
R E S E A R CH A R T I C L E

The effect of multi-tasking training on performance, situation
awareness, and workload in simulated air traffic control

Stephanie C. Black1 | Angela D. Bender1,2 | Susannah J. Whitney2 |

Shayne Loft1 | Troy A. W. Visser1

1University of Western Australia, Perth,

Western Australia, Australia

2Department of Defence, Defence Science

and Technology Group, South Australia,

Australia

Correspondence

Stephanie C. Black, University of Western

Australia, Perth, Western Australia, Australia.

Email: stephanie.black@research.uwa.edu.au

Funding information

Australian Government Research Training

Program Scholarship Project, Grant/Award

Number: 10306062; Defence Science and

Technology Group, Grant/Award Number:

7120

Abstract

Increasingly higher demands are being made on the capacity-limited cognitive capa-

bilities of human operators as they strive to maintain situation awareness

(i.e., understanding “what is going on”) and performance in complex tasks. In the cur-

rent study we asked whether: (a) training administered via a mobile phone-based app

could improve multitasking and (b) improved multitasking in the app would generalize

to improved performance and situation awareness in a simulated air traffic control

task (ATC). Participants completed the ATC task before and after multiple sessions of

app-based multitasking training or control training. Multitasking on the app improved

across training sessions. However, this did not lead to improved performance or situ-

ation awareness, or workload reduction, relative to control training on the ATC task.

These outcomes indicate that app-based multitasking training based on repetition of

a single training task will not necessarily yield generalizable benefits to human perfor-

mance in other complex dynamic tasks.
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1 | INTRODUCTION

The last several decades have been characterized by rapid increases in

information load and technological advancement (e.g., automation to

aid tasks) across everyday life and work contexts such as aviation,

defense, and healthcare. In order to successfully navigate these

multitasking-based environments, it is vital that human operators have

adequate situation awareness (SA). SA can be defined as understand-

ing “what is going on” (Endsley, 1995b, p. 36), and although its exact

nature remains a subject of theoretical debate (Pritchett, 2015),

requires perception of relevant information, comprehension of its

meaning, and prediction of future outcomes (Endsley & Jones, 2012).

Achieving SA requires simultaneously paying attention to events

in one's surroundings, integrating this information with relevant back-

ground knowledge, and dynamically updating and prioritizing a situa-

tion model to inform decision-making (Vu & Chiappe, 2015). Such a

conceptualization, in turn, strongly implicates a role for multitasking

(see a meta-review by Pan & Rickard, 2018)—broadly defined as “the
strategic allocation of resources among multiple tasks” (Gutzwiller

et al., 2019)—in the development and maintenance of SA (Dehais

et al., 2012; Gugerty, 2011).

Multitasking can be subdivided into three key component pro-

cesses: performing more than one task simultaneously, alternatingAngela D. Bender is now at the Australian Taxation Office, Brisbane, Australia
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between tasks, and task switching/prioritization (Chérif et al., 2018).

These high-level processes, in turn, depend on more primary cognitive

abilities (see reviews by Koch et al., 2018; Schuch et al., 2019). These

primary abilities are chiefly working memory (a capacity-limited short-

term memory storage; Baddeley & Logie, 1999), and attentional con-

trol (a mechanism that deliberately directs the focus of attention to

relevant information and avoids irrelevant information; Kane

et al., 2006).

One of the chief obstacles to successful multitasking is that

human information processing is capacity limited (Kahneman, 1973;

Norman & Bobrow, 1975; Wickens, 2002). For instance, Wickens

(2002) theorizes in his four-dimensional multiple resource model that

performance is adversely affected more when a task draws resources

from the same dimension as another task than when the two tasks

draw from independent resources. For this reason, complex tasks with

competing demands for resources often exceed the processing capa-

bilities of human operators (Wickens, 2008), which in turn, may

degrade SA (Endsley, 1995b, 2006; Woods & Sarter, 2010) and conse-

quently increase the risk of erroneous decisions (Adams et al., 1995).

One potential solution to overcome human capacity limitations

that has received significant recent attention is cognitive training. Pre-

vious research has found that task-specific multitasking ability can be

improved with training under controlled conditions (Dux et al., 2009;

Liepelt et al., 2011; Verghese et al., 2018). For example, Dux et al.

(2009) trained seven participants over two weeks in the so-called

“dual-task” paradigm (Pashler, 1994; Schumacher et al., 2001;

Tombu & Jolicoeur, 2004). On each trial, participants had to either: (a)

make a vocal response to a spoken word, (b) make a key press in

response to a visual image, or (c) do both tasks simultaneously

(i.e., multitasking). Dux et al. (2009) found training across thousands

of trials reduced reaction times (RTs) on all trial types, but this reduc-

tion was significantly larger on trials that required responding to both

targets simultaneously.

While outcomes such as these point to the potential of cognitive

training, many questions remain about its broader application. For

one, it is unclear whether training benefits obtained in research labs

with careful experimental control could also be obtained under less

rigorous conditions. To test this possibility, we administered training

using mobile-phone apps which offer opportunities for on-demand

training, minimized costs, and wide availability, but allow less control

over the training schedule and stimulus presentation.

Another issue concerns training generalizability. It has been sug-

gested that multitasking training can lead to acquisition of elemental

cognitive skills that transfer to other, potentially more complex, tasks

(Garner et al., 2014). This assumption is consistent with evidence

obtained by Liepelt et al. (2011) who trained participants to complete

two simple tasks concurrently (hybrid training). They found perfor-

mance not only improved over the course of hybrid training, but par-

ticipants also showed benefits on two “near-transfer” tasks that had

similar processing requirements to hybrid training but used different

stimuli or response mappings.

Crucially, the evidence in favor of near-transfer is contentious as

several studies have failed to show such benefits (Bender et al., 2017;

Garner et al., 2015; Horne et al., 2020). Moreover, to our knowledge,

there has been no examination of “far-transfer” of training benefits to

tasks that share common underlying cognitive mechanisms but are

substantially different on multiple other dimensions. Such far transfer

is critical if multitasking training is to be helpful in improving human

performance in complex real-world tasks. The present study investi-

gates this issue by measuring the impact of app-based multitasking

training on performance, SA, and subjective workload in a simulated

air-traffic control (ATC) task.

