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1 Introduction

Mathematical tasks involve various processes, such as understanding numerical concepts,
logical reasoning, counting, and problem-solving. Working memory (WM) functions including
storage, monitoring, and manipulation of information are strongly associated with these processes
in mathematics (De Stefano & LeFevre, 2004; Raghubar et al., 2010). From an educational
perspective, enhancing WM can provide a promising approach to improve mathematics education
outcomes. Specifically, an interference framework of WM (Oberauer, 2001; Cowan, 2000-2001)
provides a distinctive structure to the understanding of individual differences in WM performance.
Efficient interference control can potentially lead to enhanced WM capacity. WM training
programs can help reduce the likelihood of interference and perform cognitive-based tasks more
efficiently (Klingberg, 2010; Jaeggi et al., 2008; Salminen et al., 2012). A considerable amount of
research has been conducted to interpret practical gains of WM training (Dahlin et al., 2008; von
Bastian et al., 2013; Shipstead et al., 2012; Conway et al., 2011). Many of them have demonstrated
significant improvement in participants’ skills (Melby-Lervag & Hulme, 2013; Lovdén et al.,
2012; Brehmer et al., 2012). From this perspective, the rationale of the present research is
noteworthy to investigate the impacts of targeted WM training throughout an interference

framework.

The present experimental study was conducted to discover how WM training contributes
to cognitive-based and mathematical improvements in school-age learners from various schools in
Istanbul. The effects of the training were evaluated with the pre- and post-training performance
measures in a set of cognitive and mathematics tasks. The differences between training and control
groups were compared with pre-test performance for each task and through the analysis of changes
following the training; pre- and post- test performances were compared for each task within the
training groups. Cognitive (e.g., WM capacity, attentional control) and non-cognitive (e.g., age,
motivation, SES) factors were used to understand whether individual differences in these factors

are related to training performance.

The outcomes of this study provide substantial evidence to endorse the use of WM training
for the improvement of children's cognitive and mathematics skills. With additional investigation,

practical applications can be established for learners. Educators, especially curriculum developers,
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can utilize these findings to devise mathematics programs and integrate principles about cognitive
skills with mathematics programs. Such interventions might be promising for mathematics
learning, as they can render the curriculum more effective and responsive to individual needs

(Sternberg, 2003).

2 Background
Interference Framework of Working Memory

WM is acknowledged as a more processing-oriented construct and provides active
processing and temporary storage of task-relevant information dynamically (Baddeley, 1992). One
of the most important characteristics of WM is its limited capacity, which restricts cognitive

performance.

Interference theory has been considered a distinctive and broader perspective of WM and
its functionality across various domains. This theory attributes capacity limitation primarily to
interference among memory representations and processes (Oberauer, 2009). When an individual
faces a flow of information, his/her limit of capacity is exceeded. This exceeding in capacity might
result in limitations to hold information in memory and to update those items during the processing
of new information. It eventually becomes difficult to differentiate previously learned information
from the subsequently learned one. This phenomenon is called proactive interference (Jonides &
Nee, 2006), where previous or current information in memory is distracting subsequent
information while performing a task. The present study focused exclusively on the phenomenon

of proactive interference.

Interference theory points out that the ability to resist interfering information is a key
element in updating WM contents and is a source of individual differences in WM performance
(Cowan, 1995). Accordingly, the terms, interference control and resistance to interference were
cornerstones of this research and these terms are described as the capability to resist irrelevant

information and distractors in a given task (Nigg, 2000).



Binding and Updating: Mechanisms to Resist Interference in WM

Oberauer and his colleagues (2007) note that capacity is not only determined by the number
of items that can be maintained in WM separately, but also by the number of composite items that
can be bound together simultaneously. The process of combining different pieces of information
into meaningful representations is called binding. It helps to hold multiple representations as a
single unit within WM. Content and context of information are integrated to create structural or
relational representations in WM (Wheeler & Treisman, 2002). The system where activated
representations form a new relational representation corresponds to context for binding content
representations to spatial or temporal positions (e.g., words linked with list positions), or a
“schema” for binding content items to slot (e.g., “words bound to a syntactic schema or numbers

bound to roles in an equation”) (Oberauer & Lange, 2009, p.104).

While holding and manipulating multiple bindings, interference may occur between
competing representations and processes. Dynamic binding is required for the mechanism where
the new construction is set up and maintained in WM by integrating it with its representations. In
this view, bindings must be quickly built and dissolved again when the representations are updated

or discarded (Oberauer & Lange, 2009).

Context in WM is maintained but content bound to it is updated for each trial throughout a
task (Kessler et al., 2023). Updating needs to be specific to keeping items in WM independently
and make decisions about which one needs to be kept and which one needs to be removed or
replaced to adapt to the new information (Vockenberg, 2006; Kessler & Meiran, 2008). The

balance between shielding existing information and updating serves effective WM functioning.

Besides the WM updating functions mentioned above, another important factor of building
bindings and updating information is to support activation and recognition of target information
(Oberauer, 2009). Recognition refers to the decision process used to determine when an item or

event occurred in the past. Familiarity and Recollection

Familiarity is based on the identification and activation of items in long-term memory
during the recognition process. Recognition in memory derives from the assessment of familiarity
and from the retrieval of a set of structural information that also involves its associated items

(McElree et al., 1999). During this process, the accurate binding of content to a context is essential



to hold current information in WM, since the retrieval of the content depends on its context.
Familiarity is not sensitive to the context; therefore, it is impossible to keep the current information
active only through familiarity when updating is rapid, leading to the possible retrieval of no-
longer-relevant items (Kessler & Meiran, 2008). However, familiarity-based decision may create
errors, such as interference errors. Recognition is not based on an automatic assessment of
familiarity only, but also on recollection that is controlled consciously, not automatically

(Yonelinas & Jacoby, 1994).

