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LIMITED ACCESS TO AN 
UNLIMITED STORE 
Mechanistic constraints and 

limitations in the voluntary control 
of visual long-term memory 

Keisuke Fukuda, Caitlin J. I. Tozios, and Joseph M. Saito 

Introduction 

We are constantly bombarded with visual information around us. In many ways, 
our life hinges on the ability to store this information so that we can later retrieve 
it when we need to use it. This internal accumulation of visual information is 
known as visual long-term memory (VLTM), and plays an essential role in carry-
ing out day-to-day operations (e.g., grocery shopping) and forming the building 
blocks of our identities (e.g., memories of family members).Thus, characterizing 
the capacity and precision of VLTM is fundamental to the science of the human 
mind. 

At the same time, not all visual information is equal in value for achieving our 
goals or defning our identities.While some information is directly relevant to a 
task at hand, other information is irrelevant or even detrimental to the successful 
completion of the task.Therefore, it is critical to investigate whether and how we 
can control what gets stored in VLTM. 

Relatedly, some visual memories might change in value over time.While some 
visual memories can become more valuable with time (e.g., experiences with a 
deceased friend), other memories can become less valuable (e.g., memories of 
relationships that turned sour). Such changes in mnemonic value motivate us to 
examine whether and how we can regulate the accessibility and quality of visual 
information that is already encoded into VLTM. 

The last decade or so has been a fascinating era for addressing these ques-
tions. As a feld, VLTM researchers have made signifcant strides in elucidating 
the vast capacity and surprisingly high precision of VLTM (Balaban et al., 2020; 
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Limited access to an unlimited store 

Brady et al., 2008; Brady, Konkle, Alvarez et al., 2013; Brady, Konkle, Gill, et al., 
2013; Konkle et al., 2010). In this chapter, we frst provide a selective review of 
recent work that examines the mechanistic constraints that our mind places on 
the accumulation of visual memories, as well as the nature and extent of our vol-
untary control over these mechanisms.We then conclude the chapter by raising 
some fundamental questions that have yet to be answered regarding our ability to 
modulate our VLTM. 

Visual working memory determines the 
bandwidth of VLTM encoding 

Despite its vast capacity, not everything that we perceive gets encoded into VLTM. 
This suggests that merely perceiving visual information is insuffcient for granting 
access to our virtually unlimited memory store, thus indicating the existence of 
an encoding bottleneck that limits the “bandwidth” at which we can access this 
vast storage. The notion of an encoding bottleneck dates back to Atkinson and 
Shiffrin’s modal model of memory (1968). The model proposed that the short-
term memory store—temporary storage for the current contents of the mind— 
serves as the gateway into long-term memory. Although this model is intuitively 
appealing, it received a fair amount of criticism due to classic fndings that were 
inconsistent with some of its fundamental assumptions (e.g., Craik & Lockhart, 
1972; Ranganath & Blumenfeld, 2005; Shallice & Warrington, 1970).While we do 
not review this evidence extensively, one of the most critical blows was the doubt 
concerning the assumed role of temporary memory maintenance in LTM encod-
ing. According to the modal model, durable LTM representations are formed 
incrementally during temporary maintenance in the short-term memory store. 
However, later studies demonstrated direct contradictions to this key assumption 
by manipulating the duration of temporary memory maintenance (e.g., Craik & 
Lockhart, 1972; Naveh-Benjamin & Jonides, 1984). 

For example, Craik and Lockhart (1972) presented a list of words to partici-
pants, and they were instructed to rehearse the most recent word that started with 
the letter “B” (i.e., B-word; e.g., “boy”) until they were presented with the next 
B-word.This clever manipulation allowed the researchers to control the duration 
of active maintenance of each B-word by manipulating the lag between B-words. 
If the modal model’s assumption about the role of maintenance is correct, one 
would expect that the B-words that were maintained longer would be better 
remembered than those maintained for a shorter period of time. However, con-
trary to this prediction, the researchers found no reliable effect of the maintenance 
duration on LTM encoding.Thus, this fnding effectively invalidated the assumed 
role of temporary maintenance in LTM encoding and led to the development 
of depth-of-processing perspectives that instead emphasize the nature of encod-
ing processes as the determining factor of LTM encoding (see Craik, 2002 for a 
review). 