1.1 | The present study

The primary goals of this research were to assess: (a) the effectiveness

of mobile-app-based dual-task training paradigm similar that used by

Filmer, Lyons, et al. (2017), (b) whether training leads to near-transfer

on a dual-task paradigm similar to the training task but with different

stimuli (as in Liepelt et al., 2011), and (c) whether training leads to far

transfer by improving SA, performance, and subjective workload in a

simulated ATC task. As detailed further below, the ATC task taps mul-

titasking abilities by requiring participants to manage a sector of air-

space by accepting incoming aircraft, handing off outgoing aircraft,

and detecting and preventing aircraft conflicts (violations of minimum

aircraft separation standards).

Our study incorporated methodological best practice for train-

ing (see reviews by Boot et al., 2011; Simons et al., 2016; Salas &

Cannon-Bowers, 2001). In particular, we used an “active” control

group that completed an alternative training procedure of similar

length and engagement that did not require multitasking (in this

case, a non-speeded visual search task; Kane et al., 2006). We also

used an adaptive training procedure to avoid ceiling effects on

training or testing measures.1 To avoid differential expectancy

effects across groups, we ensured participants did not know

whether they were in the experimental or control group. Finally,

we also emphasized that the experiment was designed to investi-

gate human cognition and task performance, rather than framing it

as a “cognitive training study,” in order to avoid generating an

expectation of training effects.

In addition to employing methodological best practice, a final

innovation in our approach was to implement the training program on

mobile (cellular) phones. This participant-centered scheduling and

delivery of training on a handheld device meant that we had less con-

trol over stimulus delivery conditions, timing, and other aspects of

practice, but it offered considerably easier access, portability, and

flexibility.

2 | METHOD

2.1 | Participants

Ethics approval for this study was granted by the Human Research

Ethics Committee of the University of Western Australia. The study

BLACK ET AL. 875
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conforms to the National Statement on Ethical Conduct in Human

Research (National Health and Medical Research Council, 2007).

Informed consent was given by all participants. One-hundred and

twenty-eight participants were recruited via community and under-

graduate student research participation pools in the School of Psycho-

logical Science at the University of Western Australia. Participants

were awarded $10 (AUD) per research participation hour to cover

incidental expenses such as travel and parking. Alternatively, if they

were eligible psychology undergraduates, they could choose to

instead be awarded one credit per hour towards a class participation

component of their undergraduate unit up to the unit's credit

maximum. In addition, all participants were offered a monetary

performance-based bonus (max = $20 AUD) to increase their motiva-

tion. The sample size was chosen based on an a priori power analysis

that indicated 90 participants were required to detect a small effect

(f = 0.15) with α = 0.05 and 80% power in a 2 � 2 analysis of vari-

ance, plus expected attrition due to participant withdrawal, incom-

plete data, technical errors, and other issues.

Our final sample consisted of 94 individuals (age: M = 21.61,

SD = 6.36, range = 17–56; females = 52; males = 42) who com-

pleted both the pre- and post-training testing and required mobile

training sessions. Forty-eight participants remained in the experi-

mental condition after three participants failed to reach the

required accuracy threshold during the pre-training near-transfer

task (see below), three did not return for the post-training session,

six failed to complete all required eight training sessions, and data

from four was rendered unusable due to computer problems.

Forty-six participants remained in the control condition after five

participants failed to reach the required accuracy threshold during

the pre-training near-transfer task, five did not return for the post-

training session, four failed to complete all required eight training

sessions, and data from four was rendered unusable due to com-

puter problems.

2.2 | Materials

Training tasks were carried out on participants' mobile phones running

a custom app. Participants completed all other tasks in a laboratory

using a PC running Windows 7 attached to a display refreshing at

60 Hz (ATC task) or 100 Hz (all other tasks).

2.3 | Experimental design and procedure

The experiment consisted of a pre-training session conducted in the

laboratory, five consecutive days of training (either multitasking or

visual search) conducted at the participants' leisure on a mobile app,

and a post-training session conducted in the laboratory (see Table A1

in the Appendix); with the pre- and post-laboratory sessions totaling

approximately 3 h duration. Two ATC scenarios of approximately

equivalent difficulty were used in the pre- and post-testing sessions

(counterbalanced). Participants were randomly assigned to the multi-

tasking or visual search training conditions.

2.4 | Training

2.4.1 | Multitasking training

The training program was implemented using the Unity 2018 game

engine and deployed on Android and iOS mobile devices. Device

refresh rates were set to 60 Hz, which is common for current mobile

devices. The application was designed for screens with pixel densities

of 326 to 640 ppi, and resolutions ranging from 750 � 1334 to

1440 � 2560 pixels. Display backgrounds were dark gray (RGB

149, 149, 149). Text was black (RGB 0, 0, 0) and presented in Arial

61 point (instruction text) or Din Alternate Bold (in-task text).

This multitasking training task was modeled after dual-task para-

digms employed by Filmer, Lyons, et al. (2017). Trials were divided

into three types; single visual, single auditory, and simultaneous

visual–auditory. Similar to the near transfer task (see Figure 1), all tri-

als commenced with a fixation cross at the center of the display for

200–600 ms (randomized in 100 ms steps). This was followed by the

presentation of the target(s) for 200 ms, and a blank screen for

3000 ms until response. On single-target trials, the target was chosen

randomly from a selection of three colored circles (visual trials) or

three complex tones (auditory trials). On simultaneous trials, visual

and auditory stimuli were randomly chosen such that each type of

visual and auditory stimulus appeared equally often across single-

target and simultaneous trial types. The stimuli were each associated

with a different touch key. Key mapping was lateralized, with laterali-

zation counterbalanced based on participant ID. For left lateralization,

the visual stimuli were mapped to the touch keys A, B, and C on the

F IGURE 1 The near transfer task: A “dual-task” paradigm adapted from Bender et al. (2018)

876 BLACK ET AL.
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left side of the screen; whereas the auditory stimuli were mapped to

the touch keys D, E, and F on the right side on the screen. For right

lateralization, the visual stimuli were mapped to the touch keys D, E,

and F on the right side of the screen; whereas the auditory stimuli

were mapped to the touch keys A, B, and C on the left side of the

screen. Participants were instructed to identify the target(s) as quickly

and accurately as possible but to respond sequentially to targets on

simultaneous trials (i.e., to avoid simultaneous or grouped responses;

however, participants could respond to stimuli in either order, visual

followed by auditory stimulus or vice versa).