Recollection is considered as a systematic search process involving the context of an item
that was previously encountered (Szmalec et al., 2011). According to Oberauer and Lange (2009),
“familiarity arises from activated representations in long-term memory, ignoring their relations;

recollection retrieves bindings in the capacity-limited component of working memory.” (p.102).

The conflict between familiarity and recollection contributes to proactive interference in
WM (Oberauer, 2005). For example, high-level familiarity can create a conflict among
representations from irrelevant information. When these irrelevant representations are rejected
during recollection, interference among them can be avoided (Oberauer, 2005). The n-back task is
a typical example to demonstrate the role of binding and updating of WM representations in a

conflict paradigm (Gray et al., 2003).

n-back Paradigm

In an n-back task, a participant is rapidly exposed to stimuli such as letters or shapes

presented one at a time. The goal is to judge whether the current item matches the one that was

1 2

presented “n” items prior. The “n” can be manipulated to increase or decrease the load in the WM
system. In this task, stimuli can be either target, new distractor or interference items (lures). A
target item is a stimulus that matches an item presented “n” steps prior in the sequence, requiring
a correct acceptance from the participant. On the other hand, a new distractor is a stimulus that is
different from any of the preceding stimuli and does not match the n-back stimulus presented

before.

During the task, the participant is required to make a recognition decision on each item by
accepting targets and rejecting distractors in accordance with the n-back rule. Successful

performance on this task requires the binding of each letter (content) to the appropriate temporal
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position (context) and the updating of these content-context bindings as they change with incoming

new information (Oberauer et al., 2007).

Interference Framework in Mathematics

Interference in WM can be also a source of performance limitations in measures of
mathematics learning processes. There is a common consent that arithmetic facts are constructed
in interrelating structures in long-term memory (e.g. Campbell, 1995) and that when one
encounters an arithmetic problem, pertinent incorrect answers might be activated. As a result,
incorrect answers create competition with correct answers which interfere with the process of
retrieving correct answers (Campbell & Tarling, 1996). This interference results in failures and
slow processing of information (Noél & De Visscher, 2018). Tasks with increased complexity
typically have more steps and thereby are more susceptible to inaccurate results. As an example,
when an individual is performing arithmetic operations, holding intermediate result is required
while carrying and borrowing numbers. During this process, recalling and using procedures of

arithmetic could potentially be disrupted by proactive interference.

De Visscher and Noél (2014) proposed that similarity-based interference in arithmetic
problems determines the performance on arithmetic facts. When two items have a definite amount
of overlap with respect to their features, they share considerable amount of feature of their
representations regarding similarity of items and these features interact with each other, resulting

in interference (Oberauer & Kliegl, 2006).

Solving word problems is a multi-step process where primarily understanding the
narratives in the problem and then using relevant information while rejecting irrelevant ones before
building up a mathematical sentence is indispensable to solve the problem (Peng et al., 2016). The
influence of numerically and literally irrelevant information in a word problem-solving task may
affect differently the degree of interference in WM (Ng et al., 2017). Whereas numerically
irrelevant words are perceived as values that must be used in the operation or in any mathematical
calculations (i.e., equation), literally irrelevant information may be detected as unnecessary

information for solving the problem.

Larger problems are more prone to be connected with incorrect answers due to increased

likelihood of errors and problem size effect. For example, two-digit or complex problems are



assumed to be large problems (Thevenot et al., 2010), due to their higher probability of incorrect
answers. The common clarification for problem size effect is that smaller problems (e.g., simple
additions, single-digit multiplication) are more frequently solved using direct retrieval strategy
than larger problems (e.g., complex subtraction, multi-digit problems) (Thevenot et al., 2010;

Zbrodoff & Logan, 2005).

The exploration of the relationship between mathematics and interference displays a
complex interplay between WM mechanisms and information processing in mathematics. Studies
have highlighted how complexity and similarity in mathematics problems amplify the challenge
by increasing interference in WM. The findings provide justifications and insights into WM
functionality while solving mathematics problems, especially arithmetic problems, and the
possible factors that create interferences in this process were considered as a measure for their

mathematics proficiency in the current study.

Working Memory Training and Transfer Effects

It is proposed that despite the limit in WM capacity, the efficiency of WM processes can
be improved with WM training (Klingberg et al., 2005; Verhaeghen et al., 2004; Westerberg et al.,
2007; Jaeggi et al., 2014; Melby-Lervag & Hulme, 2013). The key role that WM plays in many
processes and the individual differences in WM performance have inspired research questions
about the potential to train the WM system and to transfer this training effect to performance on
complex tasks that are known to recruit the WM system, such as language and mathematics

(Sternberg, 2020).

The transfer effect refers to how training improvements promote other skills or
performance in various cognitive tasks. It can be categorized as near or far transfer effect. As
proposed by some studies (e.g., Klingberg, 2010), the improvements which can be observed
behaviorally result from increasing performance on tasks similar to the trained tasks, defined as
near transfer effects. Near transfer effects reflect direct acquisition from the training. For instance,
near transfer effect can be observed after receiving n-back training if an individual exhibits better
performance on a digit span task which refers to recalling numbers in order. On the other hand, a
broader cognitive improvement is required for far transfer effect that occurs when training

improves performance on specific tasks which do not share the same cognitive processes with the



trained task. For example, performance improvement in language or in mathematical tasks as a
result of completing an n-back training (Dahlin et al., 2008; Jaeggi et al., 2008). The efficiency of
training would be predicted from its transfer effects to untrained tasks (Shipstead et al., 2012).