While the presumed role of temporary maintenance was invalidated, this does 
not mean that the temporary memory system (i.e., working memory) plays no 
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direct role in LTM encoding. Indeed, visual working memory (VWM) may con-
strain VLTM encoding by limiting the bandwidth of information transfer to VLTM 
via its severe capacity limit (Forsberg et al., 2020; Fukuda & Vogel, 2019).To test 
this idea, Fukuda and Vogel (2019) frst measured the VWM capacity of healthy 
young adult participants using a standard color change detection task (Fukuda 
et al., 2016). Next, participants completed a separate change detection task with 
pictured arrays of real-world objects. Subsequently, their VLTM for the objects 
presented during the object change detection task was assessed (Figure 8.1A). If 
VWM capacity constrains the bandwidth of VLTM encoding, one would expect 
a robust positive correlation between individuals’VWM capacity and the amount 
of information encoded into VLTM from the object change detection task.This 
is precisely what they demonstrated. Across two modes of memory encoding 
(i.e., incidental encoding and intentional encoding, Figure 8.1B), individuals with 
higher VWM capacity encoded more objects into their VLTM than those with 
lower VWM capacity, especially when the number of objects to encode exceeded 
their VWM capacity (i.e., set size 6). 

Although these correlations are consistent with the account that VWM capac-
ity sets the bandwidth for VLTM encoding, correlation does not imply causation. 
Considering that VWM capacity is robustly correlated with other cognitive abili-
ties involved in VLTM encoding, such as fuid intelligence (e.g., fuid intelligence: 
Unsworth, 2019; Unsworth et al., 2014) and attention (attention: Adam et al., 
2015; deBettencourt et al., 2019; Fukuda et al., 2016), it is entirely possible that the 
observed correlation between VWM capacity and VLTM encoding refects shared 
variance explained by these predictive variables.Thus, to establish a causal role of 
VWM as a bottleneck for VLTM encoding, one would need to experimentally 
manipulate VWM encoding success and examine its infuence on VLTM encod-
ing. Fukuda and Vogel (2019) did exactly this by interfering with VWM encoding 
through perceptual masking (e.g.,Vogel et al., 2006) and measuring its effect on 
VLTM encoding. Here, they found that, although the duration of VWM mainte-
nance had a negligible impact on VLTM encoding (e.g., Craik & Lockhart, 1972; 
Naveh-Benjamin & Jonides, 1984), the parametric corruption of VWM encoding 
translated into a corresponding impairment in VLTM encoding (Figures 8.1C and 
8.1D, see also Cotton & Ricker, 2021).Thus, this result provides direct evidence 
that the capacity limit for VWM encoding sets the bandwidth on VLTM encoding. 

Throttling the bandwidth of VLTM encoding 

In the previous section, we reviewed evidence that VLTM encoding is mechanisti-
cally constrained by a bandwidth set by VWM capacity. However, we know that 
VWM performance fuctuates from moment to moment, likely due to temporal 
fuctuations in attentional control (Adam et al., 2015; deBettencourt et al., 2019; 
Fukuda et al., 2016). Does this mean that we can voluntarily control VLTM encod-
ing success by throttling its bandwidth? Past studies have examined this possibil-
ity by allocating a reward for successfully encoding a given item (Adcock et al., 
2006; Gruber & Otten, 2010; Gruber et al., 2013; Miendlarzewska et al., 2016). 
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Figure 8.1 VWM determines the “bandwidth” of VLTM encoding. Panel A represents the 
schematic of Experiments 1a and b in Fukuda and Vogel (2019). In the Encoding 
phase, participants performed an object change detection task with set sizes 2, 
4, or 6 (set size 6 depicted). Participants were briefy (150 ms) presented with 
an array of objects that they were instructed to remember over a 900 ms-long 
retention interval. Afterwards, participants saw one test object at one of the 
locations previously occupied in the preceding array and reported whether or 
not the test object was the same as the original object at that location. After 
encoding hundreds of objects during the object change detection task,VLTM 
for each presented object was assessed using a 2AFC (Old/New) recognition 
test. As can be seen in Panel B, individuals’VWM capacity (separately assessed 
in a standard color change detection task) predicted VLTM recognition 
performance, especially when encoding set sizes exceeded the conventional 
VWM capacity limit (e.g., set size 6). This pattern of results was observed 
regardless of participants’ intentions to encode the objects into their VLTM 
(incidental encoding:Top row scatter plots; intentional encoding: Bottom row 
scatter plots). Panel C depicts the object working memory task employed in 
Experiment 5 of Fukuda and Vogel (2019) to parametrically modulate the 
quality of VWM representations. Participants were briefy presented with three 
objects to remember over a brief retention interval. Importantly, after the 
objects were perceptually attended to for a fxed amount of time (150 ms), three 
consecutive presentations of mask arrays followed (50 ms/presentation), with 
each array containing three mask stimuli. The object-to-mask inter-stimulus 