Practice consisted of three blocks of 32 trials for each trial type.

Participants were instructed to make their response(s) within an

1800 ms response window. To ensure the response mappings were

encoded, participants who failed to achieve 80% accuracy on a prac-

tice block were presented with the task instructions again and

required to repeat the block with a longer response time window.

Training sessions consisted of four blocks of 96 trials equally divided

among trial types (randomly intermixed). Training lasted for eight ses-

sions (3072 total trials), in line with previous experiments (e.g., Bender

et al., 2017; Filmer, Varghese, et al., 2017; Filmer, Lyons et al., 2017;

Garner et al., 2014).

To encourage peak performance in the training sessions, response

windows in each block were varied such that the length of the window

corresponded to the RT at the 75th percentile of the distribution from

the previous block (see Garner et al., 2014). In addition, points were

awarded as part of a bonus scheme for achieving 95% accuracy and

responding within the response window on 80% of the trials. These

could be converted into a monetary bonus of up to $10 (AUD) at the

end of training. To help participants track their performance, cumulative

average RT and point totals were displayed after each block.

2.4.2 | Active control (visual search) training

Training was delivered via an app like that used for multitasking train-

ing in which participants completed a non-speeded visual search task

similar to that used by Di Lollo et al. (2000). On each trial, a central

fixation cross was followed by the presentation of an equidistant

matrix of circles, each with a 60� portion of their perimeter removed.

These portions could be in one of six positions in 60� increments

around the perimeter. Circles were presented for 33–500 ms (see

below). Participants were asked to report the location of the missing

portion of a target circle (designated by a surrounding circular frame

that remained on the display for 400 ms) by pressing a designated

area on the touchscreen.

Practice consisted of two blocks of 32 trials, each starting with a

matrix display of 300 ms. Participants who failed to reach 80% mean

accuracy during the last practice block were given an additional block

of practice trials in which the matrix display duration was increased by

33 ms (to a maximum of 500 ms).

Training sessions consisted of four blocks of 96 trials each, which

were repeated eight times (3072 total trials). To encourage peak per-

formance, matrix display duration on each block was decreased by

33 ms when at least 80% accuracy was achieved on the previous

block and increased by 33 ms if this minimum was not met. To

encourage peak performance, one bonus point was awarded if a par-

ticipant achieved a correct response, if the response was incorrect,

then one bonus point was subtracted. Whenever the matrix display

time decreased or the target display time increased, an additional two

bonus points were awarded (adapted from Garner et al., 2014). Bonus

points were exchanged into a monetary bonus of up to $10 (AUD) at

the end of the mobile app training. To help participants track their

performance, the total number of bonus points awarded for that block

and the total number of bonus points earned overall were displayed

after each block.

2.5 | Outcome measures

2.5.1 | Near transfer task

The task was similar to the multitasking training task described above,

except that visual targets were complex shapes (see Figure 1; Filmer,

Lyons, et al., 2017), the auditory targets were novel complex tones,

and responses were made using the keyboard.

Practice consisted of four practice blocks of 18 trials separately for

each trial type, with feedback on accuracy after each trial. Participants

who failed to reach 80% mean accuracy during the last practice block

of each trial type were given an additional block of practice trials.

The main task consisted of six blocks of 27 trials consisting of

equal numbers of each trial type presented in random order. In addition,

points were awarded as part of a bonus scheme for fast and accurate

performance to encourage effort and vigilance. These could be con-

verted into a monetary bonus of up to $10 (AUD) at the end of training.

To help participants track their performance, cumulative average RT

and point totals were displayed after each block.

2.5.2 | Far transfer task

The ATC lab task (Fothergill et al., 2009) requires participants to

assume the role of air traffic controllers responsible for the safe pas-

sage of aircraft through their assigned sector. It has been used exten-

sively to examine complex task performance, prospective memory,

human-automation teaming, and other human factors issues with

trained novices (e.g., Bowden & Loft, 2016; Loft, 2014) and expert air

controllers (e.g., Loft et al., 2009).

During the task, participants monitored a display (see Figure 2)

depicting aircraft traveling at various speeds and altitudes (indicated

by aircraft data blocks) along pre-determined flightpaths. Participants

were required to accept aircraft entering the sector and hand off air-

craft leaving the sector by pressing A or H, respectively, then left

clicking on the circle representing the aircraft. Aircraft needed to get

accepted when they approached within 5 nautical miles of entering

the sector boundary and handed-off when they approached within

5 nautical miles of exiting the sector boundary.

BLACK ET AL. 877
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Participants were also required to resolve conflicts. Aircraft were

in conflict if they would, given their respective flight levels, velocities,

and headings, simultaneously violate vertical and lateral separation in

the future. To resolve a detected conflict participants were told to

instruct one of the aircraft involved in the conflict to climb 10,000 ft,

by left clicking on the aircraft, selecting which aircraft it is in conflict

with and then clicking the ok button. Participants completed three

scenarios (a 20-minute practice and two 30-minute testing scenarios).

During each of the testing scenarios 10 scripted conflicts, 6 near mis-

ses and approximately 100 aircraft acceptances and handoffs needed

to be performed. Throughout the simulation aircraft acceptance,

handoff and conflict resolution accuracies and RTs were recorded.

