participants or signalled by additional stimuli such as temporal pauses. Szmalec and colleagues 

found that there was Hebb learning for each of the three groups of nonsense syllables. Such 

results were previously interpreted as a challenge to the cumulative matching mechanism of the 

Burgess and Hitch (2006) model because the cumulative match at the beginning serial positions 

between those repetitions would not be able to exceed the assumed threshold of 60% and so 

learning would not be predicted along repetitions. However, if it is assumed that participants had 

performed grouping for each of the three groups of nonsense syllables, and each of those groups 

recruited its own context set, learning would be predicted to occur, that is there would be 

strengthening of the corresponding context-item associations for each of the three groups of 

items along the repetitions. As such, there seems to be some supportive evidence that grouping 

might modulate Hebb learning for structured lists.  

 For the End-Same condition, the model predicts that the learning gradient of the End-

Same Hebb sequences for both the overlapping and non-overlapping sections should be similar 

to the control Hebb sequences. The results were consistent with the model predictions for both 

sections. This result was, however, inconsistent with the findings in the previous experiment 

where the learning gradient of the overlapping section of the End-Same Hebb sequences was 

found to be superior to the control Hebb sequences. This inconsistency perhaps could be 

explained by the difference in the structure of number of items in the overlapping/non-
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overlapping section in the Hebb sequences between the two experiments. As previously 

speculated that a process of evaluation of similarity/difference among learned sequences could 

have occurred during learning, participants in both experiments could have identified the 

overlapping and non-overlapping sections between the two Hebb sequences, and separately 

grouped the overlapping and non-overlapping sections. However, because the grouping structure 

of 5 items-4 items (for the End-Same Hebb sequences in Experiment 3) was more helpful for 

encoding than the grouping structure of 2 items-7 items (for the End-Same Hebb sequences in 

Experiment 4), participants in Experiment 3 may have been more prone to perform grouping. 

Learning of the overlapping items along trials in Experiment 3 may therefore have been easier, 

resulting the superior learning in Experiment 3 but not in Experiment 4.  

Summary 

 Experiments 3 and 4 tested the cumulative matching mechanism of the Burgess and Hitch 

(2006) model by examining whether learning of overlapping sequences would enhance the 

learning of each other. The model predicts that sequences that shared overlapping items at the 

beginning serial positions would be identified as a match during the encoding of the overlapping 

items in one of the sequences. There would be strengthening of the context-item associations for 

those found matched sub-sequences. Even if the cumulative match between those sequences and 

the incoming sequence would later drop below the threshold of 60% such that the context sets of 

those sequences would be discarded from the cohort for potential recruitment, the strengthened 

context-item associations regarding the overlapping items should retain.  

Experiments 3 and 4 tested this prediction by presenting two overlapping Hebb sequences 

in the same Hebb repetition task. In particular, the overlapping section was at the beginning. In 

Experiment 3, the first four items between the two Hebb sequences overlapped. In Experiment 4 
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(which was implemented as a strengthened version of Experiment 3), seven items between the 

two Hebb sequences overlapped. The results of the two experiments were somewhat consistent. 

The two experiments consistently showed that learning of beginning-overlapping sequences 

would enhance the learning of the overlapping items in each other. However, the two 

experiments also consistently showed that there was no interference in learning at the non-

overlapping section between the two sequences, which was in contrary to the prediction of the 

Burgess and Hitch (2006) model. A potential explanation for the lack of interference could be the 

involvement of a process of evaluation of similarity and differences among learned sequences 

which assisted participants in identifying the presence of an overlapping section and a non-

overlapping section between the two Hebb sequences. Participants could have then used this 

concept to generate strategies, such as grouping, to assist learning of the information in the two 

Hebb sequences. The non-overlapping items in each of the two Hebb sequences being learned as 

individual sequences therefore allowed avoidance of interference from each other. However, 

because this technically means that the non-overlapping items were using a separate context set 

from the overlapping items in the Hebb sequences (which therefore allowed avoidance of cue-

overload effect), the results generated under grouping perhaps could not provide a strong test to 

the model until assumptions for grouping have been considered.  

Experiments 3 and 4 also tested the assumption that learning can only occur when 

repetitions share cumulative match above the assumed threshold of 60%. In both experiments, a 

condition in which the items at ending serial positions were overlapping was administered. The 

last four items between the two Hebb sequences were overlapping in Experiment 3 while the last 

seven items were overlapping in Experiment 4. The results of both experiments were not 

consistent. There was enhancement of learning from overlapping items in Experiment 3 but there 
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was no enhancement observed in Experiment 4. These results were not considered as strong test 

of the Burgess and Hitch (2006) model because an evaluation process and grouping seem to have 

been involved, allowing the use of individual context set for the overlapping and non-

overlapping sections. This perhaps converges to the need to first understand how the model 

would account for recall under grouping. 



Chapter 4: Necessity of Awareness for Hebb Learning  146 
 

Chapter 4: The Necessity of Awareness of the Repetitions for Hebb Learning 

This chapter presents the results of a test of the Burgess and Hitch’s (2006) suggestion 

that awareness of the repetitions is not necessary for Hebb learning. Burgess and Hitch (2006) 

did not discuss the role of awareness in learning in any depth. They only mentioned that the 

model allows incoming sequence to recruit the context set of a different sequence if the incoming 

sequence and that previously learned sequence is similar enough (that is at least passes the 60% 

cumulative match threshold). They indicated that a previously learned sequence need not be 

“recognized” for learning to occur. They then referenced previous findings (i.e., Hebb, 1961; 

McKelvie, 1987), which implied that awareness of repetitions was not required for Hebb 

learning to occur. This chapter aims to comprehensively examine the role of awareness in the 

Hebb repetition effect, and thus examine the basis for this remark. 

Several studies have examined this topic and the majority of the studies have found that 

Hebb learning was possible in the absence of awareness (as reviewed in the General introduction 

in Chapter 1). The majority of the studies examined the involvement of awareness by 

administering a post-experiment question or questionnaire to identify participants as aware or 

unaware of the repetitions during the Hebb repetition task. Those studies then examined the 

presence of Hebb learning in the group of unaware participants (to answer the question of 

whether Hebb learning is possible under absence of awareness) and compared the rate of 

learning between the groups of aware and unaware participants (to examine whether awareness 

contributes to Hebb learning). This procedure was incorporated into Experiments 1 and 2 of the 

thesis. Aside from being another study examining this topic, the relatively larger number of 

participants recruited in Experiments 1 and 2, as compared to the existing studies, could 
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potentially allow more confident investigation of the performance of the aware and unaware 

participants. 

 As mentioned above, the testing procedure for exploring the necessity of awareness for 

Hebb learning involved presenting a post-experiment question or questionnaire for identifying 

participants as aware or unaware of the repetitions. The presence of Hebb learning was then 

examined in each of the two groups of participants. The learning gradient between the two 

groups was then examined. For most of the studies, there was presentation of one question to 

probe participants’ awareness of the repetitions. The one question asked whether the participants 

had noticed anything particular about the procedure during the experiment (e.g., Couture & 

Tremblay, 2006; Guérard et al., 2011; Hitch et al., 2009). The question was designed to be 

ambiguous and nonsuggestive, as explicitly asking participants if they noticed that repetition was 

occurring might generate demand characteristics.  

One of the studies (McKelvie, 1987), however, administered a series of questions to 

probe participants’ awareness of the repetitions. McKelvie (1987) suggested that a critical step 

for examining the presence of Hebb learning in the group of unaware participants is to accurately 

identify participants that were unaware of the repetitions, that is, to ensure that the participants in 

the unaware group are genuinely unaware of the repetitions, or have the least awareness of the 

repetitions. In other words, a critical step is to avoid erroneous inclusion of aware participants 

into the unaware group. To do so, McKelvie (1987) developed a questionnaire with questions 

that have increasing explicitness in making reference to the repetitions for probing participants’ 

awareness of the repetitions. The first question of the questionnaire is the most ambiguous 

question, as similar to the single question administered in the majority of studies, asking “During 

the course of the experiment, did you notice anything particular about the procedure?”. The 
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subsequent questions are increasingly more explicit, with a later question announcing the 

presence of the repetitions to the participants and asking whether they were aware of the 

repetitions during the experiment. Participants are initially classified as aware or unaware based 

on the first question, that is the most ambiguous and nonsuggestive question. This means 

participants who provided answers that are relevant to the repetitions would be identified as 

aware whereas participants that did not provide answers that are relevant to the repetitions would 

be identified as unaware. Participants placed initially into the unaware group who then provided 

answers that are relevant to the repetitions on the subsequent questions would then be reassigned 

from the unaware group to the aware group. As such, more participants from the unaware group 

would be moved from the unaware group to the aware group along the questions in the 

questionnaire. After the most explicit question—which reveals the presence of the repetitions to 

the participants and asks them whether they were aware of the repetitions during the Hebb 

repetition task—there are questions asking about the patterns and details regarding the 

repetitions, such as the spacing of repetitions, number of repetitions, and to reproduce the 

repeating sequence. Participants who reported being unaware of the repetitions in that most 

explicit question would be identified as aware if they answered correctly to any of those 

subsequent questions. This approach was designed to minimize the potentially aware participants 

to be included in the unaware group. As such, participants that remained in the unaware group 

should be genuinely unaware of, or have the least awareness of, the repetitions. The recall 

performance of the resultant group of unaware participants should be most reflective of the 

performance in the absence of awareness.  

It should be noted that McKelvie’s (1987) findings were consistent with the majority of 

studies that only employed one ambiguous question for probing awareness, which Hebb learning 
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was found in the group of unaware participants and that the rate of learning for the unaware 

participants was not different from the aware participants. On this basis, it might be argued that 

using such a detailed method is unnecessary. Although the use of this questionnaire did not yield 

inconsistent results from the majority of studies, the aim here was to provide a strong and robust 

examination of the role of awareness in a large sample. Experiments 1 and 2 therefore employed 

McKelvie’s questionnaire, with some minor variations. 

Adapted Version of McKelvie’s (1987) Questionnaire 

 Experiments 1 and 2 employed an adapted version of McKelvie’s (1987) questionnaire. 

McKelvie’s (1987) questionnaire and the adapted questionnaire employed in Experiments 1 and 

2 are presented in Table 4.1. McKelvie’s (1987) questionnaire was designed for verbal 

administration; the questionnaire was modified for visual administration through Qualtrics in 

Experiments 1 and 2. In addition, one question was added (i.e., Question 3 of the adapted 

questionnaire). The added question was an ambiguous question for probing awareness without 

revealing the pattern of repetition to the participants. An original question from McKelvie’s 

questionnaire has also been removed (i.e., Question 5 and 8 of McKelvie’s questionnaire) 

because the question was considered as not particularly diagnostic of awareness.  
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Table 4.1 

McKelvie’s (1987) Questionnaire and the Adapted Questionnaire for Experiments 1 and 2 

McKelvie’s (1987) questionnaire Adapted questionnaire  

Question 

number  

Question Question 

number 

Question 

1 During the course of the 

experiment, did you notice 

anything particular about the 

procedure? If yes, what 

1 During the experiment, did you 

notice anything particular about 

the procedure? If yes please 

explain what it was (in less than 

100 words). 

2 Do you now think that there was 

anything particular about the 

procedure? If yes, what? 

2 Do you now think that there was 

anything particular about the 

procedure? If yes, please explain 

what it was (in less than 100 

words). 

