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Abstract

Schema acquisition processes comprise an essential source of cognitive demands in learning situations. To shed light on
related mechanisms and influencing factors, this study applied a continuous multi-measure approach for cognitive load
assessment. In a dual-task setting, a sample of 123 student participants learned visually presented symbol combinations
with one of two levels of complexity while memorizing auditorily presented number sequences. Learners’ cognitive load
during the learning task was addressed by secondary task performance, prosodic speech parameters (pauses, articulation
rate), and physiological markers (heart rate, skin conductance response). While results revealed increasing primary and
secondary task performance over the trials, decreases in speech and physiological parameters indicated a reduction in the
overall level of cognitive load with task progression. In addition, the robustness of the acquired schemata was confirmed

measures

by a transfer task that required participants to apply the obtained symbol combinations. Taken together, the observed
pattern of evidence supports the idea of a logarithmically decreasing progression of cognitive load with increasing
schema acquisition, and further hints on robust and stable transfer performance, even under enhanced transfer demands.
Finally, theoretical and practical consequences consider evidence on desirable difficulties in learning as well as the
potential of multimodal cognitive load detection in learning applications.
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Significance

Interactive learning and training technologies enhance
task opportunities in various application domains but may
also increase demands on cognitive resources. Arising pit-
falls can be avoided by providing systems with knowledge
about users’ current mental states, which allows regulating
system responses in an adaptive and personalized way. For
instance, during learning activities, a system could align
features such as the amount and speed of the presented
content or the degree of instructional support to increase
motivation, encourage sustained performance, and foster
system acceptance. Related challenges firstly involve
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measurement issues, i.e., an accurate user state recogni-
tion that requires intelligent algorithms for correctly inter-
preting patterns contained in the acquired signals.
Secondly, the system behavior needs to be continuously
adjusted to meet users’ needs in the most sophisticated
way possible. The current research provides relevant
pre-requisites for both issues by monitoring variations in
cognitive demands over the task with a novel combination
of sensitive measures related to performance, speech, and
physiological reactions. Applying the summarized evi-
dence to real-world applications, dynamic recognition al-
gorithms could be developed for computerized learning
devices such as mobile systems that incorporate wearable
multimodal sensors.
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Background

Looking back in the history of cognitive psychology,
there is a long research tradition on cognitive schemata
as crucial outcomes of learning processes (Ghosh & Gil-
boa, 2014). Once knowledge has been acquired success-
fully, it is represented and organized in small bundles of
information that are constructed during learning and ap-
plied automatically in later process stages. Research in
this field has mainly covered structural aspects (Bartlett,
1932; Rumelhart, 1980) and mechanisms of schema ac-
quisition and adjustment (Piaget, 1952), but less concern
was devoted to related demands on learners’ cognitive
resources and their changes during the learning process.
The current study addresses this research gap by moni-
toring the interplay of load inducing factors in a con-
trolled learning scenario with a combination of
continuous cognitive load measures.

