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Abstract

While humans often encode and retrieve memories in groups, the bulk of our knowledge of human memory comes from
paradigms with individuals in isolation. The primary phenomenon of interest within the relatively new field of collaborative
memory is collaborative inhibition: the tendency for collaborative groups to underperform in free recall tasks compared
with noncollaborative groups of the same size. This effect has been found in a variety of materials and group compositions.
However, most research in this field is led by verbal conceptual theories without guidance from formal computational models.
We present a framework to scale the Search of Associative Memory model (SAM) to collaborative free recall paradigms
with multiple models working together. Multiple SAM models recalling together naturally produce collaborative inhibi-
tion when the group members use recalls by the group as cues to retrieve from memory, strongly supporting the “retrieval
disruption” hypothesis. This work shows that SAM can act as a unified theory to explain both individual and collaborative
memory effects and offers a framework for future predictions of scaling to increased group sizes, shared knowledge, and

factors facilitating the spread of false memories in groups.
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Outside of the laboratory we regularly encode and retrieve
memories in collaboration with others, but almost all empir-
ical research in human memory has involved participants
performing tasks in isolation. The experimental study of col-
laborative memory is a comparatively young field focused
on uncovering the cognitive mechanisms involved in group
interaction in memory tasks. The field primarily adapts
experimental paradigms and theories originating in indi-
vidual memory to the collaborative group level.

The primary focus within this new field is collabora-
tive inhibition—the tendency for collaborative groups to
underperform in free recall tasks compared to noncollabo-
rative groups of the same size. This effect is robust and has
been found in a variety of materials and group composi-
tions (Marion & Thorley, 2016; Rajaram & Pereira-Pasarin,
2010). Currently, there are multiple explanations for the
recall deficit, but the explanation with the most empirical
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support is the retrieval disruption hypothesis. This hypoth-
esis posits that the deficit from collaboration occurs because
individual retrieval strategies are disrupted during group
activities (Basden et al., 1997). While a body of experi-
mental research and verbal conceptual frameworks exist for
connecting individual and collaborative memory, there are
currently no formal computational cognitive models to guide
the field. The present research adapts a prominent model of
individual memory recall, the Search of Associative Mem-
ory model (SAM; Raaijmakers & Shiffrin, 1980, 1981), to
predict the results of collaborative recall. Our simulations
support the retrieval disruption hypothesis and provide a
formal framework unifying individual and collaborative
memory research.

Collaborative inhibition

The experimental paradigm typically used within the col-
laborative memory field is an extension of classic paradigms
previously used and validated in the field of individual mem-
ory. This paradigm involves participants learning a list of
words, performing a distractor task individually, and then
performing a recall task (typically free recall) together in
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small groups (Harris et al., 2008). As expected, groups per-
form better in the recall task than individuals. However, to
be fair, group recall should be compared with the same num-
ber of individual recalls, in what is termed a nominal group.
In both collaborative and nominal group conditions, subjects
learn a list of items individually in the study phase. Then, in
the collaborative group condition, subjects are asked to work
together with other group members to recall items on the list.
The collaborative group response is calculated by counting
all nonoverlapping responses produced by the group. In the
nominal group condition, subjects are asked to recall items
on the list independently. The nominal group response is
calculated by counting the total, nonoverlapping responses
produced by all the group members. When collaborative
group recall performance is compared with nominal group
recall performance in this way, there is a significant deficit in
recall in the collaborative group (Basden et al., 1997; Wel-
don & Bellinger, 1997)—termed collaborative inhibition.

Mechanistic hypotheses of collaborative
inhibition

Currently, several explanations have been proposed in the
literature that may underlie the collaborative inhibition
effect. One set of theories originate from theoretical para-
digms developed within the individual memory literature.
The individual memory analogue to the collaborative inhi-
bition effect is commonly believed to be the part-list cuing
effect (Andersson et al., 2006; Basden et al., 1997, 2000).
Typically, when an individual is asked to use cues to aid
recall, their recall performance increases (Tulving, 1974).
However, the part-list cuing effect predicts the opposite.
When an individual is presented with a random selection
of a memorized list as cues, their recall for the remaining
words on the list is inhibited (Nickerson, 1984; Slamecka,
1968). Crucially, the part-list cues must be a random sub-
set of the study list for the effect to occur. The similari-
ties between the part-list cuing and collaborative inhibition
effects are clear. In both cases, previously studied items
are given to a subject as externally produced cues, which
then cause disruption in recall. There are three promi-
nent explanations for the part-list cuing effect that may
also be responsible for collaborative inhibition: retrieval
disruption, retrieval inhibition, and retrieval blocking. All
three suggest that the product of recall is responsible for the
inhibitory effect of collaboration.

The most popular mechanistic hypothesis for collabora-
tive inhibition is the retrieval disruption hypothesis, which
posits that the inhibitory effects of collaboration occur
because individual retrieval strategies are disrupted dur-
ing group recall (Basden et al., 1997). This hypothesis was
originally used to explain the part-list cuing effect: when
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randomly chosen, part-list cues interfere with the subject’s
internal organization of the study list, thus interrupting their
idiosyncratic retrieval strategy (Basden & Basden, 1995).
It is theorized that in a collaborative setting, group mem-
bers provide part-list cues for others in the group—causing
collaborative inhibition. According to this hypothesis, each
group member develops an idiosyncratic organization of
information in memory during the study phase of a recall
task, which is then disrupted by mismatched cues from other
group members when asked to recall in a group. Addition-
ally, once the disruption is removed (i.e., no more group
members producing cues), subjects are assumed to remem-
ber study items that weren’t produced during collaborative
recall on subsequent individual recall tasks; that is, memory
disruption is not long lasting, and evidence supports this
assumption (Basden et al., 2000; Congleton & Rajaram,
2011).