  3 During the experiment, did you 

notice any pattern in the way the 

sequences were presented? If yes, 

please explain what it was (in less 

than 100 words).  

3 Would you say that any set of 

digits was repeated during the 

experiment? If yes, give Questions 

4 to 7. If no give Questions 8 to 

11. 

4 Would you say that any sequence 

of digits was repeated during the 

experiment? 

--Option “Yes” 

--Option “No” 

If “Yes”, go to Question 4.1 

If “No”, go to Question 5 

4 Were you aware during the 

experiment that repetition was 

occurring, or are you just aware 

now? If during, when did you 

become aware? 

4.1 Were you aware during the 

experiment that repetition was 

occurring, or are you just aware 

now? 

--Option “During” 

--Option “Now” 

If “During” go to Question 4.1.1 

If “Now”, go to Question 4.2 

  4.1.1 When did you become aware that 

repetition was occurring during the 

experiment? (Please explain in less 

than 100 words) 

5 How many sets were repeated?   

6 How often was it (were they) 

repeated? 

4.2 How often was the 

sequence/sequences of digits 

repeated? 

--Option “Every sequence” 
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--Option “Every 2nd sequence” 

--Option “Every 3rd sequence” 

--Option “Every 4th sequence” 

--Option “Every 5th sequence” 

--Option “Every 6th sequence” 

--Option “Every 7th sequence” 

--Option “Every 8th sequence” 

--Option “Every 9th sequence” 

--Option “Every 10th sequence” 

7 Can you now give any repeated 

set? Go to Question 11 

4.3 Please try your best to recall as 

many repeated sequences as you 

can remember in the box below 

(one sequence per line). 

*End of Questionnaire* 

  5 (This question is a rephrased 

version of Question 4.3 for 

participants who chose “No” in 

Question 4) 

Given that some sequences were 

repeated, please try your best to 

recall as many repeated sequences 

as you can remember in the box 

below (one sequence per line).  

*End of questionnaire* 

8 I will tell you that repetition did 

occur. How many sets do you 

think were repeated? 

  

9 How often was it (were they) 

repeated? 

  

10 Can you now give any repeated 

set? 

  

11 One set was in fact repeated eight 

times. What do you think it was? 

*End of questionnaire* 

  

Note. Similar questions between McKelvie’s (1987) questionnaire and the adapted questionnaire 

for Experiments 1 and 2 are presented in the same row. 
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Only Four Questions of the Administered Questionnaire were Considered Useful for 

Classification 

 For classifying participants as aware or unaware, the initial plan was to follow 

McKelvie’s (1987) procedure of classification: (a) classify participants as aware or unaware 

based on the first question, that is participants who reported answers that were relevant to the 

repetitions would be classified as aware while participants who reported answers that were not 

relevant to the repetitions would be classified as unaware; (b) participants from the unaware 

group who reported answers that were relevant to the repetitions in Questions 2 or/and 3 would 

be removed from the unaware group into the aware group; (c) participants from the unaware 

group up until Question 3 who reported being aware of the repetitions in Question 4, and 

reported being aware of the repetition “during” the Hebb repetition task instead of being aware 

of the repetitions just “now” in Question 4.1, would be reassigned from the unaware group into 

the aware group; and (d) participants from the unaware group up until Question 3 who reported 

being unaware of the repetitions in Question 4, or reported being aware of the repetitions in 

Question 4 but reported being aware just “now” instead of “during” the experiment in Question 

4.1 would also be reassigned from the unaware group into the aware group if they answered 

correctly to any of Questions 4.2 and 4.3. However, during the classification process, Questions 

4, 4.1, and 4.2 were found to be less appropriate or not diagnostic for classification and so only 

Questions 1 to 3, and 4.3 were employed for classification. The reasoning of which Questions 4 

to 4.2 were considered as less diagnostic for classification is as follow. 

 Regarding Questions 4 and 4.1, because the possibility of repetitions had been explicitly 

mentioned to the participants, those questions could produce demand characteristics, such that 

participants could report being aware of the repetitions even though they were (up to that point) 
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unaware. This perhaps would be less of a concern if the analysis was only targeted to explore the 

presence of Hebb learning in the unaware group because removing self-reported aware 

participants, including participants that were potentially unaware of the pattern, could only 

minimize the chance of including aware participants in the unaware group. If Hebb learning was 

found present in the unaware group, the result would be very reflective of that Hebb learning is 

possible under the absence of awareness. However, because the current analysis also aimed to 

explore the difference in learning gradient between the aware and unaware participants, 

erroneously classifying unaware participants as aware participants would confound such 

analysis. Questions 4 and 4.1 were therefore excluded from the classification process.  

 Regarding Question 4.2, McKelvie’s (1987) reasoning for using this question for 

classification was that participants who are aware of the repetitions should be able to accurately 

report the spacing of the repetitions. Accordingly, participants in the unaware group who could 

output the correct spacing of the repetitions might be aware of the repetitions. However, from the 

data of Experiments 1 and 2, the assumption of which aware participants could accurately report 

the spacing of repetitions did not seem to have been supported. In Experiment 1, up until 

Question 3, 91 participants (of the total of 125 participants in the experiment) were classified as 

aware. Among the 91 participants, 34.1% (i.e., the majority) chose “Every 5th sequence”, 30.8% 

chose “Every 4th sequence”, 14.3% chose the correct spacing of “Every 3rd sequence” while the 

remaining 19.8% chose one of the remaining options, including one participant choosing “Every 

10th sequence”. In Experiment 2, up until Question 3, 75 participants (out of the total of 104 

participants in the experiment) were classified as aware. Among the 75 participants, 36% (i.e., 

the majority) chose “Every 4th sequence”, 25.3% chose “Every 5th sequence”, 12% chose the 

correct spacing of “Every 3rd sequence” while the remaining 18.7% chose one of the remaining 
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options including three of the participants choosing “Every 9th sequence”. The data of 

Experiments 1 and 2 showed that the aware participants were not necessarily able to accurately 

report the correct spacing of repetitions. As such, participants from the unaware group who 

reported the correct spacing could not confirmatively mean that they were aware of the 

repetitions. This question therefore did not seem to be a sensitive probe for identifying 

participants as aware or unaware. This question was therefore excluded from the classification 

process.  

 To note, Question 4.3—recalling the repeated sequence—was initially considered as not 

useful for classification because of the demanding nature of the question. Compared to 

McKelvie’s (1987) experiment, in which participants were exposed to a single Hebb sequence, 

each of Experiments 1 and 2 comprised four conditions such that participants were exposed to 

four different Hebb sequences. In addition, there were modifications of the repetition(s) of the 

Hebb sequences within a block. For this question, most of the participants from both 

Experiments 1 and 2 have provided one or two sequences, or fragments of sequences. This 

question was therefore initially excluded from the classification process. However, upon 

inspection of the responses, particularly the responses that comprised nine-item sequence(s), a lot 

of those sequences were fully correct or were one or two items less than fully correct. This 

prompted the inclusion of this question for classification.  

 As a whole, only Questions 1 to 3, which were the ambiguous questions, and Question 

4.3, which required participants to output the learned Hebb sequences, were used for 

classification. The section below presents the results of the analyses of whether Hebb learning 

was present in the group of unaware participants, and whether the learning gradient differed 

between the aware and unaware participants, for each of Experiments 1 and 2. 
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Results 

 The filtering criteria employed in the main analyses of Experiments 1 and 2, whereby the 

data of participants whose filler performance was at the bottom or top 10% were excluded, were 

not implemented for these analyses. This is because previous findings have rather consistently 

showed that the number of participants in the unaware group was lower than the aware group 

(e.g., Couture & Tremblay, 2006, Experiment 2; Guérard et al., 2011; Hebb, 1961; Hitch et al., 

2009, Experiment 1; McKelvie, 1987), and one study has found that the overall performance for 

the unaware participants was lower than the aware participants (Couture & Tremblay, 2006). 

This raised the concern that excluding participants from the lower end of filler performance 

would remove a large proportion of participants from the already small unaware group. The 

exclusion criteria were therefore not implemented for these analyses.  

Results for Experiment 1 

 In Experiment 1, 95 out of 125 participants were classified as aware, the remaining 30 

participants were classified as unaware. To examine the presence of Hebb learning, for each of 

the two groups of participants, the recall performance of the Hebb and filler sequences in each of 

position in block 0 to 7 was collapsed across the four conditions for the analysis (we omitted 

position in block 8 because in the experimental conditions this was the point at which an item 

substitution occurred). 

 A linear mixed effect regression model was then formulated for each of the two groups of 

participants. In the model, recall accuracy was entered as the dependent variable. Regarding the 

independent variables, position in block (i.e., ranging from 0 to 7) and the interaction between 

position in block and trial type (i.e., Hebb vs filler sequences) were entered as the fixed effects. 

Individual differences were entered as the random effect for the intercept only. This model was 
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then compared against a baseline model which was identical to the above mentioned model 

except that the interaction component was not included. In the analysis, filler performance was 

set as the baseline for comparison. A positive beta value means a larger gradient for the Hebb 

sequence while a negative beta value refers to a smaller gradient for the Hebb sequence. The 

results showed that the learning gradient for the Hebb sequence was larger than for the filler 

sequences for both groups of aware and unaware participants (aware: b = .03, SE = .001, t(5985) 

= 22.80, p < .001; unaware: b = .01, SE = .002, t(1890) = 5.18, p < .001; Figure 4.1).  

 To compare the learning gradient for the Hebb sequence between the aware and unaware 

groups, another linear mixed effect regression model was formulated. From the data set used in 

the above analysis, the data regarding the filler performance were excluded. In the model, recall 

accuracy was entered as the dependent variable. For the independent variables, position in block 

and the interaction between position in block and group (i.e., aware vs unaware group) were 

entered as fixed effects, individual differences were once again entered as the random effect for 

the intercept only. This model was then compared against a baseline model which was identical 

to the above mentioned model except that the interaction component was not included. In the 

analysis, performance for the aware group was set as the baseline for comparison. Critically, the 

results showed that the learning gradient for the unaware participants was not as steep as the 

learning gradient for the aware participants (b = -02, SE = .002, t(25020) = -7.29, p < .001) ), 

suggesting more rapid learning in the aware participants.  
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Figure 4.1 

Recall Accuracy of Hebb and Filler Sequences as a Function of Position in Block 0 to 7 for the 

Aware (Left Panel) and Unaware Participants (Right Panel) in Experiment 1 

 

 

Results for Experiment 2 

 In Experiment 2, 77 of the total of 104 participants were classified as aware while the 

remaining 27 participants were classified as unaware. From the data set, only the data regarding 

the control condition were used for the analyses because the repetitions of the Hebb sequence in 

each of the three experimental conditions had been modified. The same model comparison 

analyses conducted in Experiment 1 were conducted for Experiment 2.  