Theoretical perspectives in cognitive load research
As we consider cognitive resource investment in instruc-
tional situations, the Cognitive Load Theory (CLT; Swel-
ler, Van Merriénboer, & Paas, 1998; Sweller, Ayres, &
Kalyuga, 2011) becomes an indispensable source of ex-
planation. In brief, the theory resides on three core as-
sumptions: Firstly, based on well-established memory
models (Anderson, 1983; Atkinson & Shiffrin, 1971;
Baddeley, 1992), it postulates limited working memory
resources in terms of duration and capacity of informa-
tion storage. Secondly, long-term memory resources are
assumed to lack such boundaries and hold benefits for
elaborated learning processes. Thirdly, mental represen-
tation of knowledge should occur via schemata, de-
scribed as organized knowledge structures with stable
patterns of relationships between elements (Kalyuga,
2010). A further characteristic of the theoretical frame-
work is the separation of the overall cognitive load con-
struct into the facets of intrinsic, extraneous, and
germane cognitive load (Sweller et al, 1998). Whereas
intrinsic cognitive load (ICL) results from the number of
interrelated elements of information, determining the
complexity of the used learning material relative to
learners’ previous knowledge, extraneous cognitive load
(ECL) is associated with the surrounding instructional
situation, i.e., ways of content presentation or situational
constraints. Germane cognitive load (GCL) arises from
relevant processes of schema acquisition and automa-
tion. Prior research shows that high levels of ECL ham-
per learning performance, but only if high amounts of
ICL are present at the same time (Sweller et al., 1998).
Whereas ECL should be minimized and ICL kept at a
manageable level, the instructional focus is put on fos-
tering GCL to achieve optimal learning outcomes.
Theory-related discussions in the more recent past ad-
dressed the assumed additive relationship between ICL,
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ECL, and GCL (De Jong, 2010; Park, 2010; Sonnenfeld
& Keebler, 2016) as well as substantial redundancies in
the facet of GCL. This facet was introduced in addition
to the initial two-component framework mainly on the-
oretical accounts instead of empirical evidence (Sweller
et al,, 1998). These issues resulted in efforts on reformu-
lating the postulated theoretical framework. One ap-
proach suggests a reduction of cognitive load facets back
into a two-component model, which contrasts product-
ive factors beneficial for learning (ICL) with unproduct-
ive factors that impair learning (ECL) and subsumes
GCL under the facet of ICL (Kalyuga, 2011; Kalyuga &
Singh, 2016; Sweller, 2010). Another approach postulates
a process-driven reconceptualization of the three-com-
ponent model that quantifies temporal changes in GCL
over the task (De Jong, 2010; Sonnenfeld & Keebler,
2016; Wirzberger, Esmaeili Bijarsari, & Rey, 2017). Fol-
lowing this view, ICL, ECL, and GCL reside at different
levels of inspection: a structural level in terms of ICL
and ECL, which can be determined a priori (Beckmann,
2010; Wirzberger, Beege, Schneider, Nebel, & Rey, 2016),
and a processual level in terms of GCL, which undergoes
changes throughout the learning task and depends on
the achieved level of schema acquisition.

Empirical evidence for the latter approach arises from
Wirzberger et al. (2017), who applied a basal learning
task that a priori varied the amount of interacting infor-
mation elements (ICL) and induced interruptions at sev-
eral points over the task (ECL). Statistical analyses
compared linear, quadratic, and logarithmic progression
models, and the results suggested a logarithmic progres-
sion of schema-related cognitive load (GCL) over time,
influenced by structural features. The resulting inversion
of the learning curve (Ebbinghaus, 1964) aligns well with
established evidence on cognitive skill acquisition (An-
derson, 1983; Kraiger, Ford, & Salas, 1993; Shiffrin &
Schneider, 1977). It also provides further evidence that
building and organizing schematic structures of know-
ledge in the initial process stages shed higher demands
on cognitive resources, whereas automation and tuning
procedures in later process stages require smaller re-
source supplies. Although the approach already yielded
promising results, the study raised the need for a more
continuous controlled inspection of the determined
mechanisms.

Related questions on the durability and robustness of
previously established schemata might be addressable by
applying acquired knowledge structures on distinct but
related problems. Kalyuga (2010) particularly recom-
mends tasks involving grouping or categorizing to create
such transfer demands. Evidence on expertise develop-
ment shows that novice learners require less complex
tasks in early training stages to engage in robust and
stable schema acquisition (Van Merriénboer, Kester, &
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Paas, 2006); thus, novice learners dealing with a complex
task right from the beginning should perform worse. In
addition, extended transfer requirements would overly de-
mand cognitive resources and further decline performance.

Approaches to cognitive load assessment

Studying the assumed interplay of cognitive load factors
requires their valid assessment. Several efforts have been
made, relating to performance, psychophysiology, behav-
ior, and self-report (Sweller et al., 2011; Wickens, Hol-
lands, Banbury, & Parasuraman, 2013; Zheng, 2018).
From the variety of approaches, a selection will be dis-
cussed in the following, which is considered to be rele-
vant for the applied task framework.

Since learners’ performance is explicitly addressed and
recorded in learning scenarios, the inspection of
performance-related parameters offers valuable insights.
Such measures usually operate on observable perform-
ance indices in dual-task paradigms that use secondary
tasks to induce and/or assess cognitive load (O’'Donnell
& Eggemeier, 1986). If the secondary task mainly serves
to induce cognitive load, primary task performance is
observed, whereas the inspection of secondary task per-
formance is applied for purposes of assessing cognitive
load (Briinken, Plass, & Leutner, 2004; Briinken, Steinba-
cher, Plass, & Leutner, 2002; Kraiger et al., 1993; Park &
Briinken, 2018). A conjoint observation of both aspects
provides a more comprehensive view; thus, often both
parameters are inspected complementarily. In terms of
task-related stimulus and response modalities, evidence
on modality compatibility in dual-task performance
shows that for spatial codes a combination of visual in-
put and manual output is superior to auditory input and
vocal output, whereas the results are reversed for verbal
codes (Hazeltine, Ruthruff, & Remington, 2006). For this
reason, when employing dual-task techniques, compat-
ible input and output modalities for both tasks should
be used so that resource interference only occurs due to
content-related processing demands. Participants’ per-
formance in primary and secondary tasks can further be
evaluated in terms of efficiency (Hoffman & Schraw,
2010), with higher levels of efficiency corresponding to
high performance and low effort. Efficiency measures
usually are calculated from effort indicators like re-
sponse time, which indicates how cognitively demanding
a task was, and performance indicators like correct re-
sponses (Sweller et al., 2011).