(Continued) 
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Figure 8.1 (Continued) 
intervals (ISIs) were manipulated to disrupt VWM encoding in a parametric 
manner. After the retention interval, one object appeared at the center of the 
screen, and participants judged whether it was one of the objects in the original 
array. After encoding hundreds of objects during the object working memory 
task, participants’ VLTM was tested using a 2AFC (Old/New) recognition 
test. As can be seen in Panel D, the normalized performance on the VLTM 
recognition task dovetailed the parametric disruption of VWM performance. 
These fndings illustrate the causal role of VWM encoding in VLTM encoding. 
(Figures adapted from Fukuda and Vogel, 2019.) 

These studies have shown that items predicting a future reward result in better 
VLTM encoding than those that do not. Although such fndings are consistent 
with the idea that we are capable of voluntarily up-regulating memory encoding, 
it is unclear whether this up-regulation was genuinely voluntary or if it was driven 
by the external reward. 

To address this, more recent studies have simply asked participants to “try 
harder” to encode a subset of visual stimuli (Sundby et al., 2019;Tozios & Fukuda, 
2019). For example, Sundby and colleagues (2019) presented participants with a 
sequence of pictures of real-world objects that were each preceded by a central 
fxation cue. A majority of the objects were preceded by a black central fxation 
cue (baseline cue) that instructed participants to remember the upcoming object. 
Importantly, for a subset of objects, the preceding fxation cue turned green (up-
regulation cue) to instruct participants to “try harder” or to up-regulate memory 
encoding of the impending stimulus (Figure 8.2A).When their VLTM was subse-
quently tested, recognition memory performance was reliably higher for objects 
that were preceded by an up-regulation cue than those preceded by a baseline cue 
(Figure 8.2B). To examine the neural underpinnings of this voluntary memory 
up-regulation, the researchers examined EEG signals recorded during encoding. 
Here, they confrmed that two previously established EEG signals sensitive to 
memory encoding success, namely frontal positivity (e.g., Friedman & Johnson, 
2000; Fukuda & Woodman, 2015) and occipital alpha suppression (e.g., Fukuda & 
Woodman, 2015; Hanslmayr et al., 2009), were modulated in accordance with the 
behavioral effect. Specifcally, frontal positivity became more positive and occipital 
alpha power was further suppressed following an up-regulation cue as opposed to 
a neutral cue (Figure 8.2C). 

While the above fndings provide compelling evidence of the ability to throt-
tle VLTM encoding, voluntary up-regulation represents only one side of memory 
regulation that is desirable in our everyday life. We sometimes encounter visual 
information that we prefer not to remember (e.g., a spoiler of a movie that you plan 
to watch this weekend), and in some cases, remembering such unwanted informa-
tion can cause a detrimental infuence on our everyday functioning (e.g., traumatic 
scenes from a traffc accident).This raises the question of whether we are also capa-
ble of down-regulating memory encoding voluntarily. A large body of literature 
on the directed forgetting paradigm suggests that it may be possible to intention-
ally “not remember” specifc information (see Anderson & Hanslmayr, 2014 for a 
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Figure 8.2 Voluntary control of VLTM encoding is asymmetric. Panel A shows the 
encoding task used in Sundby et al. (2019). Participants were presented with 900 
pictures to encode. Critically, 100 pictures were preceded by an up-regulation 
cue that prompted participants to “try harder” to encode the up-coming 
picture. Another 100 pictures were preceded by a down-regulation cue that 
prompted participants to “not encode” the up-coming picture. Another 100 
followed a neutral cue that instructed participants to encode them in the same 
manner as the remaining 600 pictures (baseline). This neutral cue served as a 
perceptual control for up- and down-regulation conditions.After the encoding 
phase, participants’VLTM for each object was assessed by a 6AFC recognition 
test (defnitely old, probably old, maybe old, maybe new, probably new, defnitely new). 
As can be seen in Panel B, the results revealed a robust voluntary up-regulation 
of VLTM encoding (AUC > AUC = AUC ) with no evidence 