 The results showed that the learning gradient for the Hebb sequence was steeper than for 

the filler sequences for both groups (aware: b = .04, SE = .003, t(1155) = 16.33, p < .001; 

unaware: b = .02, SE = .004, t(405) = 3.72, p < .001; Figure 4.2). However, once again the 

learning gradient for the unaware group was not as steep as the aware group (b = -.02, SE = .005, 

t(3060) = -4.50, p < .001).  
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Figure 4.2 

Recall Accuracy of Hebb and Filler Sequences as a Function of Position in Block 0 to 7 for the 

Aware (Left Panel) and Unaware Participants (Right Panel) in Experiment 2  

 

 

Discussion 

 The results of Experiments 1 and 2 consistently showed the presence of Hebb learning in 

the group of unaware participants, suggesting that awareness of repetitions is not a necessary 

prerequisite for Hebb learning. This is consistent with the majority of studies examining the role 

of awareness in Hebb learning (e.g., Couture & Tremblay, 2006; Guerard et al., 2011; Hitch et 

al., 2009; McKelvie, 1987) and also Burgess and Hitch’s (2006) suggestion. However, the results 

in Experiments 1 and 2 also consistently showed that the learning gradient for the Hebb sequence 

for the group of aware participants was greater than the unaware participants. This suggests that 

awareness of repetitions modulates the degree of Hebb learning, which is inconsistent with the 

results of previous studies on the effects of the awareness. This perhaps also suggests that 
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Burgess and Hitch’s (2006) model lacks an account for the supporting role of awareness of 

repetitions.  

 An initial speculation of why superior learning was found for the aware participants in 

Experiments 1 and 2 but not in the majority of other studies was that Experiments 1 and 2 

employed three more probing questions than the majority of studies; accordingly, more aware 

participants from the unaware group could have been identified and removed from the unaware 

group into the aware group. The performance for the group of unaware participants in 

Experiments 1 and 2 could therefore have been less confounded, as in less lifted, by the superior 

performance from the aware participants. This speculation, however, was not strongly supported 

by the data in Experiments 1 and 2. In Experiment 1, among the 95 aware participants, 89 of 

them were identified as aware based on Question 1. Six of the participants from the unaware 

group were later identified as aware based on Questions 2, 3, and 4.3. In Experiment 2, among 

the 77 aware participants, 69 of them were identified as aware based on Question 1. Eight of the 

participants from the unaware group were later identified as aware based on Questions 2, 3, and 

4.3. This relatively small number of aware participants captured using Questions 2, 3, and 4.3 in 

both Experiments 1 and 2 should not have been influential enough to result in a difference in 

findings between Experiments 1 and 2 and the studies that used only one question. The usage of 

three more questions for classification should therefore not be a strong reason for such 

discrepancy in results.  

 One other potential reason could be the larger number of participants recruited in each of 

Experiments 1 and 2 compared to the majority of studies. In most of the studies, there were 

roughly 15 to 30 participants in each of the groups. In each of Experiments 1 and 2, there were 

approximately 30 participants in the unaware group but 80 participants in the aware group. The 



Chapter 4: Necessity of Awareness for Hebb Learning  160 
 

larger number of participants in the aware group could have provided a clearer learning trend for 

comparison compared to other studies.  

 However, before drawing the conclusion that Hebb learning is possible under the absence 

of awareness of repetitions and that the awareness could assist Hebb learning, there is one 

important point that should be taken into consideration. The procedure of classifying participants 

as aware or unaware in Experiments 1 and 2, and in the majority of studies, assumes that 

awareness is an all-or-none construct. There is, however, still debate of whether awareness is an 

all-or-none construct or more continuous in nature (e.g., Sechlar & Watkins, 1991). If varies 

continuously, participants from the unaware group could have had a smaller degree of awareness 

of the repetitions compared to the participants in the aware group. The degree of awareness could 

be so small that the probing questions administered could not prompt the output of the pattern, so 

those participants appeared unaware. As such, the difference in learning gradient between the 

aware group and the unaware group should be interpreted as due to the difference in degree of 

awareness but not due to the presence or absence of awareness.  

In fact, the concept of awareness being continuous in nature has received some support 

from Sechler and Watkins’s (1991) study in which the performance on the Hebb repetition task 

(as calculated by the difference in accuracy score between the recall of the Hebb sequence and 

the filler sequences) was found to be positively correlated with the degree of certainty of the 

presence of repetitions, and with the estimated frequency of the repetitions. In another study 

(Gagnon et al., 2005), a group of participants who received notification of the presence of the 

repetitions prior to the Hebb repetition task was found to have performed better on the Hebb 

sequence compared to another group of participants who were not notified of the repetitions 

before the task. Notably, a majority of the participants who were not notified of the repetitions 
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before the task reported being aware of the repetitions during the task in a post-experiment 

question. This shows that the two groups of participants did not differ much in their awareness of 

the repetitions. The difference in performance on the Hebb sequence between the two groups 

therefore should not be attributed to the presence or absence of awareness of the repetitions. One 

suggestion, following the discussion above, is that the difference between the two groups was in 

the degree of awareness of the repetitions, with participants being notified of the presence of 

repetition being more aware of the repetitions than the participants who discovered the presence 

of repetitions by themselves during the task. As such, the superior performance for the 

participants who were notified of the repetition could perhaps be attributed to a greater degree of 

awareness.  

 However, perhaps the foremost issue for examining whether awareness is necessary for 

Hebb learning is that the nature of awareness has not been well understood. For example, how is 

awareness of repetitions is generated in the first place? Potentially there is no circumstance in 

which there isn’t at least some awareness of a learned sequence and a learned repetition. By 

drawing reference to the learning of a sequence in an immediate serial recall task, participants 

having trouble recalling a learned sequence after learning another six unique sequences does not 

mean that the participants have no memory of that previously learned sequence, as demonstrated 

by the consistent finding that Hebb learning was possible under wide spacing of repetitions. In a 

similar sense, participants could be aware of every sequence learned and also every repetition of 

a learned sequence. However, the degree of awareness of the freshly learned information could 

be minor, so that the participants could not reliably output the pattern of repetition or prompted 

to express familiarity of the learned information. There could potentially be no circumstances 

that there is genuine absence of awareness of any learned sequence, or every learned repetition of 
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a sequence. If this is the case, the question of whether Hebb learning could occur under the 

absence of awareness of repetitions would not be valid. There could be low degree of awareness 

of repetition but never absence of awareness.  

This also brings in another point that needs to be taken into consideration while 

answering the question of whether awareness of repetitions is necessary for Hebb learning. This 

question has assumed a contributing role of awareness in Hebb learning. However, because the 

nature of awareness has not been well understood, awareness could potentially solely be a 

consequence of learning and have no further contributing role in learning; that is, awareness 

could be a product of memory accumulation and have no further assisting role in learning. Of 

course, another possibility is that awareness could be a consequence of learning but would elicit 

other processes that would have an assisting role in learning. This possibility could potentially 

receive some support from the findings in the four experiments in the thesis that some 

participants seem to be aware of the similarities and differences among learned sequences and 

therefore generated strategies such as grouping to learn future sequences better. This seems to 

suggest that awareness was instrumental for generating the strategies, but must remain 

speculative in the absence of clear diagnostic evidence.  

Perhaps with the current limited understanding of how awareness of repetitions is 

generated during the learning process and how such awareness could further be involved in the 

learning process, the finding of superior learning for the aware group in Experiments 1 and 2 

perhaps would be more appropriate to be conservatively interpreted as higher degree of 

awareness was associated with greater degree of learning instead of resulting greater degree of 

learning.  
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From here, perhaps the foremost step is to understand how awareness of repetitions is 

generated in the first place, that is how such awareness is generated along the process of 

learning. This could potentially answer the previously presented queries of whether there could 

be genuine absence of awareness of repetitions, and whether awareness is a continuous-scale 

construct that could potentially be built up along learning of repetitions. This perhaps would be a 

fruitful starting point for understanding the results of Experiments 1 and 2 of how higher degree 

of awareness was associated with better learning.  

 In summary, Experiments 1 and 2 consistently showed that there was Hebb learning for 

the participants in the unaware group. This is consistent with the findings in the majority of 

studies. However, Experiments 1 and 2 also showed that the learning gradient for the Hebb 

sequence for the participants in the unaware group was inferior to the participants in the aware 

group. This is not consistent with the findings of the majority of studies. One speculation for 

such discrepancy in results between Experiments 1 and 2 and the majority of studies is that the 

higher number of participants recruited in Experiments 1 and 2 could perhaps provide more 

representative results. However, Experiments 1 and 2 seems to be the only two experiments that 

found a difference in learning between the two groups of awareness. This prompts a replication 

of the results, perhaps with the recruitment of a larger number of participants.  

While the results of Experiments 1 and 2 seems to suggest that Hebb learning was 

possible under the absence of awareness of repetitions and that the awareness could assist Hebb 

learning, there are three points needed to be considered. First, there is currently still debate of 

whether awareness is an all-or-none construct or a continuous-scale construct, the inferior 

learning observed in the unaware group could be attributed to a lower degree of awareness 

instead of an absence of awareness. Second, the process of how awareness of repetitions is 
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generated along the learning process is still not well understood, it is not known whether there is 

genuine absence of awareness of every sequence learned or every repetition learned. The 

question of whether Hebb learning could be possible under absence of awareness could therefore 

potentially be not valid. Third, there is currently still no evidence that awareness is contributive 

to Hebb learning. Awareness could potentially be a product of Hebb learning which serve no 

supportive role.  

Perhaps before the above questions have been solved, it would be difficult to reach a 

clearer conclusion of what the results of Experiments 1 and 2 suggest, and whether Burgess and 

Hitch’s (2006) remark for the model has been supported. And perhaps to answer the above three 

questions of whether awareness is an all-or-none construct, whether there is genuine absence of 

awareness, and whether awareness has an assisting role in Hebb learning, a critical step is to 

understand the origin of awareness or how awareness is generated in the first place. This perhaps 

would be a fruitful starting point to understand how awareness is involved in the learning process 

and how it could further be of assistance to the learning process.  
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  Chapter 5: General Discussion 

 This thesis tested a model of sequence learning—the Burgess and Hitch (2006) model. In 

the study of sequence learning, numerous models have been proposed to account for the process 

of sequence learning, and many of those models are capable of accounting for the rich amount of 

identified phenomena of serial recall. Most of the benchmark phenomena of serial recall involve 

using the immediate serial recall task, in which participants are presented with a sequence of 

item, such as letters, words, or pictures, and are required to recall the sequence after the 

presentation. Participants usually complete series of trials to give an average performance at each 

of the serial positions of a sequence. As such, most of the benchmark phenomena accounted by 

models are various aspects of immediate serial recall performance. 

Serial recall has also revealed learning that occurs over multiple sequences. There is one 

benchmark phenomenon of serial recall identified using a modified version of the immediate 

serial recall task—the Hebb repetition effect (Hebb, 1961). In Hebb’s study, instead of 

presenting different sequences along trials, the same sequence was presented to participants on 

every third trial without notifying participants about the pattern. The recall performance of the 

repeating sequence was found to improve along the repetitions compared to the recall 

performance of the non-repeating sequences. Hebb reasoned that the memory trace developed for 

the repeating sequence must have outlasted the period of the individual trial and have 

accumulated along the repeated presentations of the same sequence. This phenomenon of the 

gradual improvement in recall performance of a repeating sequence along repetitions compared 

to the non-repeating sequences is now generally referred as the Hebb repetition effect. This 

phenomenon is the first showing that a memory trace developed for a sequence could be long-

term and could be accumulated across exposures. The phenomenon has since been considered an 
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example of longer-term sequence learning, and Hebb’s procedure has also since been a valuable 

tool for examining longer-term sequence learning.  