2.5.3 | Situation awareness and workload measures

A modified Situation Present Assessment Method (SPAM; Durso &

Dattel, 2004) probe technique was employed during the ATC task to

assess objective situation awareness. The first SPAM query was pre-

sented 2–3 min into each ATC scenario with additional queries pre-

sented every 1.5–2 min thereafter. SPAM distinguishes workload

from SA by first presenting a “Ready for Question?” prompt and an

auditory alert that participants were instructed to respond to as

quickly as possible. The time taken for the individual to accept the

SPAM query often correlates with subjective workload (Strybel

et al., 2008; Vu et al., 2012), with a longer response time indicating

greater workload.

If there was no response within 30 s, the prompt was removed, and

the scenario continued. Otherwise, the scenario was paused, and an SA

query appeared that asked participants about the past, current and future

state of the ATC scenario (in line with the three levels of SA;

Endsley, 1995a), along with four possible response options (see Table A2

in the Appendix). Participants were encouraged to respond as quickly and

accurately as possible by mouse click, with lower accuracy or longer RTs

indicating poorer SA (Durso & Dattel, 2004). The assumption in using

SPAM is that operators who are maintaining better SA should know, or

know where to find, the appropriate information to address the query and

are thus able to respond faster to SPAM queries (see Chiappe et al., 2016).

Note that we used SPAM rather than the Situation-Awareness

Global Assessment Technique (SAGAT; Endsley, 1995b) because the

latter method requires the individual to recall information based on a

detailed stable mental representation of their task environment. How-

ever, past studies with the current ATC task have indicated that par-

ticipants tend to rely more on frequent interactions with information

displays to maintain SA.

At the end of each ATC scenario, participants also completed the Sit-

uational Awareness Rating Technique (SART; Salmon et al., 2009;

Taylor, 1990) to assess subjective SA and the NASA-TLX (Hart &

Staveland, 1988) to assess subjective workload. The SART consisted of

10 ratings on a 7-point Likert scale (1 = low, 7 = high) that measured

overall task understanding, attentional demand, and supply. The NASA-

TLX consisted of six rating and 15 weighting questions evaluating ten fac-

tors: overall workload, task difficulty, time pressure, own performance,

physical effort, mental effort, frustration, stress, fatigue, and activity type.

F IGURE 2 Illustration of the ATC task adapted from ATC-lab (Fothergill et al., 2009). The light gray polygon marks the participant's sector,
and the lines denote aircraft flight paths. Aircraft speed is presented in knots, and altitude in feet. The aircrafts are represented by small green
circles with a line indicating the direction the aircraft is flying in and a text block specifying the call sign, speed, type, and altitude. In the top left
quadrant, aircraft QF 73 and VA53 are in future conflict (i.e., they will violate separation if the participant does not intervene by increasing the
altitude of one of the aircraft from 370 to 380). In this example the screen is frozen whilst an SA question has appeared asking about the
potential conflict; the participant is expected to highlight the correct answer and click the button below.

878 BLACK ET AL.
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2.5.4 | Other measures

After the final experimental session, participants were asked to rate

their training experience (whether “training was fun”) on a scale of

1 (minimal) to 10 (maximal) as per Anguera et al. (2013).

3 | RESULTS

3.1 | Data cleaning

3.1.1 | Outliers

For the multitasking training and near-transfer tasks, the inter-target

response interval (RT2–RT1, see Tombu & Jolicoeur, 2004) was calcu-

lated on each dual-target trial, and trials with intervals of less than

50 ms were excluded from further analysis. Additionally, for each task,

both accuracy and median RT data for participants were omitted from

further analyses if either were more than 1.5� the interquartile range

away from the overall mean (Jones, 2019). Together, this resulted in a

total of 4.07% of data being omitted across the tasks.

3.2 | Analysis procedure

Graphs are shown with 95% confidence intervals (CI) to allow intui-

tive visualization of the precision of the study (Krzywinski &

Altman, 2013). We used a Bayesian approach to analyze the data.

To allow more intuitive understanding of the strength of the empiri-

cal evidence, for t-tests we report BF01 when evidence is stronger

for the null hypothesis, and we report BF10 when evidence is stron-

ger for the alternative hypothesis. Similarly for ANOVA, we report

BFexcl when evidence is stronger for the null hypothesis, and we

report BFincl when evidence is stronger for the alternative hypothe-

sis. Thus, the reported Bayes Factors will always be greater than

1. We follow Lee and Wagenmakers (2013); adjusted from Jef-

freys’ (1961) standard of interpreting Bayes Factors of 1–3 as

“anecdotal,” 3–10 as “moderate,” 10–30 as “strong,” 30–100 as

“very strong,” and above 100 as “extreme.” We used default Cau-

chy priors (Bayesian t-tests: r = 0.707; Gronau et al., 2020; Bayes-

ian Repeated Measures ANOVA: rfixed effects = 0.5, rrandom effects = 1,

rcovariates = 0.354; Rouder et al., 2012; see also van Doorn

et al., 2021). For ANOVA we compared all models to the null model,

for which BF01 = BF10 = 1.0.

3.3 | Training experience

Participants rated their training experience near the middle of the

scale (M = 5.03, SD = 2.22). Importantly, an independent groups t-

test comparing training experience across the groups indicated mod-

erate evidence in favor of the null hypothesis (BF01 = 4.26), indicating

there were no differences between the groups.

3.4 | Outcomes of training

3.4.1 | Multitasking training

Table 1 depicts mean accuracy and RTs for auditory and visual targets

on single and dual-target trials as a function of training session. Dual-

cost scores were calculated by subtracting accuracy and RTs for visual

and auditory targets on single target trials from those on dual-target

trials, and then summing the scores for auditory and visual targets

(Bender et al., 2017). Dual-cost RTs were then divided by accuracy to

create a composite performance estimate (adjusted RTs; Figure 3, left

panel; Chambers et al., 2006; Townsend & Ashby, 1983), with smaller

numbers indicating better multitasking ability. A paired samples t-test

comparing the first and last sessions indicated extreme evidence for a

reduction in adjusted RTs (BF10 = 4.71E+06) consistent with task-

specific improvement in multitasking across sessions.