WM training is considered to provide both near and far transfer effects (Barnett & Ceci, 2002).

Participants’ personality traits can contribute to variations in training and training effects
(von Bastian & Oberauer, 2014). The findings illustrate that motivation and individual differences
can influence the performance of participants during training and may also impact the training

effects.

The studies on WM training are engaged in continual WM tasks which are carried out
experimentally in a controlled manner and this experimental context impacts cognitive functions
(Jaeggi et al., 2014; Melby-Lervag & Hulme, 2013). The n-back training serves as a proper tool
where performance on the n-back task requires both strong and flexible bindings that can promote
recollection and support resistance to interference related to familiarity. Strong binding and
updating of items may enhance recollection, leading to accurate retrieval in this recognition task.
Therefore, binding and updating mechanisms are the cornerstone of interference control in the

WM system.

3 Rationale and Purpose of the Research

A considerable number of children struggle with solving basic mathematics problems in
elementary schools, resulting in difficulty in their future mathematical abilities. Understanding the
cognitive processes is crucial to develop more effective tools to support children’s mathematical
skills. Recent research (Ji & Guo, 2023) has also demonstrated that children who have strong WM
skills can perform better in mathematics, underlying the relationship between mathematical skills
and cognitive processes. WM skills are required to manage multiple steps in complex calculations
and solve problems effectively and more accurately. These findings assure that supporting WM
development can enhance school-age children’s mathematics proficiency (Sala & Gobet, 2017;

Shipstead et al., 2012).

Since cognitive skills are essential for success in mathematics, interventions designed to
enhance these abilities can yield long-term efficacy not only in mathematics but also in other

academic disciplines (Holmes & Adams, 2006). This study can provide evidence to enhance
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children’s cognitive abilities to maintain and process information in cognitive related tasks and
may contribute to the identification of special educational strategies for children with learning

difficulties or cognitive impairment.

4 Aims and Hypotheses

The hypotheses of the present study were constructed within four main aims. First, to
explore how WM training affects school-age children’s WM systems within the interference
framework, with a focus on binding and updating functions and limitations. Second, to show near
and far transfer effects in performance. Third, to find evidence for the relationship between the
mechanisms used for resisting interference in WM and mathematics performance in conditions
where WM load and interference are manipulated. Fourth, to understand if individual differences
in both cognitive (e.g., WM capacity, attentional control) and non-cognitive (e.g., motivation, SES)
factors are related to n-back training performance. Overall, these aims highlight the necessity of
the enhancement of WM capacity to perform better in cognitive-based tasks within an interference

control framework of WM.

The effects of the training were evaluated with the pre- and post-training performance
measures in a set of cognitive and mathematics tasks. The differences between training and control
groups were compared with pre-test performance for each task and through the analysis of changes
following the training; pre- and post- test performances were compared for each task within the
training groups. There were two experimental and two control groups: One experimental group
received training and completed pre- and post-tests, whereas the other experimental group received
training and completed only post-tests; regarding control groups, one control group completed pre-

and post-tests, while the other only completed post-tests (see Figure 1 below).
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Figure 1. Design of the study

Training group 1 (T1): Pre-test ——» Training —» Post-test

Training group 2 (T1): Training - Post-test

Control group 1 (C1):  Pre-test

Post-test

v

Control group 2 (C2): Post-test

The research was guided by five parts of hypothesis:

1) Training performance and progress (T1 & T2)

2)

We hypothesized that

a)

b)

d)

Participants in the four groups would not differ in age, nonverbal IQ, and basic memory
and language tasks (i.e. digit span and semantic verbal fluency).

n-back performance of participants in the experimental training groups is negatively
affected by increased WM load (higher n-back levels) and by the presence of
interference lures.

Individuals who more strongly believe that they can improve their abilities through
training would show higher engagement in the training than individuals who believe
that their abilities are given, and individuals who have higher nonverbal 1Q scores
would improve more rapidly in the n-back tasks over the training program.

Individual differences in Semantic Verbal Fluency Test would predict training progress.
The factors such as “age”, “socioeconomical status (SES)”, “participants’ motivation”,
“performance change over the sessions” (The completed n-level from each session was

considered.) and “baseline cognitive resources” — specifically assessed by the highest

reached n-level from first two sessions — can predict the training progression.

Pre-test performance (T1 & C1)

We anticipated that

a)

n-back task (1-back and 2-back): Participants would show better performance on new
distractor items than on target items at each set size. Their performance on target items

would be better than on interference items in the proactive interference tasks.
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3)

4)

b)

d)

Modified digit span task (MDS): Performance on solving arithmetic operations was
expected to be significantly better than memorizing the last items. Additionally,
participants would perform better in transformation-based tasks than retrieval and
substitution-based tasks.

Arithmetic operations: The pattern of performance would be different for the two
conditions of multiplication and division. Participants would perform better in small-
size problems than long-size problems.

Word problems: Participants would perform significantly better on the neutral
condition than on the biased condition. Additionally, they would perform significantly
better on the problems which have literal irrelevant information than on the problems

with numerical irrelevant information.