This phenomenon, however, has not been widely accommodated by the numerous models 

developed. There are currently two models that could accommodate the rich amount of 

benchmark phenomena of immediate serial recall and the Hebb repetition effect. The two models 

are the Burgess and Hitch (2006) model and the Page and Norris (2009) model. These two 

models were originally immediate serial recall models that were developed to explain the various 

benchmark phenomena of immediate serial recall (i.e., the Burgess and Hitch (1992) model and 

the Page and Norris (1999) model). The authors of the two models then modified the original 

models to accommodate the process of memory trace accumulation to account for the Hebb 

repetition effect. Both of the updated models have successfully simulated the Hebb repetition 

effect. This thesis focused on testing the Burgess and Hitch (2006) model because the authors 

provided concrete predictions of what the model would generate under various simulation 

scenarios. The authors have also provided simulated data to display the functioning of the model. 

These information allow straightforward development of suitable experiments for testing the 

model and more productive discussion of the results and their implications for the model.  

 In brief, the Burgess and Hitch (2006) model was developed as a connectionist model. 

The model was built on the original Burgess and Hitch (1992) phonological loop model which 

comprises the components of an input phoneme layer and an output phoneme layer. To account 

for the Hebb repetition effect, Burgess and Hitch (1999, 2006) incorporated an item layer and a 

context-timing signal layer. During the encoding of each item in a sequence, nodes in the input 

phoneme layer would be activated, representing the perception of the auditory stimulus. A node 

in the item layer (i.e., an item node) representing the item identity would then be activated. At 
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the same time, a set of nodes in the context-timing signal layer (i.e., context nodes), representing 

ordinal position, would be activated. The concurrent activation of the different information nodes 

during the encoding of each item would strengthen their associations with each other. This 

means there would be strengthening of association between the phoneme nodes and the item 

node, and between the item node and the context nodes. At recall of the just-encoded sequence, a 

moving window in the context-timing signal layer would be used to cue the weight matrix 

between items and contexts. Cueing with the first context activation pattern would (all else being 

equal) activate the item node that is most strongly associated to those context nodes, which 

should be the item node that co-activated with those context nodes. The activated item node 

would then activate a corresponding node in the output phoneme layer, resulting the verbal 

output of the retrieved item identity. By cueing with successive context representations, the 

corresponding item nodes and output phoneme nodes would be activated, producing orderly 

recall of those encoded item and therefore recall of the sequence.  

When a previously learned sequence is again encoded, the same combination of nodes 

across layers would be concurrently activated during the encoding of each item. This concurrent 

re-activation of nodes would strengthen the associations between the nodes, allowing more 

accurate activation of the corresponding nodes during retrieval and therefore better recall 

accuracy of the sequence. This would therefore produce the Hebb repetition effect. 

 An issue with the original Burgess and Hitch (1999) model was that item information 

from different sequences would be loaded onto the same series of context nodes. This means that 

upon the cueing of the context nodes during retrieval, a large number of item nodes representing 

the different item identities would compete for activation. This would result in very low recall 

accuracy at each serial position (i.e., massive proactive interference). To avoid this, the Burgess 
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and Hitch (2006) model has been updated to assume that different sequences would recruit 

different series of context nodes (i.e., different context sets). And as such, a critical process is to 

identify the appropriate context set of the incoming sequence for strengthening of the node-to-

node associations and for using of that context set (or the strengthened associations) to support 

recall. To do so, a cumulative matching mechanism was implemented.  

The cumulative matching mechanism functions during the encoding process. The 

cumulative matching mechanism calculates the cumulative match between the incoming 

sequence and each of the previously learned sequences. As each item is presented, it produces a 

match or mismatch with existing sequences, and the number of matches and mismatches is 

tracked as the sequence is presented. If a previously learned sequence fails to share a cumulative 

match that is above a threshold, that previously learned sequence would be considered as a 

mismatch. The context set of that sequence would be dropped out of the cohort for potential 

recruitment to support recall of the incoming sequence. Accordingly, more and more context sets 

would be discarded from the cohort along the encoding of each item of the incoming sequence. 

After the encoding of the last item of the incoming sequence, the context set of a previously 

learned sequence that has a cumulative match staying above the threshold would be recruited to 

support recall of the incoming sequence. If there is more than one previously learned sequences 

with cumulative match above the threshold, the context set of the previously learned sequence 

with the highest cumulative match would be recruited to support recall. Importantly, because 

there would be concurrent activation of elicited item nodes and context nodes of previously 

learned sequence during the encoding process, and only context sets that are still active (or still 

remained in the cohort for potential recruitment) would be involved in the concurrent activation 

process, the context set that stayed in the cohort for the longest (or, in other words, the context 
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set of a previously learned sequence that has the highest cumulative match) would receive the 

most strengthening of context-items associations. Using that context set to support recall would 

therefore be most beneficial for recall. However, if no sequence remained above threshold, a new 

context set would be used. As such, learning the same sequence repeatedly should result in 

strengthening of the same context-item associations and the using of that strengthened 

associations to support recall. This would therefore result in the Hebb repetition effect. 

This thesis aimed to test the cumulative matching mechanism of the Burges and Hitch 

(2006) model because the mechanism has a critical role in producing the Hebb repetition effect. 

Four experiments were designed to test the mechanism. Experiments 1 and 2 (presented in 

Chapter 2) examined whether there would be accumulation of memory if an incoming sequence 

shared a cumulative match that was less than the threshold value (assumed to be 60%) with a 

previously learned sequence. In Experiment 1, the last presentation of a Hebb sequence was 

modified in a way that one of the original items was substituted by a novel item at an early or 

later serial position. In Experiment 2, each repetition of a Hebb sequence had two original items 

substituted by novel items, at early or later serial positions. Experiments 1 and 2 therefore 

examined the presence of Hebb learning when the substitution occurred at early or later serial 

positions, that is when the cumulative match between the modified Hebb repetition(s) and the 

original Hebb sequence would not or would exceed the threshold, respectively.  

Experiments 3 and 4 (presented in Chapter 3) examined another aspect of the functioning 

of the cumulative matching mechanism. During the encoding of an incoming sequence, 

previously learned sequences that share identical beginning items with the incoming sequence 

would be identified as a match such that their context sets would be included into the cohort for 

potential recruitment. However, during the encoding of later unique items of the incoming 
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sequence, some of those previously learned sequences that do not share enough cumulative 

match with the incoming sequence would have the corresponding context sets dropped out of the 

cohort. However, according to the model, even if the context sets were no longer involved in the 

encoding process, the strengthened context-item associations regarding the overlapping items 

would be retained. This means that learning of a sequence that is similar to a previously learned 

sequence would benefit the recall accuracy of that previously learned sequence. Experiments 3 

and 4 tested this prediction by presenting two partially overlapping Hebb sequences within the 

same Hebb repetition task. In particular, the overlapping was at the beginning of the sequences. 

Experiments 3 and 4 therefore examined whether learning of the two overlapping Hebb 

sequences would benefit the recall of each other. Also, in another condition, the overlapping 

section was at the end, to examine whether there would be benefiting when the cumulative match 

between the two sequences was 0%. In both experiments, each sequence in the Hebb repetition 

task comprised nine items. In Experiment 3, four items between the two Hebb sequences were 

overlapping. Experiment 4 was implemented as a strengthened version of Experiment 3 in which 

seven items between the two Hebb sequences were overlapping.  

In addition, Burgess and Hitch (2006) made a remark that awareness of the repetitions is 

not necessary for Hebb learning. The thesis tested this remark by administering a post-

experiment questionnaire (in Experiments 1 and 2) to identify participants that were aware or not 

aware of the repetitions during the Hebb repetition task. The presence of Hebb learning in the 

group of unaware participants was then examined. The difference in learning gradient between 

the aware and unaware participants was also examined. The results of this investigation are 

presented in Chapter 4.  
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Summary of Findings 

In summary, results of the four experiments were generally not consistent with the model 

predictions. For ease of reference, a summary of the model predictions generated in each of the 

four experiments regarding the testing of the cumulative matching mechanism and the 

corresponding results are presented in Table 5.1.  

 

Table 5.1 

A Summary of the Predictions and Results of Each of the Four Experiments of the Thesis 

Experiment Condition Sub-section 

of Hebb 

sequence 

Predicted 

performance 

Empirical 

performance 

(Control Hebb 

sequences or filler 

sequences as 

baseline) 

Consistency 

to prediction 

E1 New1 At = Filler = Control 

(b = -1.21, p = .082) 

= Filler 

(b = -.07, p = .869) 

Non-

diagnostic 

      

  Post = Filler = Control 

(b = .06, p = .641) 

> Filler 

(b = .83,  p < .001) 

Inconsistent  

      

 New3 Pre = Control = Control 

(b = -.59, p = .132) 

= Filler 

(b = .33, p = .214) 

Non-

diagnostic 

      

  At < Filler = Filler 

(b = -.28, p = .306) 

< Control 

(b = -1.30, p = .003) 

Inconsistent 

      

  Post < Control = Control 

(b = -.03, p = .832) 

> Filler 

(b = .76, p < .001) 

Inconsistent 
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 New5 Pre = Control = Control 

(b = -.22, p = .377) 

> Filler 

(b = .83, p < .001) 

Consistent 

  At < Filler = Filler 

(b = .09, p = .717) 

= Control 

(b = -.35, p = .304) 

Inconsistent 

      

  Post < Control > Control 

(b = .34, p = .047) 

> Filler 

(b = 1.21, p < .001) 

 

Inconsistent 

      

E2 New12 At = Filler 

gradient 

> Filler gradient 

(b = .04, p = .025) 

< Control gradient 

(b = -.09, p = .001) 

Inconsistent 

      

  Post = Filler 

gradient 

> Filler gradient 

(b = .09, p < .001) 

< Control gradient 

(b = -.11, p < .001) 

Inconsistent 

      

 New34 Pre = Filler 

gradient 

> Filler gradient 

(b = .12, p < .001) 

= Control gradient 

(b = -.01, p = .799) 

Inconsistent 

      

  At = Filler 

gradient 

> Filler gradient 

(b = .08, p < .001) 

< Control gradient 

(b = -.10, p < .001) 

Inconsistent 

      

  Post = Filler 

gradient 

> Filler gradient 

(b = .08, p < .001) 

< Control gradient 

(b = -.12, p < .001) 

Inconsistent 

      

 New56 Pre = Control 

gradient 

= Control gradient 

(b = -.01, p = .648) 

> Filler gradient 

(b = .16, p < .001) 

Consistent 
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  At < Filler 

gradient 

> Filler gradient 

(b = .10, p < .001) 

< Control gradient 

(b = -.11, p < .001) 

Inconsistent 

      

  Post < Control 

gradient 

< Control gradient 

(b = -.10, p < .001) 

> Filler gradient 

(b = .12, p < .001) 

Consistent 

      

E3 Start-

Same 

Overlap > Control 

gradient 

> Control gradient 

(b = .10, p = .040) 

Consistent 

      

  Non-

overlap 

< Control 

gradient 

> Control gradient 

(b = .13, p < .001) 

Inconsistent 

      

 End-

Same 

Non-

overlap 

= Control 

gradient 

= Control gradient 

(b = -.02, p = .523) 

Consistent 

      

  Overlap = Control 

gradient 

> Control gradient 

(b = .09, p = .010) 

Inconsistent 

      

E4 Start-

Same 

Overlap > Control 

gradient 

= Control gradient 

(b = -.01, p = .630) 

*Note that superior 

gradient was 

observed when 

confined to position 

in block 0 to 2 

Inconsistent 

      

  Non-

overlap 

< Control 

gradient 

= Control gradient 

(b = -.08, p = .140) 

Inconsistent 

      

 End-

Same 

Non-

overlap 

= Control 

gradient 

= Control gradient 

(b = -.003, p = .963) 

Consistent 

      

  Overlap = Control 

gradient 

= Control gradient 

(b = .03, p = .282) 

Consistent 

 

Note. Caution is needed while interpreting the level of p-value as a strong indicator of effect.  
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A Review of the Consistency of Results between the Thesis and Previous Studies 

 Before moving onto the core discussion of the implication of the results obtained in this 

thesis on the Burgess and Hitch (2006) model, this section re-examines the consistency of results 

obtained in the thesis and in previous studies, and considers how the results add to the empirical 

literature.  