up-regulation neutral baseline 
for voluntary down-regulation (AUC = AUC = AUC ). To 

down-regulation neutral baseline 
obtain converging evidence from neural correlates of VLTM encoding success, 
the researchers examined the consequence of voluntary memory control on 
two EEG correlates that dovetail subsequent memory effects, namely the frontal 
positivity and the occipital alpha suppression. Panel C depicts the topographical 
distributions of the two subsequent memory effects based on the high confdence 
(HC) hit-miss contrast. The magenta dots show the predetermined channels 
of interest for the measurement. When we examined the effect of voluntary 
memory control on the two EEG correlates in predetermined measurement 
windows (shown in gray bars), we found reliable up-regulation in both the 
frontal positivity (upper panel) and occipital alpha suppression (lower panel) 
following the up-regulation cue, but no reliable down-regulation was observed 
following the down-regulation cue. (Figures adapted from Sundby et al., 2019.) 
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review). However, since the directed forgetting effect is demonstrated by compar-
ing the memory performance for “cued-to-remember” items to “cued-to-forget” 
items, it is not clear whether the demonstrated difference in memory performance 
is driven by down-regulation of memory encoding for “cued-to-forget” items or 
by up-regulation of memory encoding for “cued-to-remember” items. 

To address this, Sundby and colleagues (2019) also presented a cue that instructed 
participants to “not remember” the impending stimulus (i.e., down-regulation cue, 
Figure 8.2A). Here, they found that, although cued-to-down-regulate items were 
recognized more poorly than cued-to-up-regulate items, cued-to-down-regulate 
items were recognized just as well as the baseline items (Figure 8.2B). The two 
neural correlates of memory encoding (i.e., frontal positivity and occipital alpha 
power suppression) corroborated this behavioral effect, demonstrating no evidence 
of down-regulation of cued-to-down-regulate items compared to baseline items 
(Figure 8.2C).These results suggest that the directed forgetting effect is a result of 
voluntary up-regulation of cued-to-remember items rather than voluntary down-
regulation of cued-to-forget items, and thus questions our ability to voluntarily 
and directly down-regulate encoding of VLTM (Figure 8.2; see also Gao et al., 
2016; Zwissler et al., 2015). 

Indirect, but strategic, down-regulation of VLTM encoding 

Though recent studies have demonstrated that it is diffcult to directly down-
regulate the encoding of visual memories, is it entirely impossible to voluntarily 
not remember unwanted visual information? One possibility is that down-regu-
lation of memory encoding can occur indirectly by biasing attentional allocation 
away from unwanted information and towards other information that is encoded 
simultaneously (Desimone & Duncan, 1995; Shapiro & Miller, 2011).To test this, 
Tozios and Fukuda (2019) presented participants with pairs of real-world objects 
to remember (Figure 8.3A). Each object pair was preceded by a pair of encoding 
cues that independently prompted voluntary up- or down-regulation of memory 
encoding for each object in the impending pair. More precisely, in the baseline 
condition, both of the items were preceded by black cues, thus instructing partici-
pants to remember both objects. In the up-regulation condition, one of the items 
was preceded by a green cue, thus promoting up-regulation of the cued item, 
while the accompanying item was preceded by a black baseline cue. In the down-
regulation condition, one of the items was preceded by a red cue, thus instructing 
down-regulation of the specifc item, while the accompanying item was preceded 
by a black baseline cue. In the double-cue condition, one of the stimuli was pre-
ceded by a green cue while the other was preceded by a red cue, prompting up- 
and down-regulation respectively. 