Training effects, pre- to post-tests (T1)

We expected that

a)

b)

d)

n-back task (1-back and 2-back): Participants would perform significantly better on
both n-back levels after the training. Performance on target items would predominantly
determine changes and participants would show no significant difference in pre- to post
improvement on rejection of new distractors in both n-back tests.

MDS task: Performance on the retrieval and substitution-based tasks would improve
significantly, whereas performance on the transformation-based task would not.
Arithmetic operations: Performance on multiplication and division would improve
significantly, while performance on addition and subtraction would not because the
effect of training is more likely to be observed in complex tasks.

Word problem: Performance on problems involving literal and numerical information
would significantly improve, whereas performance on problems which have only

relevant information would not.

Training effect post-test performance (T2 & C2)

It was anticipated that

a)

n-back task (1-back and 2-back): Group T2 would show better performance on target
items than Group T2. The performance on new distractor items would not differ

significantly between the groups.
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b) MDS task: The groups would not differ in transformation-based tasks while the training
group would show better performance in retrieval and substitution-based tasks.
Additionally, the training group would perform significantly better at recalling items
than the control group.

¢) Arithmetic operations: Groups would differ significantly either in small-size problems
in all types of operations nor in addition and subtraction problems.

d) Word problems: The training group would perform significantly better on problems
which contain irrelevant information. However, the difference between training and
control groups’ performances were not expected to be significant in problems that
involved only relevant information.

5) Test-retest effect post-test performance (only C1) / (C1 & C2)

a) It was hypothesized that changes in performance for the C1 group would not be
significant on any task.

b) There was expected no significant difference between C1 and C2 control groups in
post-test performance. C1 and C2 groups would be compared in each task to confirm

that there is no testing effect in performance of participants who complete the pre-tests.

5 Research Design and Methods

The study implemented a training paradigm and interpreted its effects on groups of
elementary level children in mathematics and cognitive skills. Participants between the ages of 9
and 12 included 44 children in elementary level classes from various schools in Istanbul, Tiirkiye.

The Solomon four-group design was applied to account for testing effects in the study.

The training groups completed sixteen 20-minute sessions of adaptive n-back task over
four weeks. Participants performed pre- and post-tasks or only post-tasks depending on their group
assignment, before and after the training period. The experimental groups completed the adaptive
n-back training with lures. Within these groups, the effects of individual differences were tested
with the Theories of Cognitive Abilities Scale (Dweck et al, 2000) to understand whether
participants’ intrinsic motivation influenced the results of the study. Between the experimental and

control groups, three categories of pre-/post-tests were administered to determine transfer eftects:
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n-back tasks (1-back and 2-back), modified digit span (MDS) task, and mathematics proficiency
tasks (see Table 1, below).

Table 1. Detailed information on pre and post-tests

Tasks Conditions Item Types
Neutral New Distractor
1-back Target
New Distractor
Possible Interference Target

Target (Possible error)

Neutral New Distractor

2-back Target
New Distractor

Interference Target

Proactive interference

Transformation
Modified Digit Span Substitution New Distractor
Retrieval Target
Retrieval and Substitution
Arithmetic Operations Baseline Target
Interference-based
Baseline
Word Problems Literal irrelevant
information Target
Numerical irrelevant
information

n-back 1-back and 2-back tasks were administered to examine participants’ working
memory updating skills. Participants completed neutral condition of n-back tasks before possible
proactive interference condition for the 1-back task and proactive interference condition for the 2-

back task in the order which they received the 1-back and 2-back tasks respectively.

Modified Digit Span (MDS) Four tasks were included as different components of WM

system. Arithmetical operations were presented sequentially in two boxes for each task on
participants’ computer screens. In some tasks, participants were responsible to retrieve the

information in the box where they used it as an operand to apply the operation and then substitute
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the result in the relevant box. In the t task, only transformation was required, and participants
simply did the calculations and typed the results in the corresponding boxes without retrieving or
substituting any information. Due to no presence of any information to memorize, this condition
did not include initial and recall items. In the tS task, participants had to remember first presented
initial items and apply the operations in each box. Since this task involved substitution, they were
required to hold the result of each operation in mind to memorize recall items at the end of each
list. In the Rt task, which included retrieval, two initial numbers presented in the beginning of each
list were required to be memorized, associating with the box. Then, each number was retrieved to
use it in incomplete operations (e.g. ? + 2) depending on its box. After participants performed the
operations and entered the results, they typed these initial numbers in their associated boxes, at the
end of the list. In the RtS task, which included retrieval and substitution, participants were
responsible to remember the first presented initial item for each box and use it to perform the first
incomplete operation (e.g. + 3) of the associated box. The result of each box had to be remembered

to use it as an operand for the following operations.

Arithmetic operations Baseline and interference condition of arithmetical operations were

administered to measure far transfer effect of the training to performance to resist interference
while solving arithmetical operations within large size. Participants were presented questions on
their computer screen consecutively without limiting time until they answered them. This task was
separated into four tasks: Addition, Subtraction, Multiplication and Division and each task

included 10 questions within two different conditions.

Word Problems A total of six-word problems (Ng et al., 2017) were administered to

measure far transfer effect of the training to performance on mathematics problems which included
literal and numerical irrelevant information. The task consisted of two conditions: The baseline
condition had two problems which did not include any irrelevant information, and the biased

condition contained four problems within irrelevant information either literally or numerically.

All participants completed a battery of tests (Table 1) depending on their group assignment
to understand the effect of the training within-groups and to compare their performance between
groups. All tasks and training sessions were administered online using E-Prime Go which was
obtained from E-Prime 3.0 software (Psychology Software Tools, 2020) to present stimuli and

record responses remotely. Accuracy and reaction time data for each task were collected from E-
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Prime Go result sheets. R studio (2022) was used for both data processing and analysis. The
analysis goals were addressed using a mixed-effects regression analysis to investigate both within-

and between-subject effects in hierarchical data.