Regarding Experiments 1 and 2 which examined whether Hebb learning was possible 

when cumulative match along Hebb repetition(s) was lower than the assumed threshold, the 

finding of the presence of Hebb learning when cumulative match was below 60% or at 0% in 

both Experiments 1 and 2 was consistent with most of the studies that examined learning along 

partial repetitions (e.g., Fastame et al., 2005; Majerus & Oberauer, 2020; Nakayama & Saito, 

2017; Szmalec et al., 2009). This finding was, however, inconsistent with a study that examined 

the possibility of Hebb learning when the beginning items along Hebb repetitions were novel 

(Schwartz & Bryden, 1971). However, as previously described in Chapter 2, there are concerns 

about the scoring system of Schwartz and Bryden’s (1971) study, the conclusion drawn from the 

study should therefore be treated with caution.  

 Experiments 1 and 2 also examined the recall performance along the novel items inserted 

in the Hebb presentations. This examination seems to be the first to be carried out in a Hebb 

study and so the results are relatively novel. The finding of an improvement in recall of novel 

items along Hebb repetitions (as observed in Experiment 2) was rather intriguing because novel 

items were implemented as a disruption to Hebb learning; there was no expectation of positive 

recall outcome of and from the novel items, according to the Burgess and Hitch (2006) model 

and also other sequence learning models. This rather interesting and novel finding was observed 

in all three experimental conditions of Experiment 2, and this rather consistent finding seems to 
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suggest some credibility of the phenomenon. However, this pattern of recall performance has 

only been observed in this study, and replication of this finding is therefore strongly 

recommended before strong commitment to explaining the occurrence of this phenomenon. 

 Experiments 3 and 4 were designed to test the working of the cumulative matching 

mechanism in which the experimental manipulation of examining Hebb learning of overlapping 

sequences within the same task seems to be relatively novel. The finding of Hebb learning for 

each of the two unique Hebb sequences in the control condition adds to the numerous findings 

that learning of more than one Hebb sequences concurrently was possible (e.g., Sechlar & 

Watkins, 1991; Hitch et al., 2009, Experiment 3; Page et al., 2013, Experiment 3). The 

experiments add to those findings in showing that learning overlapping sequences seems to have 

a mutually enhancing effect for the overlapping section, with an absence of interference for the 

non-overlapping section. Thus, concurrent sequences do not exist in memory independently but 

can support each other, but (in these experiments) did not generate mutual interference. This, 

again, nonetheless is the first study that examined learning when Hebb sequences overlapped, 

replication of the results is therefore needed.  

 In addition to the testing of the cumulative matching mechanism, Experiments 1 and 2 

also tested Burgess and Hitch’s (2006) remark that awareness of the repetitions is not necessary 

for Hebb learning. Testing of this remark employed a widely employed methodology among 

studies that examined the role of the awareness in Hebb learning, which is to use post-

experiment questions to classify participants as aware or not aware of the repetitions in order to 

explore the presence of Hebb learning in the group of identified unaware participants and the 

potential difference in learning between the groups of aware and unaware participants. The 

finding of presence of Hebb learning in the group of unaware participants was consistent with all 
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of the previously conducted studies that employed this methodologies (e.g., Couture & 

Tremblay, 2006; Guerard et al., 2011; Hitch et al., 2009; McKelvie, 1987). However, the finding 

of superior Hebb learning gradient in the group of aware participants was not consistent to all of 

those previous studies. Experiments 1 and 2 in this thesis are therefore the only studies that 

found awareness of repetitions to be associated with superior Hebb learning. A speculation on 

this inconsistency is that the number of participants recruited in Experiments 1 and 2 was notably 

more sizeable than that in those studies. In particular, there were more than double the number of 

participants in the aware group. This larger amount of participants could potentially provide a 

more robust and detectable difference in performance between the two groups. Nonetheless, this 

is a novel finding in the research field, replication of these results is needed, and perhaps the 

replication under the recruitment of a larger number of participants would be advisable.  

 Although many of the findings in this thesis were novel, those novel findings were 

nonetheless observed across various experimental conditions or even across experiments, lending 

a certain amount of credibility of those findings. The following section will move on to the 

discussion on the implication of the findings of this thesis on the Burgess and Hitch (2006) 

model. In particular, the section focuses on discussing the implications of four recall 

performance patterns that have been identified in the four experiments that impose relatively 

prominent challenge to the Burgess and Hitch (2006) model. The four recall performance 

patterns are: (a) the presence of Hebb learning when the cumulative match among repetitions 

was at 0% at the beginning serial positions (as observed in Experiments 1 and 2); (b) the 

improvement in recall performance of the novel items inserted along the Hebb repetitions (as 

observed in Experiment 2); (c) the absence of inferior learning gradient for the non-overlapping 

section of the Start-Same Hebb sequences compared to the control Hebb sequences (as observed 
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in Experiments 3 and 4); and (d) the presence of superior learning gradient for the participants in 

the aware group compared to the participants in the unaware group (as observed in both 

Experiments 1 and 2). The section below will also discuss the potential processes that could 

result in those recall performance patterns.  

Implications of the Four Recall Performance Patterns for the Burgess and Hitch (2006) 

Model and Potential Explanations 

 Hebb learning in cases where sequences produce a cumulative match of 0% at beginning 

serial positions challenges the cumulative matching mechanism. While this is evidence against 

the cumulative matching mechanism, it should be recalled that the cumulative matching 

mechanism was introduced to account for the findings of Cumming and colleagues’ (2003) 

study. Those researchers found an absence of transfer of recall benefit from a well learned Hebb 

sequence to a transfer sequence in which only items in alternative serial positions were identical 

to the original Hebb sequence. The implementation of the cumulative matching mechanism was 

a reasonable response to those findings. In light of the negative evidence here, a question then is 

how strongly the Cumming and colleagues’ (2003) results support cumulative matching. One 

potential caution in interpreting Cumming and colleagues’ results is that there was only one 

presentation of the transfer sequence after the multiple presentations of the original Hebb 

sequence. A change in a large amount of original items (i.e., 50%) from the original Hebb 

sequence in the transfer sequence could potentially hinder the recall performance of unmodified 

items in the transfer sequence. In Cummings and colleagues’ study there may have been a minor 

transfer of recall benefit for the unmodified items in the transfer sequence but it was undetected. 

A more robust testing of whether there would be transfer of recall benefit to the original Hebb 

items located at alternating serial positions in the transfer sequence perhaps would be to 
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implement a few more presentations of transfer sequence, that is when original Hebb items 

remained in alternating serial positions while items in the remaining alternating serial positions 

changed along presentations. In fact, Fastame and colleagues (2005, Experiment 2) have 

administered such paradigm and have found presence of transfer of recall benefit along 

repetitions for the repeating items that located at alternating serial positions. The results showed 

that there was Hebb learning along repetitions that shared cumulative match of only 50% at the 

beginning serial positions. This challenges the conclusion made in Cumming and colleagues’ 

(2003) study which Hebb learning would not be possible when only items in alternating serial 

positions are repeated along repetitions. This in turns would also suggest that implementing a 

cumulative matching threshold of 60% would be too harsh. Taking Fastame and colleagues’ 

(2005) findings into consideration, perhaps the use of the cumulative matching mechanism 

would be feasible but the cumulative threshold would need to be set to be 50% or lower. 

However, taking the results of this thesis into account, and also the other studies that also showed 

that Hebb learning was possible when the cumulative match along repetitions was 0% at the 

beginning serial positions (e.g., Fastame, et al., 2005, Experiment 1; Majerus & Oberauer, 2020, 

Experiment 3; Nakayama & Saito, 2017, Experiment 4; Szmalec et al., 2009), the cumulative 

matching mechanism described in Burgess & Hitch (2006) study does not seem to be very well 

supported. 

 A potential explanation for the presence of Hebb learning when the repetitions shared a 

cumulative match of 0% at the beginning serial positions is that matching is not cumulative but is 

based on overall (non-cumulative) match. This means matching is based on the overall 

percentage of match between an entire incoming sequence and each of the previously learned 

sequences. This could account for the results in Experiments 1 and 2 of the thesis, and also the 
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results in Fastame and colleagues’ (2005) first experiment where there was Hebb learning when 

the beginning items along repetitions were different. This could also account for the results of 

Fastame and colleagues’ (2005) second experiment in which there was learning for repeating 

items located at alternating serial positions in the repetitions or along repetitions that shared 

cumulative match of only 50%. Although a promising explanation, its feasibility may depend on 

its implementation. For example, if matching is overall based, a threshold of match would need 

to be established. Taking the results in Experiments 1 and 2 of the thesis, which there was 

presence of learning when the first two items along repetitions were novel, the threshold would 

need to be lower than 77.78%. Taking the results of Fastame and colleagues’ (2005) second 

experiment into account, the threshold would need to be 50% or lower. The concern of having 

such a low overall match threshold is that there could be severe cue-overload effect for the 

mismatching section. Learning does not seem to be very effective when every incoming 

sequence could interfere with up to 50% of memory trace of a previously learned sequence. As 

such, an overall matching mechanism with a threshold of 50% does not seem to be very plausible 

to be involved in learning. At this stage, it is perhaps still not clear that what mechanism was 

involved in allowing Hebb learning to occur when beginning items along repetitions do not 

match, and when only 50% of items along repetitions matched.   

Regarding the improvement in recall of novel items inserted in the Hebb repetitions, this 

imposes a difficult challenge to the model because this suggests that there was some form of 

learning taking place that has supported the recall of those novel items, and that this learning is 

not hard item-identity based (since they varied between Hebb lists). As discussed in Chapter 2, 

participants could have performed evaluation of similarity and difference among learned 

sequences (including the different Hebb repetitions along trials) to generate a concept of a 
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common pattern that there was a section of items that was always identical and a section of items 

that was always non-identical along the Hebb repetitions. Participants could have then used this 

meta-knowledge to aid future learning, such as performing grouping of the different patterns of 

information. There was some evidence that participants in Experiment 2 were aware of the 

pattern of the presence of a repeating section along the repetitions and the presence of a non-

repeating section along those repetitions. In the post-experiment questionnaire administered in 

Experiment 2, a few participants reported noticing that there were repetitions of a sequence and 

that the repetitions were slightly different, and  one participant reported being aware that those 

changes along repetitions were different in the different blocks of trials. This suggests that this 

participant could have been aware of the different experimental manipulations across the 

experimental conditions, that is the novel items being inserted at different serial positions across 

experimental conditions. This would mean that this participant had not only performed 

evaluation of similarity and difference among Hebb presentations within the individual condition 

but also across the various experimental conditions. These reports showed that participants, at 

least from Experiments 2, were capable of and have performed identification of similar patterns 

among sequences learned. Participants could have then used the concept of the identified pattern 

to aid better learning of the incoming Hebb presentations. There was also some evidence 

showing that participants had performed grouping separately for the repeating items and the 

novel items along the changing Hebb repetitions. Examination of reaction time performance 

identified a pattern which participants seem to have changed the grouping pattern of 3-3-3 to 4-

2-3 along the Hebb trials in the New56 condition. However, these are post-hoc examination, 

caution is needed for interpreting these findings.  
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Regarding the absence of an inferior learning gradient for the non-overlapping section of 

the Start-Same Hebb sequences compared to the control Hebb sequences, in both Experiments 3 

and 4, this challenges the Burgess and Hitch (2006) model because this seems to suggest an 

absence of cue-overload effect during recall at the section. However, the results in Experiments 1 

and 2 suggested the potential involvement of an additional process of evaluation of similarity and 

difference among learned sequences that could have assisted learning, such as to allow 

performance of separate grouping for information with the different patterns, and the same may 

also apply to Experiments 3 and 4. Participants may have learned to identify the overlapping 

section and non-overlapping section between the Hebb sequences. Participants could have then 

used this concept to aid learning of the overlapping and non-overlapping sections in the two 

Hebb sequences, such as creating different groups for the overlapping and the different non-

overlapping information of the two Hebb sequences. If so, a cue overload effect would be 

avoided as the unique items would be grouped with the non-overlapping portion and isolated 

from interference by being assigned a unique temporal context (for example). As noted in 

Chapter 3, this recall performance generated under grouping may not provide a strong test of the 

model, until the assumptions of grouping has been fully considered in further model application. 