3.4.2 | Visual search training

Figure 3 (right panel) depicts search matrix display times as a function

of session. A paired samples t-test comparing the first and last ses-

sions indicated extreme evidence for a reduction in matrix display

times (BF10 = 2.024E+19), consistent with task-specific improvement

in visual search across sessions.

3.5 | Near transfer

Table 2 depicts mean accuracy and RTs for auditory and visual targets

on single and dual target trials as a function of testing session. To test

if multitasking training yielded benefits on a similar task with un-

practiced stimuli, we computed adjusted RT dual-cost scores (using

the method and dual-cost calculations as outlined above) on the near

transfer task separately as a function of testing session (pre- vs. post-

training) and training group (multitasking vs. active control). These

adjusted RTs are shown in Figure 4 and were submitted to a 2 (testing

session) � 2 (training group) mixed-design analysis of variance

(ANOVA). This yielded anecdotal to moderate evidence in favor of the

null hypothesis for both main effects and the interaction

(1.000 ≤ BFexcl ≤3.165), indicating that multitasking training did not

yield improvements on a similar task despite evidence for improve-

ments in the training task itself.

3.6 | Far transfer (ATC performance, SA, and
workload)

3.6.1 | ATC performance

Raw accuracy and RTs on the ATC tasks can be seen in Table 3. As in

other tasks, we used these scores to compute adjusted RT scores for

each task separately as a function of testing session and training
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group (see Figure 5, left panel). Separate 2 (testing session) � 2 (train-

ing group) mixed-design ANOVAs were conducted to analyze perfor-

mance on each ATC task.

Analysis of the aircraft acceptance task yielded anecdotal to mod-

erate evidence in favor of the null hypothesis for both main effects

and the interaction (2.123 ≤ BFexcl ≤3.226), suggesting multitasking

training did not improve task performance. Analysis of the aircraft

handoff task similarly yielded anecdotal to moderate evidence in favor

of the null hypothesis for both main effects and the interaction

(1.748 ≤ BFexcl ≤3.731), suggesting multitasking training did not

improve performance.

Analysis of the aircraft conflict detection task yielded extreme

evidence for a main effect of testing session (BFincl = 20474.569),

indicating conflict detection performance improved across sessions.

However, there was anecdotal to moderate evidence in favor of the

null hypothesis for the main effect of training group and the interac-

tion (2.392 < = BFexcl < = 3.802), suggesting that multitasking training

did not improve performance.

3.6.2 | SA (SPAM)

Raw SPAM accuracy and RTs are presented in Table 4. We used these

scores to compute adjusted RT scores separately as a function of test-

ing session and training group (Figure 6, left panel). A 2 (testing

session) � 2 (training group) ANOVA yielded very strong evidence for

a main effect of testing session (BFincl = 33.752), indicating objective

SA improved across sessions. However, there was anecdotal to mod-

erate evidence in favor of the null hypothesis for the other effects

(2.278 < = BFexcl < = 4.082), suggesting multitasking training did not

improve objective SA during the ATC task.

3.6.3 | SA (SART)

Scores were calculated separately as a function of testing session and

training group using the formula SA = U � (D � S), where

U = summed understanding ratings, D = summed demand ratings,

S = summed supply ratings, and higher scores indicate greater SA

(Figure 6, right panel). A 2 (testing session) � 2 (training group)

ANOVA yielded anecdotal evidence for the main effect of testing ses-

sion (BFincl = 1.489), indicating subjective SA improved across ses-

sions. However, as with the SPAM measures, there was moderate

evidence in favor of the null hypothesis for the remaining effects

(3.717 ≤ BFexcl ≤4.525), suggesting multitasking training also failed to

improve subjective SA during the ATC task.

3.6.4 | Workload (SPAM ready prompt latency)

The median time to accept SPAM queries was calculated separately as

a function of testing session and training group (Figure 7, left panel)

and submitted to a 2 � 2 ANOVA. This yielded moderate evidence T
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for the main effect of training group (BFincl = 4.156), suggesting the

experimental group showed reduced workload across both pre and

post training sessions in the ATC task. However, there was

moderate support for the null hypothesis for all other effects

(4.444 < = BFexcl < = 4.785), suggesting that multitasking training did

not reduce workload during the ATC task.

3.6.5 | Workload (weighted NASA TLX)

Weighted NASA TLX Indices (Hart & Staveland, 1988) were calcu-

lated separately as a function of testing session and training group

(Figure 7, right panel) and submitted to a 2 � 2 ANOVA. This

yielded extreme evidence for the main effect of time

(BFincl = 3267.637), but moderate evidence for the null hypothesis

for all other effects (3.021 < = BFexcl < = 3.876). Thus, the evidence

from the NASA TLX converged with the SPAM measure of work-

load to indicate that multitasking training did not reduce workload

during the ATC task.

3.6.6 | Summary of results

Please see Table 5 for a summary of our results.
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TABLE 2 Near transfer task performance: RTs (in ms) and

accuracy (proportion correct) for single-auditory, single-visual, dual-
auditory, and dual-visual trials

Session Pre-training Post-training

Raw RTs Median (SD)

Single visual 754 (106.67) 620 (62.54)

Single auditory 914 (100.83) 772 (121.40)

Dual visual 1021 (187.50) 844 (155.21)

Dual auditory 1257 (122.84) 1063 (124.42)

Raw accuracies Mean (SD)

Single visual 0.92 (0.05) 0.95 (0.03)

Single auditory 0.9 (0.05) 0.94 (0.04)

Dual visual 0.88 (0.06) 0.89 (0.07)

Dual auditory 0.88 (0.06) 0.89 (0.07)
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F IGURE 4 Near transfer task performance. Lower adjusted
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ACG, active control group; EG, multitasking group
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TABLE 3 ATC task performance:
Acceptance, handoff, and conflict
resolution RTs and accuracy (i.e., hit rate)

Pre-training Post-training

Session EG ACG EG ACG

RTs Median (SD)

Acceptance (ms) 3202 (840.11) 3220 (1005.10) 3077 (722.26) 3182 (772.85)

Handoff (ms) 2407 (907.62) 2576 (646.91) 2410 (672.59) 2661 (659.00)

Conflict resolution (s) 124 (52.35) 114 (29.13) 95 (45.87) 99 (33.19)

Accuracy Mean (SD)

Acceptance 0.96 (0.03) 0.96 (0.03) 0.97 (0.03) 0.97 (0.02)

Handoff 0.95 (0.04) 0.96 (0.03) 0.97 (0.03) 0.97 (0.03)

Conflict resolution 0.88 (0.11) 0.91 (0.11) 0.94 (0.07) 0.95 (0.07)

Note: Means (SDs).