A second possible mechanistic explanation for col-
laborative inhibition is retrieval inhibition, which posits
that strengthening of cue words inhibits the memory for
noncued words by suppressing memory representations,
which prevents those words from being retrieved (Bauml &
Aslan, 2004). In a collaborative setting, words that are cued
by group members would be strengthened in memory and
words that are not recalled by the group would be weakened,
causing extended suppression of unrecalled words for all
group members. It is also important to note that this memory
impairment should persist after collaboration regardless of
the method in which memory is cued. That is, the impair-
ment should also be noticeable in postcollaborative free
recall and recognition tests (Bauml & Aslan, 2006). Several
studies have found supporting evidence for retrieval inhi-
bition by observing an incomplete release from inhibition
during postcollaborative individual recall tasks, which is not
predicted by retrieval disruption (Blumen & Rajaram, 2008;
Congleton & Rajaram, 2011), suggesting a long-lasting det-
rimental effect of collaboration. These findings indicate that
both retrieval inhibition and retrieval disruption may jointly
contribute to collaborative inhibition.

A third possible mechanism for collaborative inhibition
is retrieval blocking, which posits that cue words become
stronger candidates for retrieval and people are more likely
to recall previously cued words as opposed to new words.
During the part-list cuing task, participants are more likely
to think of the cued words, which blocks access to noncued
words (Rundus, 1973). In a collaborative setting, group
members would be more likely to recall previously recalled
words than produce novel responses. While retrieval block-
ing prevents access to noncued words, the memory repre-
sentation itself is not suppressed. That is, the memory deficit
should remain when memory search is self-guided but be
eliminated when cues are provided, such as on a recognition
test. Barber et al. (2015) found that inhibition was present in
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both postcollaborative free recall and recognition tests, sug-
gesting that retrieval blocking may not play an active role in
collaborative inhibition.

Yet another set of theories that often originate from the
social psychology literature, suggest the social process of
recall may be responsible for collaborative inhibition. These
theories posit that there’s something about the collabora-
tive process itself (independent of the items produced) that
inhibits group performance. There are a few studies sug-
gesting that social factors may also have an effect on col-
laborative inhibition. For example, a few studies have shown
that when group members have a prior relationship (mar-
ried couples, groups of friends, etc.) collaborative inhibi-
tion can be reduced (Andersson & Ronnberg, 1995, 1996;
Johansson et al., 2000). However, it may also be the case
that people with preexisting relationships have more shared
background knowledge and experience, which could result
in a more similar organization of study list items. In support
of this possibility, Meade et al. (2009) reported a reversed
pattern—that is, collaborative facilitation—among expert
pilots in their collaborative recall of aviation scenarios,
while the usual collaborative inhibition pattern was observed
for the novice pilots and nonpilots in the same study. The
reversed pattern in expert pilots’ collaborative recall is
attributed to their shared domain knowledge about and expe-
rience with aviation scenarios.

In any context where group interaction occurs, it seems
intuitive that social interaction and motivation would be
important. Therefore, it follows that collaborative inhibi-
tion could be caused by a variety of social factors. One such
social factor is social loafing, the tendency for group mem-
bers to not work as hard in a group setting as they would
have alone (Latane et al., 1979). Social loafing as a pos-
sible mechanistic explanation for collaborative inhibition
is implied by previous group research in a wide variety of
fields that show a similar loss of individual productivity.
These areas include bystander intervention (Latane & Nida,
1981), physical activities such as rope-pulling (Ingham
et al., 1974), and cognitive tasks like brainstorming (Diehl
& Stroebe, 1987; Taylor et al., 1958). Given the similarity
between brainstorming and collaborative recall tasks, it is
possible that the same mechanisms could be responsible for
both inhibitory effects.

However, while there is some evidence that social loaf-
ing may play a detrimental role in brainstorming activities
(Diehl & Stroebe, 1987), the experimental evidence avail-
able is not enough to account for the whole effect. Experi-
ments that manipulated factors important for social loafing,
such as personal accountability and individual motivation,
were not able to decrease collaborative inhibition (Wel-
don et al., 2000). However, collaborative inhibition can be
decreased or even eliminated by manipulating cuing or the
order in which items are learned (Andersson et al., 2006). If

social factors were the sole cause of collaborative inhibition,
such manipulations would not decrease the inhibitory effect.
The inability to reduce collaborative inhibition by eliminat-
ing possible social factors suggests that other mechanisms
may be responsible for the effect.

Another potential account of collaborative inhibition is
the production blocking hypothesis (distinct from retrieval
blocking described earlier), which posits that waiting to con-
tribute while other group members produce responses blocks
the ability to recall information (Diehl & Stroebe, 1987). For
example, while recalling in a group, individuals might forget
their response while waiting for other group members to fin-
ish talking. Thus, the cause of collaborative inhibition would
not be because of the responses produced by the group but
because the process of collaboration forces participants to
wait to produce responses.

Most studies involving production blocking during
collaborative and individual recall have either con-
cluded that there isn’t enough supporting evidence to
fully account for collaborative inhibition or that pro-
duction blocking cannot be the cause of collaborative
inhibition (Andersson et al., 2006; Finlay et al., 2000;
Wright & Klumpp, 2004). Wright and Klumpp (2004)
demonstrated that production blocking is most likely not
responsible for collaborative inhibition. They compared
nominal group performance to two conditions of col-
laborative recall: seeing and not-seeing. In both condi-
tions, groups of two used the turn-taking method. In the
seeing condition, participants shared a sheet, wrote down
responses after their partner’s turn, and could review
each other’s responses. In the not-seeing condition, par-
ticipants had separate sheets, could not see each other’s
responses, and were physically separated by a divider. If
production blocking were responsible for collaborative
inhibition, participants assigned to the not-seeing collab-
orative condition should still experience inhibition due to
having to wait for their partner’s turn before producing
their own response. However, this was not the case, sug-
gesting that production blocking is not responsible for
collaborative inhibition.