This perhaps converges onto the previously mentioned need to understand whether an evaluation 

process occurred in learning.  

 Regarding the result that the Hebb learning gradient was steeper for the aware 

participants than for the unaware participants, the initial question for this examination was 

whether Hebb learning was possible under the absence of awareness of repetitions and that 

whether such awareness contributed to the extent of Hebb learning. The findings that there was 

Hebb learning in the group of unaware participants and that the learning gradient was not as 
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steep as in the group of aware participants, seems to suggest that Hebb learning is possible under 

the absence of awareness, but that awareness has an assisting role in Hebb learning. As discussed 

in Chapter 4, there are three concerns for such interpretation. First, there seems to be some 

evidence showing that awareness could be a continuous-scale construct instead of an all-or-none 

construct (Gagnon et al., 2005; Sechler & Watkins, 1991). Accordingly, the difference in 

learning gradient between the two groups could potentially be interpreted as due to a difference 

in degree of awareness instead of the presence or absence of awareness. Second, because the 

nature of awareness is still not well understood, for example, it is still not clear how awareness of 

repetitions was generated in the first place, it is therefore not clear whether there could have been 

genuine absence of awareness of repetitions. If participants were aware of the first and every 

repetition of a previously learned sequence throughout learning, the question of whether Hebb 

learning would occur under absence of such awareness would not be valid. Third, because, again, 

the nature of such awareness is still not very well understood, there is no confirmation that 

awareness has a contributive role in learning. Awareness could have well been solely a product 

of learning. The results showing that participants from the aware group had steeper learning 

gradient than the participants from the unaware group does not permit an inference of causality. 

The results, at this stage of the understanding of the construct of such awareness, perhaps would 

be more appropriate to be interpreted as higher degree of awareness was associated with greater 

degree of learning. In brief summary, the presence of Hebb learning in the unaware group 

perhaps would not be able to convey on whether Hebb learning occurred in the genuine absence 

of awareness of repetitions. The results therefore could not answer the question of whether 

learning would be possible under absence of awareness of repetitions, and perhaps could not 

draw inference to testing Burgess and Hitch’s (2006) remark for the model. Regarding the result 
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which there was steeper learning gradient for the aware group, the result perhaps would be more 

appropriate to be interpreted as higher degree of awareness was associated with greater degree of 

learning instead of higher degree of awareness resulted in greater degree of learning. At this 

stage, it is still unclear of how awareness could be generated and could be further involved in the 

learning process.  

Evaluating the Feasibility of Existing Serial Recall Models in Accounting for the Results of 

the Thesis 

The Feasibility of the Page and Norris (2009) Model 

 While the focus here has been on testing the Burgess and Hitch (2006) model, it should 

be asked how the data relate to other models of the Hebb effect. The other elaborated model 

developed to account for the Hebb repetition effect—the Page and Norris (2009) model—

however, also does not seem to be able to account for the recall performance patterns that 

challenges the Burgess and Hitch (2006) model.  

 The Page and Norris (2009) model is implemented as a connectionist model, but as a 

localist model in which order is represented in a primacy gradient of activation across units 

representing individual items in a sequence. During the encoding of a sequence, particularly 

during the encoding of the first item of a sequence, an item node (or named as a primary 

occurrence unit) would be activated in the first layer of the model (i.e., the occurrence layer), 

representing the occurrence (or the perception) of the stimulus. This activated item node is 

connected to the different sequence nodes (named as secondary occurrence units) representing 

each of the previously learned sequences. When the item node was activated, this would send in 

activation to each of the sequence nodes. Depending on where the item identity is located in each 

of those previously learned sequences, the different sequence nodes would receive different 
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degrees of activation from that activated item node. Specifically, if the item identity located at 

the beginning of a previously learned sequence, that sequence node would receive a larger 

amount of degree of activation. If the item identity located at a later serial position in a 

previously learned sequence, that sequence node would receive a smaller degree of activation.  

Upon receiving activation from the activated item node, each of those previously learned 

sequence nodes imposes a threshold of activation. This means if the degree of activation that the 

activated item node sent in did not exceed the threshold of a sequence node, that sequence node 

would not be activated. However, if the degree of activation sent in by the activated item node 

was higher than the threshold, that sequence node would be activated. After the sequence node 

was activated, the threshold for activation for the next incoming item of the incoming sequence 

would drop. Depending on whether the second activated item node could or could not sent in 

enough degree of activation to exceed the threshold (that is again dependent on where does the 

item identity located in the previously learned sequence), there would or would not be activation 

of the sequence node. This process goes on for each of the incoming item of the incoming 

sequence. After the last item of the incoming sequence has been presented, that is after the last 

item node has been activated and has sent in the corresponding activation strength to each of the 

sequence nodes, the sequence node with the highest sum of activation would trigger the 

activation of information in a further up layer (i.e., the order layer). In that layer, each of the item 

nodes of the sequence node would be assigned with a strength of activation. The item node at the 

first position, representing the item at the first serial position in that sequence, would be assigned 

the highest strength. The item node at the second position, representing the item that located at 

the second serial position in that sequence, would be assigned with the second highest strength, 

and so on. There is therefore an assignment of a gradient of activation strength to item nodes 
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representing items along the sequence. During recall, the item node with the highest strength 

would first be activated (or retrieved) and output, followed by the item node with the second 

highest strength, and so on. This would therefore produce an orderly recall of items and therefore 

the recall of the sequence. When this same sequence is being encoded, the same sequence node 

should yield the highest sum of activation and so there would be re-assignment of the gradient of 

strength to the corresponding item nodes. The re-assignment of the strength to each of the item 

nodes would result in a more pronounced difference in size of strength between the item nodes. 

This more pronounced difference in strength would allow more accurate orderly retrieval of the 

item information and therefore more accurate recall of the order of items within the sequence. 

This would therefore produce the Hebb repetition effect.  

 Based on this learning process, mismatch of beginning items along Hebb repetitions, as 

of the manipulation in Experiments 2 of the thesis, should not result in learning of the repeating 

items located at later serial positions because the item nodes representing the repeating items at 

later serial positions are unlikely to be able to send in sufficient degree of activation that could 

exceed the first threshold of the sequence node representing the first Hebb presentation learned. 

There would therefore be no re-assignment of gradient of strength to the item nodes of that 

sequence node. Recall would therefore not be improved. In addition, similar to the Burgess and 

Hitch (2006) model, this learning process is hard item-identity based, or that there is no 

mechanism that could perform evaluation of similarities and differences among learned 

sequences. This means that the Page and Norris (2009) model would also not be able to account 

for the improvement in recall accuracy of the novel items along the Hebb repetitions.  

Regarding the results in Experiments 3 and 4 of the thesis, the Page and Norris (2009) 

model does not seem to be able to account for some of the results that the Burgess and Hitch 
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(2006) model is able to account for. In both Experiments 3 and 4 of the thesis, superior learning 

was found for the overlapping items in the Start-Same Hebb sequences compared to the control 

Hebb sequences. The Burgess and Hitch (2006) model accounts for this phenomenon by 

assuming learning the overlapping items in one of the Hebb sequence would benefit the recall of 

the overlapping items in the other Hebb sequence. As such, there was inter-strengthening effect 

from learning the two Hebb sequences. However, according to the Page and Norris (2009) 

model, learning of overlapping items in one of the Start-Same Hebb sequences (in both 

Experiments 3 and 4) would not improve the recall accuracy of the other Start-Same Hebb 

sequence. Learning of the overlapping items in one of the two Start-Same Hebb sequences would 

result in competition at the level of sequence nodes, with no avenue for mutual reinforcement. 

The two different sequence nodes representing the two different sequences would have an equal 

amount of activation at the point when the last overlapping item was presented. When the unique 

items of one of the Start-Same Hebb sequence were presented, the sequence node of that 

particular Start-Same Hebb sequence would have the highest sum of activation. The 

reassignment of strength of activation for each of the item information in that sequence node 

would follow. As such, according to the learning process described in the Page and Norris (2009) 

model, there was no chance for the memory trace of the one of the Start-Same Hebb sequence to 

be enhanced by the learning of the other Start-Same Hebb sequence. The Page and Norris (2009) 

model therefore does not seem to be able to account for the superior learning of the overlapping 

items in the Start-Same Hebb sequences in both Experiments 3 and 4.  

Regarding the lack of inferior learning gradient for the non-overlapping section in the 

Start-Same Hebb sequences in both Experiments 3 and 4, the Page and Norris (2009) model 

could perhaps account for this finding. The model assumes that learning of one of the Start-Same 
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Hebb sequences would not enhance or interfere with the memory trace of the other Start-Same 

Hebb sequence and so the model does not predict the presence cue-overload effect during recall 

at the section. However, the learning gradient for the non-overlapping section in the Start-Same 

Hebb sequences in Experiment 3 was observed to be steeper than the control Hebb sequences, 

the Page and Norris (2009) model does not seem to be able to account for this phenomenon.  

Finally, for the findings in Experiments 1 and 2 which there was steeper learning gradient 

for the aware group compared to the unaware group, Page and Norris (2009) did not discuss the 

role of awareness in Hebb learning. There is no obvious explanation from the model for how 

greater degree of awareness of repetitions could be associated with greater degree of learning.  

Implications for the Different Classes of Serial Recall Models 

 In the face of having the two most elaborated serial recall models not being able to 

account for the findings in the thesis, the next sensible step would be to examine which of the 

previously developed immediate serial recall models could be updated to account for the Hebb 

repetition effect and the performance patterns identified in the thesis. In particular, the results in 

Experiments 1 and 2 of the thesis in which Hebb learning occurred along repetitions that 

comprised novel item(s) seems to be able to provide some insight into the feasibility of the 

different classes of serial recall models. This could potentially narrow down the preference of the 

class of models for modification. 