When the researchers examined the impact of direct memory control, they rep-
licated the previous fndings by Sundby and colleagues (2019): Stimuli preceded 
by up-regulation cues were better remembered than those preceded by baseline 
cues. In contrast, stimuli preceded by down-regulation cues were remembered no 
worse than those preceded by baseline cues. Interestingly, direct up-regulation of 
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Figure 8.3 Indirect down-regulation of VLTM encoding. Panel A represents the encoding 
task used in Tozios and Fukuda (2019). Participants were presented with a pair 
of objects to remember. In the up-regulation condition, one of the objects 
was preceded by an up-regulation cue that prompted participants to “try extra 
hard” to encode the upcoming object at the cued location. In the down-
regulation condition, one of the objects was preceded by a down-regulation 
cue that prompted participants to “try not” to encode the upcoming object 
at the cued location. In the double cue condition, participants were presented 
with both up- and down-regulation cues and followed the corresponding 
instructions. After encoding hundreds of pictures, participants’ VLTM was 
assessed by a 6AFC recognition test (defnitely old, probably old, maybe old, maybe 
new, probably new, defnitely new).As can be seen in Panels B and C, asymmetric 
memory control was observed. Participants demonstrated reliable voluntary 
up-regulation of memory encoding (i.e., positive cueing effects for Up+ and 
Double Up conditions). However, no evidence for direct down-regulation 
of memory encoding was observed (i.e., lack of negative cueing effects for 
Down+ condition). Interestingly, direct up-regulation of memory encoding 
resulted in indirect down-regulation of memory encoding for accompanying 
information (i.e., negative cueing effects for Up- and Double Down conditions). 
This suggests that memory encoding of unwanted visual information can be 
indirectly achieved by up-regulating memory encoding of accompanying visual 
information. (Figures adapted from Tozios and Fukuda, 2019.) 

memory encoding for an object inficted a negative side-effect on the encoding 
of the accompanying object in the pair.That is, a baseline stimulus that accom-
panied a cued-to-up-regulate stimulus was remembered worse than a baseline 
stimulus accompanied by another baseline stimulus. This suggests that voluntary 
up-regulation of memory encoding in part refects biased attentional allocation 
towards cued-to-up-regulate information and away from accompanying informa-
tion (Desimone & Duncan, 1995; Shapiro & Miller, 2011). 

Can individuals take advantage of this biased attentional allocation to indirectly 
down-regulate the encoding of unwanted memories? If so, memory encoding 
for a cued-to-down-regulate stimulus should be worse than that for the baseline 
items when the cued-to-down-regulate stimulus is accompanied by a cued-to-up-
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regulate stimulus. This indirect down-regulation was indeed what was found by 
Tozios and Fukuda (2019; Figures 8.3B and 8.3C). However, this strategic down-
regulation was only induced when the memory regulation cues were presented 
prior to the onset of stimuli.When the cues were provided after stimulus offset (i.e., 
retro-cueing), no evidence of indirect memory suppression was found despite a 
robust direct up-regulation of memory encoding for cued-to-up-regulate items. 
This suggests that direct up-regulation of memory encoding is supported by dis-
sociable mechanisms: One that capitalizes on biased allocation of spatial attention 
during perception and another that leverages sustained attentional processes after 
encoding. Of note, this dissociable impact of spatial and sustained attention on 
VLTM encoding has since received additional independent support (deBetten-
court et al., 2020). In contrast, the inability to indirectly down-regulate VLTM 
encoding after VWM encoding reveals a critical window for competition-based 
down-regulation of VLTM encoding. 

The impact of retrieval practice on VLTM 

We have described studies illustrating that voluntary control of memory encoding 
is asymmetric, such that our ability to down-regulate VLTM encoding is rather 
limited compared to our ability to up-regulate it. Fortunately, previous work has 
demonstrated that the window of memory control is not limited to encoding and 
that memories can be modulated through the act of retrieval practice after they 
are encoded (e.g.,Anderson & Hanslmayr, 2014; Nader & Hardt, 2009; Roediger 
& Butler, 2011; Schacter et al., 2011). Next, we review some recent work that 
examines the nature and extent of retrieval-based control of VLTM. 