Abbreviations: ACG, active control group; EG, multitasking group.
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TABLE 4 RTs and accuracy
(proportion correct) for SPAM past,
present, future, and overall

Pre-training Post-training

Session EG ACG EG ACG

Raw SPAM RTs Median (SD)

Past 11.75 (5.37) 13.25 (5.00) 9.00 (3.29) 10.04 (3.64)

Present 11.73 (3.82) 12.27 (3.46) 11.41 (2.95) 12.02 (3.06)

Future 13.54 (3.78) 13.11 (4.01) 11.61 (3.87) 13.08 (3.25)

Overall 11.87 (3.47) 12.57 (3.70) 11.05 (2.63) 11.34 (3.00)

Raw SPAM accuracies Mean (SD)

Past 0.86 (0.13) 0.88 (0.14) 0.85 (0.15) 0.90 (0.11)

Present 0.95 (0.08) 1.00 (0.00) 0.91 (0.13) 0.93 (0.10)

Future 0.90 (0.10) 0.89 (0.12) 0.93 (0.09) 0.94 (0.09)

Overall 0.90 (0.06) 0.90 (0.08) 0.90 (0.08) 0.93 (0.05)

Note: 95% CI error bars.

Abbreviations: ACG, active control group; EG, experimental group; PCG, passive control group.
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4 | GENERAL DISCUSSION

Human operators are at substantial risk of being cognitively over-

loaded because of increasing demands imposed by task complexity

and new technologies. One potential way to ameliorate this problem

could be to increase the cognitive capacity of the human operator.

Some promise in this regard has been shown by dual-task training par-

adigms in which participants complete several hours of a simple

computer-based task designed to develop cognitive processes under-

lying multitasking (e.g., Liepelt et al., 2011). While such training has

been shown to improve performance on the trained task over time in

controlled laboratory conditions, it is less clear whether similar

benefits could be achieved using a mobile app-based version of a

training protocol that is less controlled, and, if so, whether training

benefits could transfer to similar tasks (near transfer) or dissimilar

tasks (far transfer) that rely on the same cognitive process that was

trained.

With these questions in mind, we first created a mobile phone-

based app that implemented a multitasking training program similar to

Filmer, Lyons, et al. (2017). Following best-practice guidelines (Boot

et al., 2011; Simons et al., 2016) we also implemented a visual search

training program similar to Di Lollo et al. (2000) to be used by an

active control group. Additionally, both apps used adaptive training

procedures that changed in difficulty depending on participant
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performance to avoid ceiling effects and to maintain engagement. We

then examined the impact of both multitasking and control training on

performance, SA, and subjective workload in a simulated ATC task.

Addressing our first question, we found strong evidence that mul-

titasking improved over the course of the mobile-app based training

sessions, replicating earlier laboratory-based training outcomes

(e.g., Bender et al., 2017; Filmer, Lyons, et al., 2017; Strobach

et al., 2013). For instance, Bender et al. (2017) found 44.58%

improvement in overall dual-cost and we found improvements of

11.59% for raw overall dual RT cost, 62.74% for raw overall dual accu-

racy cost and 54.73% for adjusted overall RT cost. Our results are also

broadly similar to those obtained in training studies with other per-

ceptual paradigms. For example, Enns et al. (2017) found performance

improvements on an attentional blink task implemented on a mobile-

based app similar to those seen in more controlled laboratory-based

training regimens (Braun, 1998; Choi et al., 2012; Taatgen et al., 2009;

Tang et al., 2014).

Addressing our second research question, multitasking training

did not lead to near transfer of benefits to the same task with differ-

ent stimuli. This adds to accumulating evidence in the literature that

near transfer is the exception rather than the norm, at least with

respect to multitasking (Bender et al., 2017; Garner et al., 2015;

Horne et al., 2020). Additionally, multitasking training also failed to

yield far transfer benefits on ATC performance, SA, or workload, sug-

gesting using a simple dual-task paradigm is unlikely to benefit more

complex tasks. To our knowledge, this represents the first study that

has tested for far transfer arising from a multitasking training

paradigm.

The evidence for near transfer in some past studies notwith-

standing, our results align closely with the literature on expertise

acquisition (Farrington-Darby & Wilson, 2006; Healy et al., 2014;

Lesgold, 1983; Samuels & Flor, 1997), which suggests that training

narrowly defined tasks leads to benefits as a result of automatiza-

tion of underlying processes specific to the trained task. This

automatization is thought to reduce the impact of limitations in cog-

nitive capacity by fostering information chunking and encapsulation,

the development of which relies on constancy of stimuli and proce-

dure (Brown & Carr, 1989; Logan et al., 1996). From this argument,

it follows that automaticity of task-specific processes is unlikely to

lead to general improvements in other tasks that have different

stimuli and/or procedures.