Several mechanisms have been discussed, each with dif-
fering levels of experimental support. However, among the
range of mechanisms suggested in the literature, and despite
emerging indications of a multiprocess explanation for col-
laborative inhibition, retrieval disruption is still considered
the primary mechanism responsible for collaborative inhibi-
tion. Thus, the goal of this paper is to introduce and validate
the collaborative Search of Associative Memory (cSAM)
model by observing whether retrieval disruption is pre-
sent in the model. Then, after this fundamental validation,
future work will aim to use cSAM as a tool for investigating
the possibility of a multiprocess account of collaborative
inhibition.
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Modeling retrieval disruption

The retrieval disruption hypothesis is closely related to
a mechanistic explanation for the part-list cuing effect
found in the individual memory literature, an idea mod-
eled formally by Raaijmakers and Shiffrin (1981; see
also Andersson et al., 2006; Basden et al., 1997, 2000).
The explanation afforded by the SAM model is based on
the fact that the cues are chosen randomly by the experi-
menter; when these cues are used to retrieve from mem-
ory they often mismatch the subject’s internal organiza-
tion of the study list, hindering recall (Basden & Basden,
1995). For example, suppose the experimenter provides
three words W1, W2, and W3 that are used by the partici-
pant as cues to search memory. Suppose this participant
has stored words in memory in groups of three, and one
such group happened to be [W1, W2, W3]. If all three are
provided as cues, the participant would tend to retrieve
experimenter-provided words, and those retrievals would
not be counted as successful. Another stored group might
be [W4, W5, W6]; all might fail to be recalled because
none happen to be provided as cues. It would be best if
the experimenter provided one word from each stored
group, but the provided words are chosen randomly. Raai-
jmakers and Shiffrin (1981) used this idea in SAM to
explain why critical word recall is better without ran-
domly provided list words as cues.

The extension of this idea to collaborative inhibition
is straightforward: When a group member attempts to
retrieve using a word recalled by another group member
that word will often mismatch the member’s subjective
organization, causing collaborative inhibition. Basden
et al. (1997) were the first to provide experimental evi-
dence tying collaborative inhibition to the part-list cuing
effect and supporting retrieval disruption as a mechanistic
explanation for collaborative inhibition. Whether or not
retrieval disruption can account for all extant findings
(Barber et al., 2015; Lehmer & Béauml, 2018) the present
simulation modeling shows that retrieval disruption imple-
mented by the SAM model provides an excellent account
of the basic phenomenon of collaborative inhibition in
free recall.

Modeling collaborative memory

Research focusing on social media information presently
dominates the group behavior literature, and includes top-
ics such as community identification, “fake news” detec-
tion, topic modeling, and misinformation prevention. This
research stems from the fields of network science and
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linguistics and tends not to incorporate or consider cogni-
tive mechanisms in their models. Until now, the only attempt
at modeling collaborative memory was made by Luhmann
and Rajaram (2015) whose main goal was to model infor-
mation transmission at network-scale by taking an agent-
based modeling approach. Though their main goal was not to
model collaborative inhibition, during the verification phase
of their model, the authors were able to produce collabora-
tive inhibition when groups of three agents were tasked with
performing collaborative recall. Additionally, they were able
to model the effect of group size on collaborative memory.
However, while this model included psychologically based
agents that were able to encode and retrieve memories, the
main goal of the study was to examine the effect of informa-
tion transmission on network behaviors, not to investigate
individual and collaborative memory processes responsible
for collaborative inhibition, the broader goal of the current
work.

The motivation for using SAM over other possible cog-
nitive models is as follows. First, SAM is well studied,
is one of the most widely used recall models in episodic
memory research (Wilson & Criss, 2017; Wilson et al.,
2020), and is arguably the simplest. Second, SAM has
successfully modeled the part-list cuing effect in indi-
vidual memory (Raaijmakers & Shiffrin, 1981), and the
same principles may explain collaborative inhibition.
Finally, the architecture of the model affords a coher-
ent framework that is easily applied to both individual
recall and recall in groups. We therefore take a SAM
model for individual recall and use it almost completely
intact and unchanged to model each member of a group
recalling collaboratively. A demonstration that this group
model predicts collaborative inhibition will go a long way
toward producing a unified account of both individual and
collaborative memory phenomena and processes.

Search of associative memory (SAM) model

SAM is a cue-dependent probabilistic search theory of
retrieval and is typically applied to simulations of free and
cued recall. The model makes use of a two-stage mem-
ory system: short-term memory and long-term memory.
The short-term memory system is where processes such
as encoding and rehearsal are carried out during study
and where retrieval is controlled during testing. Long-
term memory contains traces represented as an associa-
tion matrix of study items and environmental context
(context-item information) and item to item-plus-context
information (item-item information). Context information
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represents information available during encoding that
identifies the context of the list rather than any specific
study item, such as emotions, sensations, or environmen-
tal details.

The traces in long-term memory are formed and stored
during the time that items are present in short-term memory
in a limited capacity rehearsal buffer. The items present in
the buffer together at each moment are determined probabil-
istically, so that different participants form different subjec-
tive organizations (different associative strengths) in long-
term memory. The associative strength between a context
cue and a context-item trace is a linear function of the time
that item was rehearsed in short-term memory. The asso-
ciative strength between an item-plus-context cue and an
item-item trace that contains the same item (i.e., item-to-self
relationship) is a different linear function of the time that
item was rehearsed in short-term memory. The associative
strength between an item-plus-context cue and an item-item
trace containing a different item (i.e., item-to-other relation-
ship) is a third linear function of the time the two items were
together in the rehearsal buffer. In many tasks, including the
present ones, the contents of short-term memory are cleared
by a distractor task such as arithmetic before recall begins.