 For the chaining theory, which assumes sequence learning is dependent on the 

association between consecutive items within a sequence, this theory seems to be able to account 

for the presence of Hebb learning when novel item(s) was/were inserted at the beginning or at 

later serial position(s) along the repetition(s). For example, if the first presentation of the Hebb 

sequence was C P M H K, and the second Hebb presentation was B L M H K, the chaining 
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theory would predict that the repeated presentation of M H K would strengthen the item-item 

association between item M and H, and between H and K. Recall of item H would be improved 

because the recall of item M could cue the recall of item H easier, and then the recall of item H 

could cue the recall of item K easier. However, one particular assumption of the chaining theory 

is that learning of repeating sequence would only improve the recall performance of the item 

being cued. In the case of the second Hebb presentation example used above, learning the 

sequence B L M H K would only improve the recall performance of items H and K because these 

two items could be cued more easily; however, the recall performance of the first shared item 

(i.e., item M) would not be improved because there was no strengthening of the association to 

the cue for that item. In Experiment 1, in which there was single item substitution at the last 

Hebb repetition in each of the three experimental conditions, the recall performance at the serial 

position immediate after the serial position of substitution (i.e., performance at serial position 2 

in the New1 Hebb sequence, performance at serial position 4 in the New3 Hebb sequence, and 

performance at serial position 6 in the New5 Hebb sequence) seems to be visually prominently 

superior to the filler performance (as shown in Figure 2.3 in Chapter 2). This seems to suggest 

that learning had also occurred for the item immediately following the novel item. This would 

not be consistent to the chaining theory because the theory predicts that there would not be 

strong cue for the recall of the item following the novel item. As such, the chaining theory does 

not seem to be able to account for the results very well.  

 For the primacy theory (generalizing beyond the Page & Norris model; e.g., Farrell & 

Lewandowsky, 2002; Grossberg & Pearson, 2008), which assumes orderly recall of items of a 

sequence was achieved by an assignment of a descending gradient of activation to items along a 

sequence and that the order for items to be recalled would be based on the size of the assigned 
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activation, if Hebb learning is assumed to be based simply on accumulation of activation along 

repetitions such that order of items would become more distinctive and therefore orderly recall 

would be more accurate, this theory perhaps would be able to account for the orderly recall of the 

repeating items along repetitions in Experiments 1 and 2, however, because the activation of the 

repeating items at the serial positions after the novel item(s) would be greater along repetitions 

and would eventually be greater than the novel item(s) in the repetition(s), the repeating items 

located after the novel item(s) should be recalled before the novel item(s). However, in the 

New1, New3, and New5 Hebb sequences in Experiment 1, and in the last presentation of the 

New12, New34, and New56 Hebb sequences in Experiment 2, repeating items were correctly 

recalled at the presented serial positions. This is not consistent to the prediction generated by the 

primacy theory. As such, the primacy theory with assumption which Hebb learning occur by 

mere accumulation of activation would not be able to account for the results in Experiments 1 

and 2 very well.  

 The positional theory assumes that items within a sequence are associated with 

representations that reflect their positions within the sequence and that learning is based on the 

strengthening of the associations between the items and the representations (e.g., Brown et al., 

2007; Brown et al., 2000; Farrell, 2012; Henson, 1998; Lewandowsky & Farrell, 2008). This 

theory seems to be able to account for the results in Experiments 1 and 2 very well: this theory 

would predict improvement in recall performance of the repeating items along the partially 

matched repetitions while predicting those repeating items to be recalled at the presented serial 

positions. In fact, the Burgess and Hitch (1999) model seems to be able to predict the presence of 

learning of repeating items at the presented serial positions as there would be learning (or 

strengthening of context-item associations) for items presented in the same serial positions along 
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repetitions. However, as pointed out by Cumming and colleagues (2003), a strong limitation of 

the model was that there was only one context set implemented in the model, different sequences 

would load onto the same context set and would result in severe cue-overload effect during 

recall. As such, the Burgess and Hitch (2006) model was developed, with implementation of 

which different sequences to be loaded onto different context sets, to avoid cue-overload effect 

during recall. And to allow this selective loading of context sets for the different sequences to 

occur, a mechanism was needed for evaluation of similarity between the incoming sequence and 

each of the previously learned sequences such that the previously developed context set for the 

incoming sequence could again be loaded onto (or could have context-item associations 

strengthened). The cumulative matching mechanism was therefore implemented. However, as 

shown in the findings of the thesis, the cumulative matching mechanism does not seem to be 

very well supported, and so it is unclear what process could govern the separate storage of the 

different sequential information and also the storage of partially repeating sequential 

information.. Perhaps a convenient step from here would be to work on updating the Burgess and 

Hitch (1999) model, that is to examine what mechanism could allow recruitment of different 

context sets during the encoding of different sequences, but in a way that could handle the results 

presented here. Importantly, the mechanism would need to allow strengthening of context-item 

associations even when the beginning items between the incoming sequence and the previously 

learned sequence do not match (e.g., the results in the Experiments 1 and 2 of the thesis; Fastame 

et al., 2005, Experiment 1), and even when only 50% of items between the incoming sequence 

and the previously learned sequence matched (e.g., Fastame et al., 2005, Experiment 2).  
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Future Directions 

 Perhaps a crucial step for updating previously developed models to accommodate the 

Hebb repetition effect and the results in the thesis is to first understand what process could result 

in the performance patterns observed in the thesis.  

 For the phenomenon where Hebb learning occurred when the cumulative match was at 

0% at the beginning serial positions along repetitions, a previously suggested potential 

explanation was that the performance of matching was not cumulative based but was overall 

matching. This would allow learning of repeating items along repetitions to occur regardless of 

where the novel items located along the repetitions. However, as also previously discussed, a 

challenge for this potential explanation of implementing an overall matching mechanism is to set 

an appropriate threshold of match. If the threshold is as implied in the Fastame et al. (2005) 

study, there should be massive cue-overload effect during recall because any incoming sequence 

that shares 50% similarity with a previously learned sequence could interfere with the memory 

trace of the remaining unique 50% information of the previous learned sequence. As such, an 

overall matching mechanism does not seem to be very feasible.  

 In fact, there seems to be two more concerns for the use of an overall matching 

mechanism, or perhaps more specifically, the use of the concept of matching. First, matching 

means comparing the similarity between an incoming sequence and previously learned 

sequences. This means that there is clear definition of an individual sequence. Humans are 

constantly perceiving visual, auditory, olfactory, tactile, and other sensory stimuli throughout 

lifetime. In some sense, each day is a long, uninterrupted sequence of thought and sensation. 

How are subsequences being defined in this large sequence? In the scope of a Hebb repetition 

task, participants receive the presentation of a fixation cross, following by the presentation of 



Chapter 5: General Discussion  192 
 

each item of a target sequence. How do participants identify the sequence as a nine-digit 

sequence but exclude the preceding fixation cross? A mechanism for segmenting information 

into sequences seems to be needed to be addressed for the use of a matching mechanism. Second, 

the concept of matching is positional in nature. This means that learning is heavily, if not solely, 

dependent on whether the item information is being presented in the same serial position along 

repetitions. If the presentation of a sequence is F L P M C, and a sequence of K F L P M C 

followed, the matching mechanism would identify these two sequences as two unique sequences. 

Even if the section of F L P M C repeated, these items were not presented in the original serial 

position as the first sequence and so a matching mechanism would not allow accumulation of 

memory trace to occur. This prediction, however, was not supported by the findings in Fastame 

and colleagues’ (2005) first experiment. As previously described, in the End-Same condition of 

the experiment, a target Hebb sequence was presented four times consecutively (e.g., J X V D H 

Z P K). Novel items were inserted before each of first three presentations of the target Hebb 

sequence. In particular, the number of novel items inserted for each of the first three 

presentations was different. For example, the first presentation was R J X V D H Z P K, the 

second presentation was R S J X V D H Z P K, the third presentation was Q S R J X V D H Z P 

K, while the last presentation was just the target sequence itself. Fastame and colleagues 

compared the recall performance of the last presentation of the target Hebb sequence with a 

control sequence (i.e., a filler sequence) at each serial position. They found that the performance 

at the last serial position in the target Hebb sequence was superior to the control sequence. This 

suggests some extent of learning occurred along those repetitions, although learning was minor. 

A matching mechanism would not predict any extent of learning along those repetitions. This 

therefore suggests some limitation for the use of a matching. As such, perhaps one potential 
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direction to further explore this topic is to use another mechanism other than a matching 

mechanism. It is, however, hard to provide a clear suggestion of what an alternative mechanism 

could be.  

 Regarding the finding that there was improvement in recall accuracy for the novel items 

inserted along Hebb repetitions, a mechanism that allowed evaluation of similarity among 

learned sequence seems to be required. The occurrence of this form of learning perhaps could 

draw reference to the research field of classification learning. In the field, researchers have 

investigated how humans learn and perform classification of information. In particular, a 

prominent class of theory is exemplar learning. The models that employ such theory are 

generally referred as exemplar models (e.g., Gluck & Bower, 1988; Hintzman, 1986). Exemplar 

models assume that to classify a stimulus, there is an evaluation of similarity/difference of that 

new stimulus to all learned exemplars. This seems to share a similar sense with the similarity 

evaluation process speculated to have taken place in Experiment 2 of the thesis. In particular, 

Nosofsky, Palmeri, and McKinley (1994) proposed a model using a similar concept as the 

exemplar theory to explain classification learning. In essence, the model assumes that when 

participants are constantly receiving information, they performed evaluation of similarity and 

difference among the information. Dissimilar information would be considered as exemplar-

based “exceptions”. Using this concept, participants in Experiment 2 could have identified the 

pattern that the repeating items along repetition as “similar” while the novel items along the 

repetitions were “exceptions” to that similarity. Participants could then use this concept to 

support learning of future Hebb presentations, for example, formulating strategies to assist future 

learning. Participants could perform grouping for the “similar” and “exception” of information in 

the Hebb presentations, that the repeating items are put into one group while the novel items are 
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put into another group. Participants could also employ the pigeonhole principle; that is upon 

knowing the serial positions of the “similar” and “exception” along Hebb repetitions, participants 

could perform elimination of choices of items to be recall at the serial positions of novel items, 

allowing items to be recalled more accurately at those serial positions.  

 There is also another approach to understanding memory that could potentially provide 

insight into how recall performance for the novel items could be improved along Hebb 

repetitions, besides the potential explanation of performing evaluation of similarities and 

differences among learned information. This assumes that cognitive processes function based on 

limited cognitive resources, and given this, long-term memory supports the functioning of 

working memory to process information. Models in this approach (e.g., Cowan, 2005; Popov & 

Reder, 2020) assume that long-term memory functions as a storage system while working 

memory performs more flexible functions such as information processing and manipulation. 

These models assume that when certain information is learned repeatedly, the information 

becomes more strongly represented in long-term memory. Importantly, this information could be 

accessed and used by working memory during information processing and manipulation. This 

could therefore free up more resources in working memory for holding the information active for 

processing, meaning that more resources could be used for processing and manipulation. This 

assumption could potentially account for the improved recall performance of the novel items 

along the changing Hebb repetitions in Experiment 2. As the repeating items along those 

repetitions became more strongly represented in long-term memory, this could have freed up 

more resources in working memory to process information, such as to process the novel 

information inserted in those repetitions. As such, the improved performance on the novel 

information could be a result of having more working memory resources allocated for processing 



Chapter 5: General Discussion  195 
 

those information along the Hebb repetitions. However, the direct application to the findings 

here would require further exploration, as the models do not seem to have much focus on the 

mechanism for serial recall. For example, there is not much elaboration of how sequential 

information, specifically item and order information, would be represented in long-term memory. 