Of course, alternative explanations for our failure to obtain near-

or far-transfer effects could be made based on particular elements of

our methodology. For example, it could be possible that this failure

TABLE 5 Summary of Bayesian repeated measures ANOVA test results for each measure

Experimental component Measure Terms/effects BF >1

Lee & Wagenmakers (2013);

adjusted from Jeffreys (1961) Support for

Near transfer task

performance

Adj RT dual cost Time BFincl = 1.000 Anecdotal H1

Group BFexcl = 3.040 Moderate H0

Group*Time BFexcl = 3.165 Moderate H0

Far transfer task

performance

Acceptance Adj RT Time BFexcl = 2.809 Anecdotal H0

Group BFexcl = 2.123 Anecdotal H0

Group*Time BFexcl = 3.226 Moderate H0

Handoff Adj RT Time BFexcl = 3.731 Moderate H0

Group BFexcl = 1.748 Anecdotal H0

Group*Time BFexcl = 1.883 Anecdotal H0

Conflict resolution Adj RT Time BFincl = 20474.569 Extreme H1

Group BFexcl = 3.802 Moderate H0

Group*Time BFexcl = 2.392 Anecdotal H0

Far transfer task SA SPAM Adj RT Time BFincl = 33.752 Very Strong H1

Group BFexcl = 2.278 Anecdotal H0

Group*Time BFexcl = 4.082 Moderate H0

SART Time BFincl = 1.489 Anecdotal H1

Group BFexcl = 4.525 Moderate H0

Group*Time BFexcl = 3.717 Moderate H0

Far transfer task workload SPAM ready prompt all Time BFexcl = 4.785 Moderate H0

Group BFincl = 4.156 Moderate H1

Group*Time BFexcl = 4.444 Moderate H0

NASA-TLX Time BFincl = 3267.637 Extreme H1

Group BFexcl = 3.021 Moderate H0

Group*Time BFexcl = 3.876 Moderate H0

Note: Showing BFincl if evidence for alternative hypothesis, BFexcl if evidence for null-hypothesis.
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reflects the app-based mode of training. However, we consider this

unlikely given our success at showing improvement on the training

task, analogous to many studies in the literature. Additionally, it could

be suggested that the improvements in conflict detection and subjec-

tive SA across testing sessions might reflect beneficial effects of both

dual-task and visual search training. Although we think it is more likely

that practice effects are responsible for these improvements, one way

to address this question more directly would be to replicate the cur-

rent study with the addition of a passive control group that completed

no training. If the impact of testing session reflects improvement aris-

ing from both multitasking and visual search training, then the passive

control group should not show similar changes across testing session.

On the other hand, if the improvement reflects practice effects, then

it should also occur in the passive control group.

Another possibility is that with further multitasking training, we

might see greater benefits to underlying cognitive skills and that this

would be sufficient to transfer to other tasks. We think that insuffi-

cient training is unlikely to explain our failure to find near or far trans-

fer for the following reason. The length of our training regimen was

comparable to those in previous studies, which ranged from only a

sixth of our number of trials (i.e., 465 trials; Bender et al., 2017) to

twice the amount (i.e., 5694 trials; Liepelt et al., 2011).

4.1 | Limitations and future research

It is well known that training transfer can be affected by motivation

levels and individual differences such as cognitive ability, self-efficacy,

and goal orientation (Salas & Cannon-Bowers, 2001; also see review

by Baldwin & Ford, 1988). This may be relevant because our sample

consisted of student and community participants recruited from a uni-

versity setting. Though this sample is likely highly representative of

new entrants into the workforce who will be confronted by significant

cognitive challenges on the job, they are not broadly representative of

the population. In particular, our participants are likely to have had

above-average cognitive ability. Moreover, students are closer to the

age when cognitive ability peaks than the general population

(Ardila, 2007). These characteristics may have limited our ability to

detect benefits of multitasking training due to ceiling effects. In addi-

tion, university students might not see the benefits of cognitive train-

ing, as opposed to participants from a more general pool for whom

this might be more job relevant. With these points in mind, attempting

to replicate our training effects in older and more diverse samples

may lead to different outcomes.

Another potential limit to the effectiveness of our training regi-

men stems from the relatively modest engagement participants

reported with the app (average “fun” rating of 5.03/10). It could be

reasonably expected that improving participants' enjoyment while

using the app might improve training engagement and therefore the

magnitude of training benefits. Although, as noted above, training

effects were highly significant and similar in magnitude to other stud-

ies that did find near transfer, improved engagement could nonethe-

less theoretically lead to greater benefit. This aligns with expectations

of improved training engagement and subsequent training results aris-

ing from “gamification” (see Anguera et al., 2013; Anguera &

Gazzaley, 2015; Bediou et al., 2018), and suggests that future efforts

to make cognitive training apps more akin to video games may yield

beneficial outcomes.

There is also some reason to believe that attempting to train a

general cognitive process using a single task may itself be a flawed

approach. Studies of individual differences in cognitive ability often

use a latent factors approach to assess ability, combining performance

from several paradigms to tap a common cognitive ability to derive a

reliable measure. This approach acknowledges that performance on

any one task is likely determined to a relatively small extent by an

underlying cognitive ability and to a much larger extent by situational

variables, participant factors, and measurement error (Redick

et al., 2016). A reasonable corollary of this logic is that repeatedly per-

forming a single training task should, at best, lead to limited improve-

ment to the underlying cognitive ability associated with the task

because much of task performance reflects the action of other

factors.

An additional consideration is that successful multitasking

depends upon other underlying cognitive skills such as working

memory and attentional control (e.g., Redick et al., 2016), and these

more fundamental skills may be differentially tapped depending on

the type of multitasking being performed. This raises two issues.

First, trying to improve multitasking broadly through training on a

single task is likely to be unsuccessful unless the training task

strongly taps into all of the relevant underlying cognitive skills

(Harrison et al., 2013). Second, efforts to show near- or far-transfer

of training will be differentially successful depending on whether the

training task taps into the same fundamental cognitive skills as the

near- or far-transfer task. For example, multitasking training that

improves working memory may benefit multitasking in other tasks

that depend heavily on working memory but be less effective if the

other tasks depend heavily on attentional control. This analysis sug-

gests that simultaneous training on several types of tasks associated

with a cognitive process (particularly a complex one) would be much

more likely to be effective than the current single-task training

approach.