6 Results
In what follows, I summarized the results of five parts of the hypothesis.

Participants in training and control groups did not significantly differ in age F(3, 40) =
0.53, p=0.66, scaled TONI scores F(3,40) =1.00, p=0.40, SVFT scores F(3, 40)=0.41, p=0.75.
Since DST scores were not normally distributed, Kruskal Wallis test was conducted to check the
difference between groups. Participants in four groups did not significantly differ in DST scores

H(3)=139,p=0.71.

Table 2. Participant characteristics by group

Group N Age TONI SVFT DST

T1 11 10.5 (1.0) 110.8 (125) 12.3(3.1) 6.9 (1.4)
T2 11 10.4 (0.8) 114.8 (11.2) 12.5(2.9) 7.7 (2.8)
C1 11 10.8 (1.0) 112.0 (10.8) 135 (3.0) 7.3(2.0)
C2 11 10.5 (0.8) 106.9 (8.6)  13.0(2.1) 6.5 (1.3)

Preliminary assessment was conducted to test skewness, kurtosis and normality of scaled
TONI scores and SVF scores for all participants. According to the Shapiro-Wilk test (W), TONI
score, SVFT score and achieved training level data (W ~ 1, p > 0.05) were normally distributed

(see Table 2, below). However, only training groups were predicated on the achieved training level.

Table 3. Normality of participants’ characteristics

Characteristic Skewness Kurtosis Normality (W) Normality (p)
TONI score 0.332 2.373 0.971 0.330
SVFT score 0.707 3.185 0.953 0.073

Achieved training level 0.653 3.187 0.918 0.070
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Training performance and progress

According to descriptive analyses, participants in training and control groups did not
significantly differ in age, nonverbal 1Q, semantic verbal and digit span test. The participants did
not differ in self-reports of motivation which was measured by the Theories of Cognitive Abilities
questionnaire (Dweck, 2000). The minimum level which was achieved by only one participant was
2-back level with proactive interference lures and the maximum level which was also achieved by

only one participant was 8-back level with proactive interference lures (see Figure 2).

Figure 2. n-back level achieved by participants in training groups

8_.

§
.
2- I
2 4 6 8

n-back Level

Number of Participants

As predicted by hypothesis 1b, participants would demonstrate improvement throughout
the training period. The analysis of the distribution of maximum n-level achieved in each session
provided insight into the progression of participants' training over time. The training progress of
participants in the training groups was not uniform or consistent. Among the participants, four
individuals showed slow progress and only reached the 3-back level, while other six individuals
initially progressed slowly but eventually completed the entire training up to the 4-back level. Two
participants who were able to reach 7- and 8-back levels showed faster improvement in their

performance.

The results obtained from the Theories of Cognitive Abilities questionnaire indicated a

relatively high level of motivation among the participants. However, it is not evident that the scores
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from the questionnaire exhibit a significant association with individual differences in training
progress. The analysis examined two variables, nonverbal 1Q, and semantic verbal fluency, to
explore their relationship with training progress. The findings did not support the hypotheses,
revealing that nonverbal IQ and semantic verbal fluency were not significantly associated with

individual progress in the training program.

The observations provide evidence that individuals whose performance in baseline
cognitive tasks was higher achieved higher n-levels with the training. On the other hand, age,
socioeconomic status (SES), and motivation did not predict their training progress. Participants’

capabilities in the training might be relatively resilient to individual differences in these factors.

Pre-and post-test performance

Different models were compared for each task, including the null model (no predictors), a
model with random intercept, a model with random intercept and random slope, and a model with
random intercept, random slope, and interactions. The null model was particularly important in
determining whether the change score for each task significantly differed from zero. After the

initial assessment, predictors of change were added to each model to determine the best fit.

n-back task

Hypothesis 2a proposed that participants would demonstrate better performance on new
distractor items compared to target items in both the 1-back and 2-back conditions of the task.
Additionally, it was expected that their performance on target items would be better than on
interference items in the proactive interference tasks.

In the 1-back task, participants exhibited significantly lower accuracy in the tasks, where
possible proactive interference (PI) errors were available, compared to the neutral condition.
Moreover, their reaction times were significantly higher in the PI condition compared to the neutral
condition.

Table 4. Pre-test 1-back accuracy and reaction time predicted by condition

Accuracy
Variable Estimate (SE) y p
Fixed effects
Intercept 0.840 (0.310) 2.713 <.05
Proactive 1.653 (0.175) 9.465 <.001
Random effects Variance sd
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Intercept 1.492 1.221
Reaction time

Variable Estimate (SE) t p
Fixed effects
Intercept 485.65 (34.040) 14.267 <.001
Proactive 0.218 (0.022) 9.982 <.001
Random effects Variance sd
Intercept 19399 139.3
Residual 96797 311.1

Note: Sample n = 22. The reported data for fixed effects consists of unstandardized coefficients, while for random
effects, it includes variance.

In the 2-back task, participants demonstrated significantly higher accuracy and higher
reaction times in the PI condition compared to the neutral condition. These findings support the
assumptions about the impact of interference items on n-back performance, leading to longer
reaction time in the PI condition compared to the neutral condition, but the assumptions about
performance in accuracy contradict with the finding where the accuracy was higher in PI condition.
The reason might be related to the nature of the task, which is low level of n-back task and after
practicing the 1-back tasks and neutral condition of the 2-back task, the participants might have
become better in performance. This can also be explained by the trade-off theory (Heitz, 2014)
which suggests that decisions made with more accuracy require more time.