There is also not much elaboration of how working memory would process the sequential 

information to result in the output of correct item information at the correct serial positions.  

 This resources-based concept could also be applied specifically to rehearsal-based models 

to account for sequence learning (e.g., Barrouillet, Bernardin, & Camos, 2004; Cowan, 2000; 

Lemaire, Heuer, & Portrat, 2021). These models assume that verbal serial recall could be 

supported by articulatory rehearsal. However, rehearsal capacity is limited. A suggestion from an 

examiner was that repeated rehearsal of the same sequential information could result in the 

formulation of a rehearsal cohort and a motor recall plan for the information. The use of the 

formulated cohort and motor plan during learning could free up more rehearsal capacity. The 

freed up capacity (or resources) could then be used for processing (or rehearsing) additional 

information. Repeated rehearsal of the same sequential information along the changing Hebb 

repetitions could have resulted in the formulation of a rehearsal cohort and a motor plan for the 

repeating information. The usage of the formulated plan along Hebb trials could have then freed 

up more rehearsal capacity for processing (or rehearsing) the novel items in the Hebb repetitions, 

resulting in the improved performance of those novel item along the Hebb trials.  

 Regarding the finding whereby there was presence of Hebb learning for participants in 

the unaware group and steeper learning gradient for the participants in the aware group, as 

previously discussed, because the nature of the awareness has still not been very well 

understood, the results could not convey on a conclusion which Hebb learning had occurred 
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under the absence of the awareness and that the awareness assisted on learning. Perhaps the first 

step from here is to understand better of the nature of the awareness itself such as how awareness 

of repetitions is generated along learning in the first place. This perhaps could provide insight 

into answering the question of whether there would be genuine absence of such awareness and 

whether the awareness is a continuous-scale construct or an all-or-none construct.  

Insights into the Learning Process from the Field of Statistical Learning 

 In addition to the vast amount of serial recall phenomena identified in the research field 

of sequence learning (see Oberauer et al., 2018 for review) that assist in identifying the 

mechanism that underlie sequence learning, sequence learning behaviour has been studied in 

alternative experimental paradigms, the most prominent being statistical learning.  

 In a prominent study in the field (Saffran, Aslin, & Newport, 1996), participants (who 

were infants aged around 8 months old) were presented with a continuous auditory sequence of 

different three-syllable non-words (i.e., the continuous sequence continued for approximately 2 

minutes). In particular, this long sequence of non-words was made up of the repetitions of a 

number of different non-words. An important feature of this long sequence was that there was no 

pause or signal of demarcation between each non-word. This means the long sequence was the 

continuous presentation of the different non-word syllables. After the presentation of the long 

sequence, the participants were presented with two types of stimuli: the non-words that were 

presented repeatedly throughout that long sequence, and also non-words presented repeatedly in 

the long sequence but the order of the three syllables were re-ordered. The results showed that 

the infants showed significantly longer attentional fixation to an attention measuring tool when 

the same-syllable-order non-words were presented compared to the re-ordered non-words. 

Saffran and colleagues suggested that the significant attention drawn to the same-syllable-order 
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non-words suggests that participants must have learned the non-words along the repetitions. 

Saffran and colleagues also suggested that because there was no specific demarcation of the 

syllables between the different non-words in the long sequence, what participants learned would 

therefore be the statistics of which certain item (i.e., certain syllable) was more likely to follow 

(or to be followed by) the presentation of certain item, compared to each of the other items (i.e., 

the higher probability for the co-occurrence of the three syllables of each non-word compared to 

the lower probability for the co-occurrence of the beginning syllable of a certain non-word and 

the ending syllable of another non-word, and, similarly, the lower probability for the co-

occurrence of the ending syllable of a certain non-word and the beginning syllable of another 

non-word). Saffran and colleagues suggested that these results showed probabilistic learning. 

This phenomenon of which participants learning repetitions of sequential information in a 

continuous sequence has therefore been referred to as statistical learning in the field.  

 More recent studies in the field have found more supportive evidence for this 

explanation, by using a similar experimental paradigm with adult participants (e.g., Bovinick, 

2005; Bovinick & Bylsma, 2005; Karpicke & Pisoni. 2004; Majerus, Perez, & Oberauer, 2012; 

Majerus, Van der Linden, Mulder, Peters, & Meulemans, 2004). In these studies, during the 

training phase, instead of having a certain sequence of items being presented in the same order 

repeatedly along the long sequence, items were generated from an artificial grammar. The 

artificial grammar was implemented in a way that certain items could only be followed by one or 

few certain other items, and so there was very unlikely to be repetition of longer sequences of 

items within that long sequence. Also, this long sequence of items was a lot longer than that 

presented in Saffran and colleagues’ (1996) study. The long sequence could span over 30 

minutes. In the testing phase, two types of sequences were presented in the immediate serial 
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recall task—sequences that complied with the artificial grammar in the long sequence, and 

sequences that did not. These studies consistently found that recall performance on sequences 

that complied with the grammar was superior to the performance on sequences that were 

inconsistent with the grammar. The researchers suggested that this is strong evidence for 

probabilistic learning, that is, the learning of the probability of co-occurrence of items.  

 However, while the phenomenon seems to be explained well by learning of transitional 

probability, Majerus and colleagues (2012, Experiments 1, 2, and 3) found that this superior 

performance was only observed when word-syllables or non-word-syllables were used, but not 

for digit-syllables (that is, the verbal pronunciation of the syllables of the different digits, in 

French). However, such superior performance for digit-syllables was found when a Hebb-like 

paradigm was used (Majerus et al., 2012, Experiment 4). This Hebb-like paradigm was similar to 

Saffran and colleagues’ (1996) paradigm. During the training phase, different short sequences of 

digits were presented repeatedly in the long sequence. In particular, the presentation of the 

different sequences was separated by a temporal pause, signifying the individual sequences. This 

long sequence spanned approximately 30 minutes. During the testing phase, the repeating 

sequences from the training phase and novel digit sequences were presented for the immediate 

serial recall task. The results showed superior performance for the repeating sequences compared 

to the novel sequences.  

 Majerus and colleagues (2012) proposed an explanation for these results in a memory-

accumulating perspective rather than the calculation of transitional probability. Majerus and 

colleagues suggested that a chunking mechanism could have been involved in the learning of the 

materials, and, in particular, there could be two different chunking mechanisms involved. The 

first is a lower-level pairwise chunking mechanism that could support the accumulation of 
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memory traces of the co-occurrence of two items (as observed for words and non-words 

materials). The second is a higher-level list-wise chunking mechanism that could support the 

accumulation of memory traces of co-occurrence of longer sequential materials (as observed for 

the repeating digit-sequences).  

 Majerus and colleagues’ (2012) proposed explanation could potentially explain the Hebb 

repetition effect, that is, the effect would be a result of list-wise chunking. Some of the results in 

this thesis could perhaps also be explained by the proposed explanation. For example, the 

learning of the overlapping and non-overlapping items in Experiments 3 and 4 could be 

understood as the result of list-wise chunking of the different sections. The learning of the 

repeating items along the changing Hebb repetitions in Experiment 2 could also be understood as 

the result of list-wise chunking. However, the learning of the novel items along the Hebb 

repetitions perhaps would be challenging for this proposed explanation. This is because these 

chunking mechanisms function to obtain demarcated representations of the individual repeating 

paired items or longer sequences, such that there could be accumulation of the memory trace of 

those individual sequences along learning. The identities of these novel items varied along the 

Hebb repetitions, and so it would not be possible to accumulate a common memory trace across 

trials. This mechanism therefore would not be able to support the improved performance of the 

novel items in Experiment 2 of the thesis.  

 Although the proposed explanations for the recall phenomena in statistical learning might 

not explain the serial recall phenomena observed in this thesis, those recall phenomena may 

provide some valuable insight into the process of sequence learning in the case that Hebb 

learning and statistical learning are supported by the same learning mechanism. First, 

participants were not explicitly directed to perform encoding of these sequential materials during 
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the training phase. This means that learning of the sequential information was completed under 

the absence of intentional encoding; or, in other words, mere perception of sequential 

information could result in storage of the sequential information. To put this simpler, encoding 

could be automatic. This could potentially also provide some insight into the topic investigated 

in the thesis—whether awareness of repetitions is necessary for Hebb learning. The presence of 

learning under absence of intention of learning seems to suggest that awareness of repetitions 

would not be necessary for Hebb learning. However, some caution is perhaps needed in making 

this suggestion of which encoding occurred automatically in these statistical learning studies. It 

is uncertain whether participants have engaged in self-initiated encoding of the sequential 

information and also became aware of the repetitions. This suggestion that encoding occurred 

automatically would potentially need to be interpreted with caution. Second, a matching 

mechanism (such as that used in the Burgess and Hitch model) alone seems insufficient to 

perform learning of the different repeating information embedded in the long continuous 

sequence presented in these studies in the field of statistical learning, as clear beginning and 

ending of each repeating sequential information was not signalled. Third, sequence learning 

could occur at a very young age (Saffran et al., 1996). These could potentially be some features 

of learning which future formulation of serial recall models could take into consideration. 

Conclusion 

In conclusion, this thesis tested the Burgess and Hitch (2006) model. Four experiments 

were administered to test the cumulative matching mechanism of the model. Two of the 

experiments also tested Burgess and Hitch’s (2006) suggestion that awareness of repetitions is 

not necessary for Hebb learning. The results of the four experiments were, however, not very 

consistent with the model predictions. Four recall performance patterns that imposed relatively 



Chapter 5: General Discussion  201 
 

prominent challenges to the model have been identified: (a) the presence of Hebb learning when 

Hebb repetitions shared a cumulative match of 0% at beginning serial positions; (b) 

improvement in recall performance for the novel items inserted along the Hebb repetitions; (c) 

lack of observable cue-overload effect at the non-overlapping section during learning of two 

beginning-overlapping Hebb sequences; and (d) participants who were identified as aware of the 

repetitions had steeper learning gradient than the participants who were identified as unaware of 

the repetitions.  

Perhaps there could be two ways of thinking of how we could advance the understanding 

of the process of sequence learning in light of the results presented here. One is that the results 

present a critical challenge to the cumulative matching mechanism such that the idea of 

cumulative matching could be disregarded as a viable mechanism for sequence learning. The 

second, which is perhaps a more conservative but careful way of thinking, is that the cumulative 

matching mechanism is not sufficient to explain sequence learning. This means that cumulative 

matching could potentially still be a viable mechanism for sequence learning but the sole 

implementation of this mechanism would not be sufficient to account for all of the serial recall 

phenomena. As discussed previously, a mechanism for evaluation of similarities and differences 

among learned sequential information seems to be required. This mechanism could then result in 

separate grouping of sequential information with the different patterns, such as the separate 

grouping of the different repeating sub-sequences along trials (i.e., the overlapping and non-

overlapping section in Experiments 3 and 4) and the separate grouping of repeating and novel 

information along trials (i.e., in Experiments 1 and 2). The performance of grouping had not 

been considered in the Burgess and Hitch (2006) model and so the cumulative matching 

mechanism alone could not account for the good performance at the area where cue-overload 
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was expected. If an evaluation process and perhaps other processes had been implemented in 

parallel with the cumulative matching mechanism, the model might potentially account for the 

phenomena identified in this thesis. Nonetheless, perhaps the primary step from here is to 

replicate these phenomena as they were relatively novel. This perhaps would be a valid starting 

point for further solid advancement from here.  
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