Retrieval practice effects, or testing effects, refer to the improved access to 
LTM representations due to practicing memory retrieval (e.g., Roediger & Butler, 
2011). This effect is highly robust and has been documented using a variety of 
stimuli, including word pairs (e.g., Pyc & Rawson, 2009), picture-word pairs (e.g., 
Wheeler & Roediger III, 1992), and education-relevant materials (e.g., Roediger 
& Karpicke, 2006). However, due to the discrete nature of traditional retrieval 
assessments (e.g., verbal recall tasks, recognition tasks with coarsely sampled foils), 
it has not been clear whether the benefts of retrieval practice are limited to 
improved accessibility of VLTM or whether they extend to improved representa-
tional fdelity. 

To test this, Sutterer and Awh (2016) had participants encode hundreds of 
colored objects into their VLTM. Object colors were sampled from a well-validated 
circular distribution (Wilken & Ma, 2004; Zhang & Luck, 2008). Subsequently, half 
of the objects were presented in a retrieval practice phase, in which a grayscale 
object was presented and participants estimated its original color on a circular 
color wheel. Following the retrieval practice phase, participants performed a fnal 
recall task in which they estimated the color of all objects with the same estima-
tion procedure as the retrieval practice. When the estimation performance was 
analyzed using a mixture modeling procedure that allows for the independent 
estimation of memory accessibility and precision (Suchow et al., 2013; Zhang & 
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Luck, 2008), they found that although a single opportunity to practice retrieval 
robustly enhanced the accessibility of a VLTM representation, it did not improve 
the precision of the representation. A follow-up experiment demonstrated that 
this retrieval-induced beneft was statistically larger than the beneft obtained by 
an additional opportunity to re-encode the colored object, thus paralleling the 
fndings established in the verbal memory literature (Roediger & Karpicke, 2006). 

In stark contrast to the fndings discussed above, related work has illustrated 
that retrieval practice does not always improve subsequent memory retrieval. For 
example, retrieval-induced forgetting states that retrieval of a given memory results 
in the suppression of other memories that are semantically related (Anderson et 
al., 1994; Storm & Levy, 2012).While retrieval-induced forgetting has tradition-
ally been characterized using recall procedures with verbal stimuli, Maxcey and 
Woodman (2014) have since extended this work to a recognition memory para-
digm with visual stimuli (Recognition-induced forgetting, Chapter 9; Maxcey & 
Woodman, 2014). 

Broadly speaking, the recognition-induced forgetting paradigm is composed of 
three phases. In the encoding phase, participants encode multiple exemplars of dif-
ferent objects (e.g., pictures of guitar A and guitar B, pictures of teddy bear A and 
teddy bear B, etc.). In the retrieval practice phase, participants are presented with 
some of the exemplars from some of the object categories (e.g., a picture of guitar 
A) as well as new exemplars of the same object (e.g., a picture of guitar C), and 
have to judge whether or not they have seen the particular exemplars.This makes 
guitar A a practiced exemplar and guitar B a related exemplar. Importantly, exem-
plars from some initially encoded object categories (e.g., teddy bears) are never 
presented during this retrieval practice phase, making them baseline exemplars. 
Finally, in the recognition phase, participants are presented with all the exemplars 
from the encoding phase, as well as novel exemplars of the studied objects, and have 
to judge whether or not the exemplars were displayed during the encoding phase. 
A typical fnding in this paradigm is that, unsurprisingly, practiced exemplars (e.g., 
guitar A) are better recognized than baseline exemplars (e.g., teddy bears A and B). 
More critically, however, fndings also reveal that the related exemplars (e.g., guitar 
B) are recognized more poorly than the baseline exemplars.This demonstrates that 
the visual memories of related exemplars were rendered less accessible through 
the act of recognizing the practiced exemplars during the retrieval practice phase. 
This pattern of recognition-induced forgetting has further been demonstrated in 
multiple developmental cohorts (children: Maxcey & Bostic, 2015; older adults: 
Maxcey et al., 2016) and is shown to occur with social visual stimuli as well (i.e., 
human faces, Rugo et al., 2017) (Figure 8.4). 