Table 5. 2-back pre-test accuracy and reaction time predicted by condition

Accuracy
Variable Estimate (SE) z p
Fixed effects
Intercept 1.228 (0.262) 4.683 <.001
Proactive 0.311 (0.144) 2.155 <.05
Random effects Variance sd
Intercept 1.143 1.069
Reaction time
Variable Estimate (SE) t p
Fixed effects
Intercept 671.7 (53.98) 12.442 <.001
Proactive 0.072 (0.021) 3.357 <.001
Random effects Variance sd
Intercept 55691 236.0
Residual 86351 293.9

Note: Sample n = 22. The reported data for fixed effects consists of unstandardized coefficients, while for random
effects, it includes variance.

The results of the assumption which suggested a significant change in performance of the

pre-test training group, proposed by hypothesis 3a, revealed that participants showed varying
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degree of performance change in terms of accuracy and reaction time across different n-back levels
after they completed all sessions of the training. The intercepts for null accuracy and reaction time
change were not significant. Therefore, the changes on condition and item type of 1-back or 2-

back tasks were not analyzed.

Based on the mean change in accuracy and reaction time, an insignificant mean change in
accuracy and a significant decrease in reaction time was observed in 1-back task from pre to post-
test. The ceiling effect in this task indicated that participants reached a maximum of correct
responses; therefore, further improvement could not be observed in accuracy, but they became
faster after the training.

Figure 3. 1-back training group accuracy and reaction time change
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Furthermore, a significant increase in accuracy for target items and insignificant mean
change in reaction time was noticed in the 2-back task. This suggests that the performance of the
participants was similar in accuracy for the 1-back task at both pre and post-tests, while they
improved their response time at the post-test. The shorter temporal span between the maintained
and updated items, and the reduced cognitive load of the 1-back task likely resulted in quicker

response times (Jaeggi et al., 2010).
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Figure 4. 2-back training group accuracy and reaction time change
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The additional analysis of the training effect supports Hypothesis 4a, which postulates n-
back task performance difference between post-test training group and post-test control group,
indicating an improvement in the training group. These findings are consistent with the hypothesis
and show that the training enabled the training group to have a positive effect to perform the n-
back task more accurately. The participants in this training group showed higher performance in
accuracy not only on the new items but also with the target items compared to the participants in
the control group, however, the groups did not significantly differ in reaction time performance.
The results suggest that the training might have underscored skills that were either acquired or
improved, leading to better accuracy performance in the n-back tasks through enhancement of WM

capacity.

MDS task

The investigation was based on hypothesis 2b that participants would exhibit various
performances in the conditions that required retrieval or substitution or both while performing
basic arithmetic operations in all conditions of the MDS task. The participants were expected to
perform better in the conditions where only transformation was employed as compared to the
conditions in which they were engaged in retrieving and substituting items during the task. The
performance in accuracy for the retrieval and substitution-based condition (RtS) with both short

and long listed block items was lower among other conditions, while performance in reaction time
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was significantly higher for the transformation and substitution-based condition (tS) and the RtS
condition with long-listed block items for both. The challenge in the retrieval and substitution-
based task highlights the role of WM systems in retrieval process because information requires to
be executed and manipulated while other information is being simultaneously retrieved from WM
resources (Unsworth & Engle, 2007).

Table 6. Pre-test MDS task accuracy and reaction time predicted by condition of interference
condition

Accuracy
Variable Estimate (SE) y p
Fixed effects
Intercept 3.147 (1.169) 2.692 <.01
tS (long list) -1.426 (1.094) -1.303 0.193
Rt (short) -0.015 (0.423) -0.036 0.972
Rt (long) 0.454 (0.408) 1.112 0.266
RtS (short) 1.783 (0.437) 4.077 <.001
RtS (long) -0.981 (0.438) -2.239 <.05
Random effects Variance Sd
Intercept 0.535 0.732
Reaction time
Variable Estimate (SE) t p
Fixed effects
Intercept 1987.5 (165.4) 12.01 <.001
tS (long list) 229.1 (67.29) 3.406 <.001
Rt (short) -53.82 (59.20) -0.909 0.364
Rt (long) 152.0 (100.8) 1.508 0.132
RtS (short) 89.41 (67.95) 1.316 0.189
RtS (long) 173.1 (68.72) 2.519 <.05
Random effects Variance sd
Intercept 526589 725.7
Residual 1514693 1230.7

Note: Sample n = 22. The reported data for fixed effects consists of unstandardized coefficients, while for random
effects, it includes variance.

The results of performance change of the training group provide insight into the near effects
of the WM training. In this aspect, hypothesis 3b predicted that n-back training would contribute
to significant improvement in performance on retrieval and substitution-based tasks compared to
transformation tasks, reflecting near transfer effect to the updating processes of the WM system.
The findings showed that the change in performance varied across the conditions of MDS task.

The training group did not improve significantly on retrieval (Rt) and retrieval and substitution
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based (RtS) tasks. This outcome contradicts the predictions and supports the idea that trained
cognitive skills may not directly adjust to the improvement in retrieval and substitution processes.
Transfer effects of WM training can be more task-specific, bound to specific cognitive processes

employed in the trained tasks (Dahlin et al., 2008).