4.2 | Practical implications

In terms of practical implications, first, this study has added to the evi-

dence that it is possible to achieve similar improvements with

participant-administered and -scheduled mobile app-based multitask-

ing training as it is with the more controlled laboratory-based com-

puter training. Given the flexibility and ease of deployment as well as

the maturity of the existing mobile app technology, our results sug-

gest that implementation of training programs on mobile platform is

as likely to be successful and more easily accessed than using tradi-

tional digital educational platforms.

Second, this study has added to the evidence that there is a lack

of training-related near- and far transfer benefits arising from current
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cognitive training methodologies. With the increased evidence against

these methodologies, the path is being cleared to start focusing on

finding alternative approaches to implementing cognitive training, in

order to improve its effectiveness.

4.3 | Conclusion

In summary, this study has shown that app-based cognitive train-

ing can produce similar improvements over the course of training

as earlier studies that conducted training in more controlled envi-

ronments. However, benefits arising over the course of training

did not yield near- or far-transfer to novel tasks thought to tap the

same underlying cognitive process. We acknowledge that this con-

clusion rests on reporting evidence for the null in this article. How-

ever, we believe it is crucial that null findings are published in

order to avoid the potential “file drawer” problem. Indeed, the

importance of establishing the robustness and generality of psy-

chological effects has received much attention (Pashler &

Wagenmakers, 2012; Yong, 2012), and is particularly vital when

the resulting knowledge could be used by practitioners in safety-

critical work settings (Jones et al., 2010). It is also critical that

meta-analysis of research topics like cognitive training include all

results obtained, not just the positive cases.
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ENDNOTE
1 A passive control group was not used to avoid the introduction of differ-

ing motivation and expectancy effects (Shipstead et al., 2012)
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APPENDIX A

TABLE A1 Experiment schedule for participants on five-day training cycle

Day

Group

Multitasking Active visual search

1 Informed consent Informed consent

Pre-testing Pre-testing

• Questionnaires

• ATC introduction and practice

• ATC simulation 1st Scenario incl. SPAM and SART

• NASA-TLX questionnaire

• Questionnaires

• ATC introduction and practice

• ATC simulation 1st Scenario incl. SPAM and SART

• NASA-TLX questionnaire

Training Training

• 1 Session dual-task app • 1 Session visual search app

2 Training Training

• 2 Sessions dual-task app • 2 Sessions visual search app

3 Training Training

• 2 Sessions dual-task app • 2 Sessions visual search app

4 Training Training

• 2 Sessions dual-task app • 2 Sessions visual search app

5 Training Training

• 1 Session dual-task app • 1 Session visual search app

Post-testing Post-testing

• Training questionnaire

• ATC simulation 2nd Scenario incl. SPAM and SART

• NASA-TLX questionnaire

• Training questionnaire

• ATC Simulation 2nd Scenario incl. SPAM and SART

• NASA-TLX questionnaire

Debrief Debrief

BLACK ET AL. 889
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TABLE A2 SPAM presented used during the ATC simulation

Scenario A

Q1—What aircraft is on the same flight level as aircraft QF45 in the NE quadrant?

Q2—In which quadrant will the next potential conflict take place if no action has been taken or will be taken within the next 30 s?

Q3—What is the flight level of the aircraft that you last accepted to the VA route?

Q4—What common waypoint will aircraft QF94 and aircraft AA36 both pass?

Q5—At what altitude is aircraft NZ20 traveling?

Q6—What is the flight level of the two aircraft that you last accepted to the QF and SQ route?

Q7—What waypoint are aircraft QF59 and SQ27 currently closest to?

Q8—Will aircraft AA58 and aircraft NZ17 cross path in the NW, NE, SW, or SE quadrant?

Q9—What waypoint do aircraft AA35 and QF52 both have to cross?

Q10—Are aircraft SQ47 and VA37 traveling at the same speed?

Q11—What is the next waypoint that QF87 has to cross?

Q12—What is the flight level of the aircraft that you last accepted to the EK route?

Q13—What is the flight level of the aircraft that you last accepted to the VA route?

Q14—Are aircraft AA63 and aircraft NZ19 currently located in the NW, NE, SW, or SE quadrant?

Q15—Which quadrant currently has the most number of aircraft inside the flight sector?

Q16—In which quadrant will the next potential conflict take place if no action has been taken or will be taken within the next 30 s?

Q17—What waypoint does the last accepted aircraft on the AA route have to cross next?

Q18—What aircraft did you last hand off on the QF route?

Scenario B

Q1—Are aircraft EK23 and aircraft AA31 currently located in the NW, NE, SW, or SE quadrant?

Q2—What aircraft is on the same flight level as aircraft SQ57?

Q3—In which quadrant will the next loss of separation take place within the next 30 s if no action will be taken?

Q4—What was the flight level of the aircraft that you last accepted into the sector in the NE quadrant?

Q5—What aircraft is on the same flight level as aircraft AA37 in the SW quadrant?

Q6—Will aircraft SQ79 and aircraft VA32 cross path in the NW, NE, SW, or SE quadrant?

Q7—How many aircraft needed accepting within the last 30 s in the SW quadrant?

Q8—Which quadrant currently has the most number of aircraft in the flight sector?

Q9—What were the flight level of the two aircraft that you last accepted in to the sector?

Q10—Closest to which waypoint will aircraft AA83 and aircraft NZ55 cross path?

Q11—What is the next waypoint that QF40 has to cross?

Q12—What was the flight level of the aircraft that you last accepted in to the sector?

Q13—Will aircraft QF59 and aircraft EK85 cross path in the NW, NE, SW, or SE quadrant?

Q14—Are aircraft VA28 and SQ56 traveling at the same speed?

Q15—Which quadrant currently has the most number of aircraft in the flight sector?

Q16—How many aircraft did need handing off within the last 30 s?

Q17—Will aircraft VA95 and aircraft NZ33 cross path in the NW, NE, SW, or SE quadrant?

Q18—What common waypoint will aircraft SQ51 and aircraft QF81 both pass?
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