Retrieval from long-term memory is then carried out by
probing memory either with a context cue alone (at the start
of retrieval or when an item cue is no longer helpful) or
with an item-plus-context cue. Learning during retrieval is
represented by additions to the associative strengths between
cues and traces when a successful recall occurs. Recall due
to context-only cuing increments strengths from the con-
text cue to that trace and the strength of the that item to its
own trace. Recall due to item-plus-context cuing increments
those strengths and also increments the strength of the item
cue to the trace containing the recalled item. Table 1 gives
a brief description of the standard parameters included in

Table 1 SAM parameter descriptions

SAM. The first 11 parameters are for SAM applied to both
nominal and collaborative groups free recalling uncatego-
rized lists. The last two parameters apply to models free
recalling from categorized lists. The columns to the right
provide the parameter values used to predict collaborative
inhibition for nominal and collaborative groups, for both
uncategorized and categorized lists (explained in detail
later).

Retrieval in SAM

As mentioned, short-term memory is cleared in the pre-
sent task, so that all recall comes from long-term memory.
Retrieval begins by probing memory with a context cue.
Traces are activated in proportion to their associative
strength to the context cue, and one trace is sampled in
proportion to that strength. The probability of recalling the
item in the sampled trace (termed recovery) rises with the
associative strength. If recall fails, either because a word is
not recovered from the sampled trace, or because a word is
recovered but had been recalled previously, another trace
is sampled and this continues until an item is recalled, or
until Kmax total accumulated failures occur (Kmax is never
reached at the start of recall, but eventually is reached and
terminates recall).

If an item is recalled, then that item plus context is used
next to probe long-term memory. Traces are activated in
accordance with the associative strength between the item
and context probe and each trace. A trace is sampled in pro-
portion to its strength. The probability of recalling the item
in that trace rises with the associative strength between the
cue and trace, but successful recall only occurs if that item
had not already been recalled (which counts as a failure).
If recall fails another sample is made and this continues
until a new item is recalled, in which case the new item plus

Parameter Description Uncategorized values Categorized values
t Presentation time per word during encoding 2s 2s

r Short-term memory buffer size 4 4

a Weight for context-to-word association during encoding .08 .07
b Weight for word-to-word association during encoding .08 .07
c Weight for word-to-self association during encoding .08 .07
d Associative strength for words not appearing in buffer together .02 .02
e Incrementing parameter for context-to-word association during retrieval .70 .70
f Incrementing parameter for word-to-word association during retrieval .70 .70
g Incrementing parameter for word-to-self association during retrieval .70 .70
Kmax Number of retrieval failures that end retrieval 30 30
Lmax Number of retrieval failures before returning to context cues 3 3

h Starting association for words in the same category (categorized) - 25
i Starting association for words in different categories (categorized) - .005
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context is used to probe memory, or until Lmax is reached.
If Lmax is reached, then retrieval ends if Kmax failures have
accumulated overall; if Kmax has not been reached, then
the retrieval cue is changed to a context only probe. In this
way, the memory search continues until Kmax total failures
accumulate, at which point recall stops.’

Equation 1a gives the probability of sampling a context-
word trace, W;g, using only context, Cr, as a memory probe.
Equation 1b gives the probability of sampling a context-
word trace, Wig, given both context, Ct, and a word cue,
W, as a memory probe. The S subscript indicates the item
as it is stored in memory.

S(Cr, Wy)
Py(WslCr) = o———— la
o(WilCr 21 S(Cr W) (o
S(Cpo Wig)S(Wyp, W,
Ps(Wis|CTkuT): ( A S) ( ak ) (1b)

21 S(Cr, Wis) S (W, W)

Once an item is sampled from memory, the recovery pro-
cess begins. Equation 2a shows the probability of recovering
the word, W;, in the sampled trace given only context as a
memory probe. Equation 2b shows the probability of recov-
ering the word in the sampled trace given both context and a
word cue as a memory probe. The recovered word is counted
as a failure if already recalled and otherwise a success.

PR(Wz"CT) =1- exp{—S(CT, WiS)} (2a)
-S(C, W,
PR(Wi|CT’ WkT) =1- exl’{ _S((WZT’ WI/SS)) } (2b)

Part-list cuing in SAM

Raaijmakers and Shiffrin (1980, 1981) used this model to
explain and predict many results in free recall, cued recall,

U If Kmax is reached while search is using a word cue and Lmax
has not yet been reached, then search continues until a new word is
recalled and used, or until Lmax is reached and then search ends. This
happens very seldom, not enough to alter any of the present simula-
tion results significantly. Also, the original version of SAM did not
end search when Kmax was reached but had a process of ‘recheck-
ing’, using words recalled earlier as cues. Rechecking was not used
in any of the present modeling. As cSAM is described it will become
clear that rechecking added to both the nominal and collaborative
groups would increase the degree of collaborative inhibition predicted
by inducing the use of ineffective cues by the collaborative group.
We did not include rechecking because we wanted to show that basic
SAM predicts collaborative inhibition without it.
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and categorized free recall. Of greatest present relevance,
it predicted the negative effects of part-list cuing, despite
storing and retrieving associations. To apply SAM to part-
list cuing, retrieval begins with an experimenter provided
cue and continues until an item is recalled or until Lmax
failures occur in which case retrieval uses the next experi-
menter provided cue. As usual, recall stops when Kmax
failures accumulate. If all experimenter provided cues are
used before Kmax failures, then self-guided search begins.
The negative effects of part-list cuing are due largely to
the use of a random set of experimenter-provided cues.
Rehearsal processes during study produce a certain struc-
ture of associations in long-term memory causing certain
items to be strongly associated, while others are not. The
cues provided by the experimenter will seldom match the
stored associative structure, causing poor retrieval. For
example, the experimenter provided cues will often lead
to failures because the strongly associated items will be
other experimenter provided cues. In normal free recall,
retrieval after Lmax failures switches to context, which
can lead to previous untapped regions of the associative
structure. However, instructions used in part-list cuing
lead instead to the use of the next experimenter-provided
cue, a cue that is often unhelpful. This can be seen as a
form of retrieval disruption and suggests that a similar
process may explain collaborative inhibition in cSAM:
If a member of a group uses for retrieval an item just
recalled by another group member, that item will often
mismatch the member’s personal associative structure in
long-term memory. That is, the recalls of other group
members may play the role of the experimenter provided
cues seen in the part-list cuing effect.