Table 7. MDS task accuracy and reaction time change predicted by condition

Accuracy Change

Variable Estimate (SE) t p
Fixed effects
Intercept 0.088 (0.100) 0.880 0.392
tS (long) 0.682 (0.263) 2.590 < .05
Rt (short) 0.087 (0.437) 0.199 0.845
Rt (long) -0.239 (0.450) -0.532 0.602
RtS (short) 0.013 (0.381) 0.035 0.973
RtS (long) -0.011 (0.377) -0.030 0.977
Random effects Variance sd
Intercept 0.000 0.000
Residual 0.104 0.322
Reaction Time Change
Variable Estimate (SE) t p
Fixed effects
Intercept -76.88 (102.9) -0.747 0.469
tS (long) 0.706 (0.113) 6.222 <.001
Rt (short) -0.417 (0.228) -1.828 0.088
Rt (long) 0.289 (0.151) 1.915 0.079
RtS (short) 0.097 (0.195) 0.497 0.626
RtS (long) 0.182 (0.108) 1.686 0.115
Random effects Variance sd
Intercept 48229 219.6
Residual 36912 192.1

Note: Group presented is the T1 group (n = 11). The reported data for fixed effects consists of unstandardized
coefficients, while for random effects, it includes variance.

As stated in hypothesis 4b, the post-test training group would perform better than the post-
test control group in retrieval and substitution-based tasks as well as in operation and recall items
in each condition, except baseline condition. The training group did not improve performance
significantly in accuracy, since groups did not differ at post-test in terms of accuracy. On the other
hand, the training group showed faster response times in all interference conditions than the control
group, but their performance in baseline condition was similar. This improvement only in response
time might suggest that the training was related to certain cognitive processes more than others,

such as complex retrieval and substitution.
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Arithmetic operations

While performance on accuracy was lower, it was higher on reaction time in the
interference condition compared to baseline condition. These findings are in alignment with the
assumptions postulated in hypothesis 2c. Participants exhibited similar accuracy performance in
the baseline condition across the operation types, the reaction time performance was higher in
subtraction and multiplication. In the interference condition, the accuracy performance was lower
across all operation types, but reaction time performance was higher in multiplication and division.
Multiplication and division are more complex operations and involve larger numbers. Unlike
addition and subtraction, retrieval of the multiplication table is required for those operations.
Binding and updating processes have also a significant role in explaining how large-size problems
create proactive interference. In large-size problems, the complexity and quantity of information
contribute to the increase in binding numerical values to their corresponding operation types
(Oberauer et al., 2012).

Table 8. Pre-test arithmetic operations accuracy and reaction time predicted by operation type of
interference condition

Accuracy
Variable Estimate (SE) y p
Fixed effects
Intercept -1.068 (1.408) -0.758 0.448
Subtraction 0.824 (0.861) 0.956 0.339
Multiplication 1.512 (1.181) 1.280 0.200
Division 0.911 (1.144) 0.796 0.426
Random effects Variance sd
Intercept 0 0
Reaction time
Variable Estimate (SE) t p
Fixed effects
Intercept 35547.1 (2512.2) 14.15 <.001
Subtraction 4140.4 (2485.3) 1.666 0.103
Multiplication 5881.8 (2863.1) 2.054 <.05
Division 7720.4 (1623.7) 4,755 <.001
Random effects Variance sd
Intercept 77714019 8816
Residual 99851109 9993

Note: Sample n = 22. The reported data for fixed effects consists of unstandardized coefficients, while for random
effects, it includes variance.
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Hypothesis 3c predicted a pattern change in both conditions of this task and enhancement
in multiplication and division performance in the interference condition, leading to far transfer
effect of the n-back training. Performance changes of the pre-test training group were observed
only in reaction time in both baseline and interference conditions. Performance change in reaction
time was significantly larger in the interference condition than in the baseline condition, suggesting
that participants showed more improvement in the interference condition after the training. Further
analyses showed that participants were faster at post-test than pre-test in all operations in both
conditions, but the improvement from pre- to post-test was significantly greater for subtraction
tasks in the baseline condition and for division tasks in the interference condition. Far transfer
effect is not compatible with some cognitive tasks. In this study, no significant improvement was
found in addition and subtraction under the interference condition, probably due to less complexity

of the tasks than in multiplication and division.

Table 9. Arithmetic operations interference condition reaction time change by operation type

Reaction time

change
Variable Estimate (SE) t p
Fixed effects
Intercept -11951.8 (4488.7) -2.663 <.05
Subtraction -1138.9 (3520.4) -0.324 0.749
Multiplication -1837.5 (3233.9) -0.568 0.576
Division 8254.7 (2502.1) 3.299 <.01
Random effects Variance sd
Intercept 140549787 11855
Residual 135986663 11661

Note: Group presented is the T1 group (n = 11). The reported data for fixed effects consists of unstandardized
coefficients, while for random effects, it includes variance.

Another hypothesis on training effect proposed that the post-test training group would
outperform the post-test control group in large-size arithmetic operations. Contrary to
expectations, according to the analyses, no significant difference was observed in either accuracy

or reaction time performance between these two groups.
Word Problems

The primary purpose of implementing this test was to investigate the far transfer effect of
the n-back training. This segment of the study aimed to furnish further supportive evidence for

theories about the interference mechanisms within the context of solving word problems. The
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performance between group T1 (the pre-test training group) and group C1 (the pre-test control
group) on word problems was similar. However, the findings revealed that the presence of
irrelevant information, either literal or numerical, did not significantly influence the performance
of participants on word problems.