More recent studies have begun to elucidate the underlying cognitive mecha-
nisms of recognition-induced forgetting. First, recognition-induced forgetting is 
shown to operate by a shared semantic relationship between exemplars as opposed 
to a shared episodic relationship.That is, recognizing object A triggers the forget-
ting of object B if A and B are semantically related (e.g., two examples of the same 
object). However, if the relationship between the two objects is solely defned by 
episodic co-occurrence (i.e., two different objects that are part of the same epi-
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Figure 8.4 Retrieval-based control of VLTM. Panel A shows the schematic of Sutterer 
and Awh (2016). Participants encoded a series of colored clip art pictures. 
Subsequently, they practiced recalling the precise color of a subset of the 
encoded clip art by selecting the encoded color on the color wheel. Finally, 
participants recalled the precise color of all the clip art in the same manner as the 
recall practice. Panel B shows the aggregate response offset distributions for the 
fnal recall phase for baseline items and practiced items.When the probability 
of memory access and memory precision were extracted by ftting a standard 
mixture model (Suchow et al., 2013; Zhang & Luck, 2008), recall practice was 
found to selectively enhance the probability of memory access while leaving 
memory precision unchanged. (Figures adapted from Sutterer and Awh, 2016.) 
Panel C shows an example schematic of the recognition-induced forgetting 
paradigm used by Maxcey and Woodman (2014). First, participants encoded 
multiple exemplars of multiple objects (e.g., teddy bears, guitars). A subset 
of these objects (e.g., guitars) was then subjected to subsequent recognition 
practice. Notably, only novel exemplars (e.g., black guitar) and a subset of 
encoded exemplars (e.g., red guitar) were presented during this practice phase. 
Finally, participants’ recognition memory for all the encoded objects (e.g., both 
guitar and teddy bear exemplars) were assessed. As can be seen in Panel D, 
practiced exemplars (e.g., red guitar) were better recognized than exemplars 
in the baseline category (e.g., teddy bear), but related exemplars (e.g., brown 
guitar) were recognized worse than baseline exemplars, thus demonstrating 
recognition-induced forgetting. 
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sode or schema), recognizing object A does not result in the forgetting of object B 
(Maxcey et al., 2018; Scotti et al., 2020). Second, recognition-induced forgetting 
does not require re-exposure to previously encoded exemplars during retrieval 
practice (Fukuda et al., 2020). Specifcally, correct rejection of novel exemplars 
of an encoded object was suffcient to induce forgetting of related exemplars of 
the same object.This fnding effectively demonstrates that it is not just re-expo-
sure of previously encoded exemplars that induces forgetting. Rather, accessing 
VLTM for correct endorsement as well as rejection of previous encounters causes 
recognition-induced forgetting.Taken together, both retrieval-practice effects and 
retrieval-induced forgetting confrm that, in addition to memory encoding, mem-
ory retrieval provides additional window for regulating VLTM. 

Current and future directions 

As we have briefy reviewed in this chapter, the last decade or so has been par-
ticularly fruitful for VLTM research. Seminal studies have re-confrmed the mas-
sive capacity of VLTM and revealed its surprisingly high representational quality. 
These scientifc advances have enabled researchers to re-evaluate the mechanistic 
constraints that limit our access to this virtually unlimited store. Furthermore, 
researchers elucidated the nature and extent of our cognitive control over VLTM 
by adopting and expanding the theories established by non-visual LTM research. 
However, we can be confdent that the coming years will continue to offer new 
and exciting discoveries surrounding the rich contributions of VLTM to our eve-
ryday cognition. Below, we suggest several research questions that will be critical 
for guiding this future progress. 

What happens after VWM encoding? 

Fukuda and Vogel (2019) demonstrated the direct involvement of VWM in deter-
mining VLTM encoding success, but not all information that gets encoded into 
VWM is necessarily granted access to VLTM storage (Forsberg et al., 2020).What 
variables then determine which VWM representations are successfully stored in 
VLTM? One possibility is that the likelihood of VLTM encoding success is deter-
mined by moment-to-moment fuctuations in the quality of internal processing 
that each VWM representation goes through (e.g., levels of processing, Craik, 2002). 
However, recent studies have demonstrated that moment-to-moment fuctuations 
in internal processing might not be suffcient to fully explain the encoding suc-
cess of visual memories. Instead, the success of visual memory encoding may in 
part be determined by stimulus-intrinsic factors (i.e., memorability, Chapter 10; 
Bainbridge et al., 2017; Bainbridge et al., 2013; Isola et al., 2014). Recent stud-
ies have confrmed that this intrinsic memorability of certain stimuli cannot be 
ascribed to a small set of low-level visual features (e.g., color hue, saturation, value, 
Isola et al., 2014) and is also dissociable from memory encoding and retrieval 
success at the neural level (Bainbridge et al., 2017; Bainbridge & Rissman, 2018). 
Future studies should assess how internal processing interacts with stimulus-driven 
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factors to determine the successful transfer of VWM representations into VLTM 
storage (Bainbridge, 2020). 