Adapting SAM to collaborative free recall

Given its success at modeling the part-list cuing effect in
individual memory, adapting the SAM model to collabo-
rative recall could provide valuable insights into the cog-
nitive mechanisms behind collaborative inhibition. The
SAM model could have been adapted to use either of the
two prominent recall methods seen in collaborative recall
tasks. The first possibility was the turn-taking method,
which captures everyday turn-taking in conversations and
produces collaborative inhibition, and was used by Basden
et al. (1997) and Luhmann and Rajaram (2015). However,
this method is less common in the literature, partly because
the turn-taking method has been shown to increase memory
intrusions (Meade & Roediger, 2009; Rajaram & Pereira-
Pasarin, 2010). The second possibility was a free-for-all
recall method in which participants recall freely whenever
they retrieve a new word. This paradigm is the most popular
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within collaborative recall behavioral experiments and thus
we implemented this recall method for cSAM. The following
sections outline the adaption of the SAM model to free recall
in both uncategorized (words unrelated to one another) and
categorized lists of words (several exemplars presented from
each category in a randomized order within a study list). We
chose these stimuli as they are widely studied within the free
recall literature and will serve as a benchmark for evaluat-
ing the performance of our model. These word lists are also
useful because in free recall tasks people tend to organize
retrieval even for unrelated stimuli (Gates, 1917; Tulving,
1962) , indicating that retrieval disruption would play a role
in the recall of both unrelated words and categorically related
words under conditions of collaborative recall. Consistent
with this, collaborative inhibition has been reported during
recall for both uncategorized lists (e.g., Blumen & Rajaram,
2008; Choi et al., 2014; Weldon & Bellinger, 1997) and cat-
egorized lists (Basden et al., 1997; Congleton & Rajaram,
2011, 2014). As such, our use of both types of word lists
makes this approach a robust way to test the SAM model.

Free recall of uncategorized lists

We note at the outset that the cSAM model here uses free
recall output. Any reference to cues is specific to the items
recalled by any model in free recall format that then serves
as a cue for another model to freely recall other items. The
cSAM framework is defined as follows: A nominal group
of N members has N models each carrying out free recall
independently. A collaborative group of the same size
with N members has N models storing associations inde-
pendently (exactly as in the nominal group) but interacting
during retrieval. The key assumption is that all N models
within a collaborative group use the most recent recall by
any of the models as the next cue for retrieval, and all mod-
els increment associative strengths for any word recalled by
the group. Note that these assumptions match the analogous
assumptions for SAM applied to individual recall. All mod-
els in both groups use the same method for storing traces
in memory, based on the SAM rehearsal buffer. Short-term
memory is cleared before retrieval begins.

During retrieval for the nominal group, each of the N mod-
els retrieves independently in the typical SAM method that
is summarized above. Figure 1 provides a general flowchart
of the free-for-all retrieval method used by the collaborative
group. There is a shared buffer, called the group response,
between the N models; which represents words “‘spoken aloud”
by the models. The N models of the collaborative group are
assumed to use each other’s recalls as they occur, so it is neces-
sary that their timing during retrieval be synchronized.

Retrieval failures for each model can occur in such a
way that different models may reach Lmax or Kmax at
different times. There are two types of retrieval failures

Recall Phase Group Response
Context Recall [l
Model 1 Model 3
Response
Model 2 Response
Response - =———=——~- » [Model 2 Response]

Cue Recall (Model 2 Response)

YRR

Model 2 Model 1
Response Response

Model 3
Response

[Model 2 Response,

Model 3 Response]

Repeat until Lmax reached by all models

Repeat until Kmax reached by all models

Fig. 1 Flowchart of collaborative recall between two or more SAM
models. To begin recall, all models in the group start performing
context recall. All models do this separately and the model with the
fastest response (in this example Model 2’s response was fastest) is
added to the group response. Then, each model in the group uses the
previous response (Model 2’s response) to perform cued recall with
the previous response as the cue word. Once again, the fastest model
response is added to the group response (in this example Model 3’s
response was fastest). Cued recall continues until the stopping param-
eter Lmax is reached by each model in the group at which point the
models begin context recall again. Once the stopping parameter Kmax
is reached by all models recall ends

which can occur when a model is attempting to recall a
word. First is a sampling failure where no word is recov-
ered after sampling. Second, if a word is recovered it
must then be checked to see if the group has recalled it
previously. If the word has been recalled already, then
a failure is counted. Each type of failure counts toward
Lmax and Kmax. If the recovered word had not been pre-
viously recalled by a group member, then it is success-
fully recalled and every model in the group uses it as
a probe cue for the next step of the search. Depending
on whether the first or second failure type occurs dur-
ing each recall phase, the models can reach Lmax (and
Kmax) at different times which can result in some models
probing memory with context only while others are prob-
ing memory with word plus context. Nonetheless, when
any successful recall occurs, all models switch and use
it to search memory. In addition, because the models
can reach Kmax at slightly different times, models that
have reached Kmax before other group members can con-
tinue to use retrieved items produced by other models
as probes until Lmax is reached but cannot produce new
items from context only search.
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Thus, to summarize, the models for the nominal group
(SAM) and the collaborative group (cSAM) are the same—
only the experimental condition differs. Both types of mod-
els perform free recall, however, where the nominal group
models use as a next cue the most recent word recalled by
themselves; the collaborative group models use as a next
cue the most recent word recalled by the group. The nomi-
nal group models increment associative strengths from cues
used to traces of the current word recalled; the collabora-
tive group models increment associative strengths from
their cues used to traces of the current word recalled by the
group.”