Table 10. Pre-test word problems biased condition accuracy and reaction time predicted by
information type

Accuracy
Variable Estimate (SE) y p
Fixed effects
Intercept 70.77 (31.39) 2.255 <.05
Literal -33.42 (31.39) -1.065 0.287
distractor
Numerical -24.04 (31.39) -0.766 0.444
distractor
Random effects Variance Sd
Intercept 2908 53.93
Reaction time
Variable Estimate (SE) t p
Fixed effects
Intercept 89490 (18048) 4.958 <.001
Literal -31426 (15190) -2.069 0.052
distractor
Numerical 66702 (32986) 2.022 0.058
distractor
Random effects Variance sd
Intercept 2.084e+09 45649
Residual 2.115e+09 45994

Note: Sample n = 22. The reported data for fixed effects consists of unstandardized coefficients, while for random
effects, it includes variance.

Group T1 did not exhibit performance change in terms of accuracy and reaction time as a

result of training, as proposed by hypothesis 3d.

Groups T2 (the post-test training group) and C2 (the post-test control group) differed in only
reaction time performance but interestingly group C2 performed faster than T2 in the problems
which included numerical irrelevant information. The faster response time of group C2 might be
attributed to their reliance on more familiar and less complex approaches while performing the
task (Karpicke & Roediger, 2008; Dehaene, 2011). The contradiction between the assumptions and
the findings in this part of the study might be caused by high individual differences and inadequacy

of problem-solving skills due to the presence of younger children. Only type and amount of
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irrelevant information cannot be indicative to determine performance in word problems with
interferences. Participants are also required to be able to use cognitive strategies and to have
reading comprehension and numeracy skills (Holmes & Adams, 2006). The training groups
probably did not sufficiently address these multifaceted demands required for proficiency in word

problems with irrelevant information.

Practice effect

To evaluate the practice effect of repeated testing, two different sets of analyses were
conducted within the control groups. It was anticipated that the pre-test control group would not
show any improvement in tasks from pre-test to post-test, and no significant difference would be

observed between the pre-test control group and the post-test control group at post-test.

The performance of the pre-test control group in terms of either accuracy or reaction time
did not change in the n-back, arithmetic operations and word problems tasks from pre to post-test,
but the reaction time performance in the MDST was lower at post-test. As expected, without
training, the participants did not exhibit significant improvement in the n-back task (Redick &
Lindsey, 2013), nor in the arithmetic operations and word problems tasks (Karbach & Verhaeghen,
2014). Conversely, a decrease in reaction time in the MDST at post-test, despite no training, could
indicate a test-retest effect. The faster response might be a consequence of increased familiarity

with the task.

The findings focusing on the differences between the pre-test and post-test only control
groups were partially consistent with the assumptions. At post-test, while these two groups did not
show significant difference in either the n-back or arithmetic operations tasks in terms of accuracy
and reaction time performance, the pre-test control group performed faster in the MDST and
demonstrated higher accuracy in the word problems task. This supports the notion that repeated
exposure to cognitive tests can contribute to improvement over time even if training was not

received (Collie et al., 2003).
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7 Overall Conclusions

The primary aim of cognitive training studies is to discover whether improvements in
performance can be transferred to areas that were not directly targeted within the training (Jaeggi
et al., 2008; Melby-Lervag & Hulme, 2013; Simons et al., 2016; Sala & Gobet, 2017). Studies on
cognitive training exhibit multifaceted and complex findings which were gathered from different
methodological approaches and designs. The degree of overlap between the underlying
mechanisms that are targeted by the training and the outcome measures have a key role in obtaining

a transfer effect to untrained tasks.

In line with this, the current study provides significant insights to demonstrate training
effects from a methodological perspective, and across the tasks designed to observe transfer effect
of the training. The Solomon 4-group design differentiated this study from previous research and
provided advanced and extensive analyses of data gathered from distinct combinations of tasks to
examine transfer effects of the training. Detailed analysis revealed that transfer effects of the
training were observed in the cognitive tasks (1-back, 2-back and MDS) and arithmetic operations,
particularly in the condition including proactive interference lures or possible errors. Participants
demonstrated increased speed in those tasks despite the absence of significant improvement in
accuracy. However, transfer effects in word problem-solving tasks were not observed in this study.
These specific points provide an important contribution to exploration of the mechanisms which

underlie transfer effects of n-back training.

This study underscores the importance of the interference framework of the WM system
for consistent explanations of why individuals differ in performance across different WM measures
and which specific WM functions are crucial or task-oriented skills. Performance differences
observed across tasks consisting of different conditions and item types can be attributed to
interference control skills. Completing these task goals successfully depends on the ability to use

binding and updating mechanisms to maintain and manipulate information amidst interference.

The findings of this study have implications for research in cognitive skills and education,
as well as practical applications in educational settings. The observations that predict mathematics
performance based on cognitive abilities provide a steppingstone for developing educational
strategies and interventions aimed at improving mathematics performance (Bull & Lee, 2014).
These findings also highlight the necessity for early intervention in children with low working
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memory (WM) capacity or poor interference control. Since these cognitive skills are essential for
success in mathematics, interventions designed to enhance these abilities can yield long-term
efficacy not only in mathematics but also in other academic disciplines (Holmes & Adams, 2006).
This study can provide evidence to enhance children’s cognitive abilities to maintain and process
information in cognitive related tasks and may contribute to the identification of special
educational strategies for children with learning difficulties or cognitive impairment. To achieve
this, further research is required for better understanding of which specific tasks can be tailored to

diverse cognitive abilities.
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