Dissociating the up-regulation of VLTM accessibility and precision 

Recent studies have confrmed that we are capable of voluntarily up-regulating 
VLTM encoding.This ability is composed of at least two attentional control mech-
anisms: One that down-regulates the encoding of other simultaneously presented 
information, and another that does not (Tozios & Fukuda, 2019).This dissociation 
nicely maps onto a recent demonstration of the separable impact of sustained 
attention and spatial attention on VLTM encoding (deBettencourt et al., 2020). 
Although these studies provide converging evidence for voluntary up-regulation 
of VLTM encoding, they do not demonstrate whether voluntary memory up-
regulation results from enhanced accessibility or enhanced precision of VLTM. 
Thus, future studies should aim to tease apart the effect of voluntary up-regulation 
on these distinct characteristics of VLTM representations. 

The feasibility and extent of VLTM down-regulation 

In contrast to voluntary up-regulation of VLTM encoding, direct down-regula-
tion of VLTM encoding has not yet been established.This apparent elusiveness of 
memory encoding down-regulation may be explained by longer durations needed 
for our brain to implement down-regulatory control of VLTM encoding than to 
implement up-regulatory control. Such temporal asymmetry in cognitive control is 
also observed in selective attention. Specifcally, to make use of negative attentional 
templates (i.e., attentional template for to-be-ignored information), individuals need 
to use the same template consistently across a long run of trials (Cunningham & 
Egeth, 2016; Moher & Egeth, 2012). This is in stark contrast to more rapid and 
fexible updating of positive attentional templates (i.e., attentional template for to-
be-searched-for information). Given the tight relationship between attentional con-
trol and VLTM encoding, future studies should directly manipulate the latency and 
trial succession of VLTM down-regulation to examine if direct down-regulation of 
VLTM encoding is possible when down-regulatory control is maintained over time. 

Relatedly, memory retrieval provides an ideal opportunity to down-regulate 
VLTM representations that have already been encoded. Recognition of some vis-
ual memories has been shown to impair the subsequent retrieval of related visual 
memories (e.g., Maxcey & Woodman, 2014). Although this recognition-induced 
forgetting has been reliably demonstrated, two key questions remain regarding 
its underlying mechanism. First, does the induced forgetting occur as a result of 
impaired accessibility or precision in related VLTM representations? Second, does 
the induced forgetting impact VLTM accessibility and/or precision temporarily in 
a specifc retrieval context or indefnitely across retrieval contexts? Verbal memory 
literature suggests that retrieval-induced forgetting is best characterized as a tem-
porary inaccessibility of memory rather than permanent memory loss (see Jonker 
et al., 2013; Storm & Levy, 2012 for example for different theoretical accounts for 
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the same results). Future studies should directly examine these questions to eluci-
date the consequence of retrieval-based down-regulation of VLTM. 

Lastly, another fruitful approach to down-regulate the negative consequences 
of unwanted visual memories may be to distort them rather than to render them 
inaccessible or less precise. Recent studies have demonstrated that visual memories 
can be biased towards a novel visual input, especially when the visual input is sub-
jectively judged to be similar to the original memory (Fukuda et al., in press).This 
similarity-induced memory bias was found to be larger than the bias observed 
when the same stimuli were perceived, but ignored (Saito et al., 2020).This sug-
gests that similarity-induced memory biases cannot be entirely explained by a 
stimulus-driven perceptual interference (Rademaker et al., 2015; Sun et al., 2017). 
Instead, explicit engagement in similarity judgments that compare a memory rep-
resentation to a novel stimulus may causally modulate the magnitude of the bias. 
This strategy for distorting memories may be particularly effcacious for producing 
lasting changes to a memory representation, as biases following explicit similar-
ity judgments have been shown to persist up to 24 hours later (Saito et al., 2021). 
Future studies should examine the extent to which memories can be distorted to 
avoid the negative consequences of unwanted visual representations. 
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