Free recall of categorized lists

Basden et al. (1997) explored collaborative groups free
recalling categorized lists with categories of two different
sizes. Collaborative inhibition was found, and the magni-
tude was larger for six categories of size 15 than 15 cat-
egories of size six. To simulate their design, we assume
that all items in all categories are presented to each indi-
vidual for study in mixed order, and retrieval begins after
short-term memory is cleared. Nominal and collaborative
groups are assumed to have three members. The models
applied are very similar to those for uncategorized lists
with a few slight modifications. During storage, the buffer
model is applied as usual, except that the total association
between two words in the same category is larger than
in the uncategorized model by .25, and the association
between two words in different categories is larger than
in the uncategorized model by .005. Retrieval is the same
as for the uncategorized model (except that the various
associative strengths will be different, due to the category
structure of the lists).

Modeling results
Parameter estimation of individual data

Before attempting to fit cSAM to aggregate recall data, we
fit three parameters for the nominal and collaborative models
(e, f, and g) using individual data (from Choi et al., 2014) to
investigate any informative parameter differences between
nominal and collaborative groups. The data provided con-
sisted of recalls from a list of 50 uncategorized words for

2 Some group members continue recall beyond the point they would
have done (at Kmax) because they are induced to continue search by
a recall by some other group member that has not yet reached Kmax.
This factor helps increase group recall compared with nominal (to a
tiny degree). Collaborative inhibition occurs regardless.
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Table 2 Descriptive statistics of parameter distributions compar-
ing collaborative and nominal groups

Parameter Collaborative ~ Nominal Mood’s
test p
value
e Mean (SD): 72 (.14) 71 (.14) 11
Median: .70 .70

f Mean (SD): 73 (.14) 74 (.14) 42
Median: 71 71

g Mean (SD): 73 (.14) 73 (.15) 14
Median: .70 .70

e=Incrementing parameter for context-to-word association during
retrieval

J=Incrementing parameter for word-to-word association during
retrieval

g=Incrementing parameter for word-to-self association during
retrieval

both nominal and collaborative groups. There were 36
groups represented in this data set, 18 nominal and 18 col-
laborative. To estimate these parameters using individual
level data, we used the forest.minimize optimization func-
tion from the scikit-optimize Python library. This optimiza-
tion function begins by modeling a function, in this case
the retrieval process of cSAM, using a decision tree-based
regression model. The model is then improved by evaluating
the function at the next best point—thus finding the mini-
mum value of the function in the smallest number of steps.

A Kolmogorov—Smirnov test for goodness-of-fit was per-
formed on each parameter distribution to check for normal-
ity. All were found to be significantly nonnormal, leading us
to employ a nonparametric test to compare collaborative and
nominal distributions for each parameter. Table 2 displays
the means, standard deviations, and medians for best-fitting
parameter values across the participants. There were no sig-
nificant differences in the median parameters for the col-
laborative and nominal groups, suggesting that collaborative
inhibition is an emergent characteristic of the model and is
not reliant on parameter tuning to produce the effect. Thus,
all further comparisons we make between the collaborative
and nominal groups keeps all parameters constant between
groups.

Fitting cSAM to aggregate collaborative recall data

We then used SAM and cSAM to predict nominal and col-
laborative groups of three members freely recalling an
uncategorized list of 40 words (Weldon & Bellinger, 1997)
and the major findings by Basden et al. (1997) for groups
of three members freely recalling categorized lists of two
types (Basden et al., 1997). Because no significant param-
eter differences emerged in the previous section when the
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parameters were optimized, SAM and cSAM were both set
to use the same fixed parameter values (Table 1) from the
original Raaijmakers and Shiffrin (1981) simulations. The
only difference in the model conditions lies in the fact that
the collaborative group members use the most recent recall
by any group member for their next searches of memory
while the nominal group members use their own most recent
recall for their next searches of memory.

We found that when all the values were set to those
used in Raaijmakers and Shiffrin (1981) for part-list cuing,
collaborative inhibition emerged. However, the levels of
recall predicted for uncategorized and categorized word
lists were slightly off target. Thus the values of a, b, and
c were slightly changed from the original values in Raai-
jmakers and Shiffrin (1981) to the values seen in Table 1.
The values of & and i were not needed to predict collabo-
rative inhibition but were adjusted so that the predictions
for categorized lists would better match the observed data.
The results of fitting the models show that parameter esti-
mation is ultimately unnecessary as no significant differ-
ences emerge and collaborative inhibition is predicted for
almost any parameter value. This implies that collabora-
tive inhibition is an emergent property of the model and
that some mechanistic processes are responsible for the
effect, as opposed to relying on altering the parameters to
produce the effect.

Figure 2 shows the results of fitting the model to indi-
vidual, nominal, and collaborative recall of uncategorized
lists, using the parameters shown in Table 1. Figures 3 and
4 show the results of fitting the model to individual, nom-
inal, and collaborative recall of categorized lists, using

o e o o
=N Q % o

Proportion Recalled
f=3
W

parameters shown in Table 1. We focus on accurate recall.
Free recall of unrelated words yields very low intrusions,
and for categorized lists where collaborative recall can
produce higher intrusions, collaborative inhibition occurs
even when recall is corrected for intrusions (Congleton &
Rajaram, 2011). Thus, collaborative inhibition is robust
to the differences in intrusions seen in uncategorized and
categorized list recall.

The experimental data from Basden et al. (1997) (used to
fit the model in Figs. 3 and 4) supports the retrieval disrup-
tion hypothesis because collaborative inhibition is stronger
when study materials are less organized. In the first condi-
tion (Fig. 3) study materials are less organized because the
category sizes are larger, allowing more room for idiosyn-
cratic organization within categories. In the second condi-
tion (Fig. 4) the study materials are more organized because
the category sizes are smaller, allowing less room for idi-
osyncratic organization within categories. When the inter-
nal organization of study items is dissimilar between group
members, collaborative inhibition increases because the cues
from other group members are more likely to disrupt indi-
vidual search strategies. Thus, Figs. 2, 3, and 4 show that
the cSAM model is capable of naturally reproducing the key
findings of collaborative inhibition.

Discussion

The implications of collaborative memory research are much
larger than participants recalling lists of words in experi-
mental settings. Collaborative group interactions at smaller
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Fig.2 c¢SAM model fit to uncategorized list data taken from the original Weldon and Bellinger (1997) paper detailing collaborative inhibition.
Subjects were tested in groups of three on a list of 40 unrelated words. The error bars represent the standard error
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Fig.3 ¢cSAM model fit to categorized list data from Basden et al.
(1997). Subjects in groups of three were asked to recall from a list
of 90 words grouped into six total categories with 15 items in each
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category. The larger category size results in a more prominent col-
laborative inhibition effect. The error bars represent the standard error
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Fig.4 ¢cSAM model fit to categorized list data from Basden et al.
(1997). Subjects in groups of three were asked to recall from a list
of 90 words grouped into 15 total categories with six items in each

scales (such as the interactions studied within the collabora-
tive memory field) are believed to create the groundwork for
larger scale group dynamics (Choi et al., 2017; Maswood &
Rajaram, 2019), thus the cognitive mechanisms being stud-
ied by this basic science are the same that play a role in cru-
cial applied phenomena such as the spread of misinforma-
tion, memory contagion, fake news, eyewitness testimony,
and even conspiracy theories (Choi et al., 2014, 2017). To
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category. The smaller category size results in a less prominent col-
laborative inhibition effect. The error bars represent the standard error

date, there are no formal computational frameworks within
which to understand how the memory mechanisms of indi-
viduals interact to produce emergent phenomena when
collaborating.

In this paper, we took a first step towards this goal by
modifying the well-validated SAM model of Raaijmakers
and Shiffrin (1981), and providing an existence proof that
the collaborative SAM framework can produce the basic
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patterns of collaborative inhibition seen in experimen-
tal data. In addition to basic uncategorized lists, cCSAM
naturally produces the patterns seen in categorized lists—
namely, greater collaborative inhibition when study mate-
rials are less organized. Importantly, each SAM model in
isolation would still retain the explanatory power for the
range of behavioral phenomena in individual memory
paradigms, providing a unified model to understand both
individual and collaborative memory.

When fitting the three learning parameters, e (context-
to-word association learning), f (word-to-word association
learning), and g (word-to-self association learning), we
found that there were no significant differences between
nominal and collaborative groups. We then compared the
performance of the collaborative and nominal groups while
keeping all model parameters the same between both groups
and found that collaborative inhibition persisted. We believe
these results indicate that collaborative inhibition is being
caused by a mechanistic or structural difference in cSAM
that is not captured by parameter differences.

One such mechanism is likely the same mechanism
responsible for part-list cuing deficits shown in SAM:
retrieval disruption. SAM produces part-list cuing deficits
when a retriever uses each provided word as the cue for the
next memory search. Similarly, cSAM predicts collaborative
inhibition when the retrievers use the most recent recalled
word by any group member as a cue for the next memory
search. In both cases, the cue words being used are ineffec-
tive compared with the ones used individually because the
cues are mismatched to the subjective organization formed
by the individual during list study. In the case of part-list
cuing, the experimenter might randomly provide cues that
are strongly associated with each other and poorly associated
with the words that are the object of retrieval. In the case of
collaborative inhibition, when group member A recalls W
it could be a good cue for A because A has stored a strongly
interconnected group [W,,W,,W;] and none of these words
have yet been recalled. But group members B and C might
have nothing in their memory that is strongly connected to
W, other than words previously recalled by the group. Thus,
B and C would have their retrieval disrupted when they use
W, that was produced by A.

The simulations produced in this work show that the net
effect of these retrieval disruption factors, instantiated in
c¢SAM as induced use of ineffective cues, produces col-
laborative inhibition. In addition, Figs. 3 and 4 show that
the amount of predicted collaborative inhibition is slightly
increased for larger categories, as observed by Basden et al.
(1997) and used to argue for retrieval disruption. That is,
when the categories are smaller, there is less opportunity for
idiosyncratic organization within each category, and hence
less opportunity for different subjective organizations by dif-
ferent group members. It should be noted that the differences

in subjective organization in cSAM are produced by differ-
ences in the way different models rehearse during study,
because rehearsal in SAM and cSAM is a stochastic process.
There are of course numerous other reasons why subjective
organization might differ among group members, so it is
interesting that the limited degree of subjective organiza-
tion produced by stochastic storage is sufficient to produce
significant collaborative inhibition.

While the simulations in this paper suggest that collabo-
rative inhibition arises from a mismatch of the cues used to
search memory and the differing subjective organizations
of the group members, recently, the possibility of a multi-
process account of collaborative inhibition has gained trac-
tion in the experimental literature. Researchers that support
a multiprocess account typically consider both retrieval dis-
ruption and retrieval inhibition as contributing to collabora-
tive inhibition. Retrieval inhibition posits that strengthening
of cue words inhibits the memory for noncued words by
suppressing memory representations, which prevents those
words from being retrieved (Bduml & Aslan, 2004). In a
collaborative setting, words that are cued by group members
would be strengthened in memory and words that are not
recalled by the group would be weakened, causing extended
suppression of unrecalled words for all group members. It is
also important to note that this memory impairment should
persist after collaboration regardless of the method in which
memory is cued. That is, the impairment should also be
noticeable in postcollaborative free recall and recognition
tests (Bauml & Aslan, 2006).

Several recent studies have found supporting evidence for
a multiprocess account of collaborative inhibition. Behavio-
ral studies have found that retrieval inhibition may contribute
to collaborative inhibition alongside retrieval disruption, by
observing an incomplete release form inhibition during post-
collaborative individual recall tasks (which is not predicted
by retrieval disruption). On postcollaborative individual
tasks, subjects often forget to recall words they contributed
to earlier collaborative recall (Blumen & Rajaram, 2008),
and this effect increases as the effect size of collaborative
inhibition increases (Congleton & Rajaram, 2011), sug-
gesting a long-lasting detrimental effect of collaboration.
It is possible that retrieval inhibition and postcollaborative
forgetting occur but are offset by reexposure effects during
collaborative recall. Barber et al. (2015) avoid this entan-
glement by having participants study nonoverlapping lists,
which prevents reexposure benefits, before performing col-
laborative recall. They found that without reexposure ben-
efits, recall remained inhibited on subsequent individual free
recall and recognition tests. However, the postcollaborative
inhibition effect was reduced compared with collaborative
inhibition, suggesting a partial release from retrieval dis-
ruption. These findings support a multiprocess account of
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collaborative inhibition with both retrieval inhibition and
retrieval disruption contributing towards the effect.
Additionally, a new possible contributor to collabora-
tive inhibition has been proposed from previous modeling
work. Before the cSAM framework, the only other attempt
at modeling collaborative memory was a verification step
of a study looking at collaborative recall across different
group sizes and information transmission in networks using
an agent-based modeling approach (Luhmann & Rajaram,
2015). While verifying their agent-based model, Luhmann
and Rajaram (2015) found evidence of collaborative inhi-
bition. Their explanation for why collaborative inhibition
occurred in their model attributed it to the agents’ memories
converging as they collaborated. They explain that after the
study phase of the collaborative recall task, the agents each
had an idiosyncratic activation pattern over the study items.
Learning during the collaborative recall task decreases the
diversity of the agents’ memory representations, which the
authors noted as the basis for reduced collaborative recall
performance and collaborative inhibition. While the agent-
based model was able to successfully induce collaborative
inhibition, the explanation of memory convergence may
seem to contradict predictions of the retrieval disruption
hypothesis. According to the hypothesis, if group members
memories are more similar, and their retrieval strategies
are more similar, then external cues provided by group
members should not disrupt retrieval nearly as much. Sev-
eral studies have shown that collaborative encoding, which
causes more similar retrieval organization, reduces collabo-
rative inhibition (Basden et al., 1997; Finlay et al., 2000).
It is possible that there is a dual effect of both memory
convergence and retrieval disruption at play in both experi-
mental and modeling studies in that the two processes are
related to each other. For example, in a behavioral study,
Congleton and Rajaram (2014) found that an increase in
collaborative inhibition was accompanied by an increase in
memory convergence, leading them to propose a relationship
between retrieval disruption, collaborative inhibition, and
memory convergence (or shared memory). In other words,
retrieval disruption is a prominent mechanism during col-
laboration that is implicated in memory convergence, such
that the greater the extent to which people experience dis-
ruption to their own idiosyncratic retrieval organization, the
greater the collaborative inhibition they will exhibit, and
consequently come to report similar memories as collaborat-
ing partners. Unfortunately, isolating memory convergence
in a behavioral study is a highly challenging task because
we cannot observe this process during collaboration and
can assess it only on a subsequent task. Formally exploring
the relationship between retrieval disruption and memory
convergence is important for demonstrating these mecha-
nisms and consequences of collaborative recall, presenting
a significant opportunity for investigation using cSAM given
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its focus on the role of retrieval disruption in modulating
memory.

The SAM model has been shown to capture the primary
processes of recall by individuals, and the present results
go further to show that the same processes of recall and
memory search provide a unified model to understand
both individual and collaborative memory. This uni-
fied model offers the first formal approach for explor-
ing connections between individual and collaborative
memory processes. Given that cSAM has been shown to
capture the standard patterns of collaborative inhibition
seen in the literature, it would be natural to extend it to
make predictions and suggestions for future experimen-
tal studies. Recent studies in the collaborative memory
field (Barber et al., 2015; Gates et al., 2022; Luhmann
& Rajaram, 2015) suggest that more attention should be
paid to studying alternative mechanisms to the retrieval
disruption hypothesis. In future studies, cSAM will be
able to address the possibility of a multiprocess account
by investigating possible alternative mechanisms respon-
sible for collaborative inhibition in the model. For exam-
ple, memory convergence, shared background knowledge
(expertise), group size, and postcollaborative effects have
all been shown to moderate collaborative inhibition and
provide insight into additional mechanistic group differ-
ences (Barber et al., 2015; Luhmann & Rajaram, 2015;
Meade et al., 2009; Thorley & Dewhurst, 2007). Inves-
tigating these areas will play a critical role in gaining
a deeper understanding of what is driving collaborative
inhibition in cSAM while also making predictions about
understudied effects in the experimental literature. The
use of a formal computational framework can differenti-
ate between theories of group memory that are currently
unresolvable through experimental data alone and can
generate new predictions and experiments to advance the
study of memory storage and retrieval.
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