Bodily functions are often affected involuntarily when
people are put under cognitive demands and thus pro-
vide reliable online indicators of current levels of cogni-
tive load. Among the variety of psychophysiological
techniques, heart rate (HR) and skin conductance re-
sponse (SCR) have already shown sensitivity to changes
in cognitive resource demands in dual-task settings
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(Mehler, Reimer, & Coughlin, 2012). Both parameters in-
dicate increasing levels of imposed cognitive load by in-
creasing values.

Besides involuntarily occurring bodily responses, par-
ticipants show voluntarily behavioral reactions as well.
The effects of cognitive load on duration-based speech
parameters can be classified into the field of prosody, for
instance, disfluency, articulation rate, content quality,
the number of syllables, and silent pauses as well as
filled pauses (Berthold & Jameson, 1999; Miiller,
Grofimann-Hutter, Jameson, Rummer, & Wittig, 2001).
Evidence suggests that, with increasing levels of cogni-
tive load, speaking rates (the number of syllables per
time) and articulation rates (the number of syllables per
time excluding pauses) decrease. More and longer
pauses during speech flow, induced by planning pro-
cesses, also reflect higher levels of cognitive load (Espo-
sito, Stejskal, Smékal, & Bourbakis, 2007; Khawaja, Ruiz,
& Chen, 2007, 2008; Miiller et al., 2001). So far, the de-
scribed speech parameters have been applied to deter-
mine cognitive load in task settings that demand
cognitive resources on a shorter time span, for instance,
a reading span task or a Stroop interference task under
time pressure (Yap, 2012). A novel perspective arises by
applying this approach to capture naturally occurring
changes in cognitive resource demands due to schema
acquisition processes.

Beneath the introduced objective measures, subjective
means of assessment can be applied as well. Self-report
rating scales comprise an easily applicable and widely
used approach in cognitive load assessment that relies
on learners’ ability to provide valid retrospective estima-
tions of the experienced level of cognitive load. A rating
scale that addresses the facets of ICL, ECL, and GCL in-
dependently was developed by Leppink, Paas, Van der
Vleuten, Van Gog, and Van Merriénboer (2013). Higher
levels of subjectively experienced cognitive resource de-
mands on each facet are indicated by higher ratings on
the related items.

In summary, each measure entails certain strengths
and weaknesses (Martin, 2018; Sweller et al, 2011;
Wickens et al., 2013). Although performance-related pa-
rameters provide a continuous assessment and often
emerge directly from the task, secondary tasks poten-
tially interfere with primary tasks and require thoughts
regarding the adequate level of complexity as well as the
employed stimulus and response modalities. Psycho-
physiological techniques provide a continuous and reli-
able assessment, since physiological responses are hardly
controllable voluntarily, but these techniques require
special equipment, substantial expertise, and effort in
application and analysis to avoid and control for artifacts
and noise. Behavioral parameters also ensure a continu-
ous and reliable way of assessment but require high
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expertise and effort as well. While subjective ratings via
questionnaires are rather easily applicable, they provide no
continuous assessment and rely on participants’ retro-
spective estimations of prior resource demands. For hand-
ling the outlined limitations, a combination of different
assessment approaches is therefore regarded as the most
promising solution to strengthen the informative value of
the emerging results (Chen, Zhou, & Yu, 2018; Korbach,
Briinken, & Park, 2018).

Present experiment

To address the outlined research gaps, the current study
focused on changes in cognitive load related to the
process of schema acquisition, extended by the issue of
robustness of the obtained schemata. A basal learning
task and a related basal schema application task
(Kalyuga, 2010) provided a concise, controllable, and in-
ternally valid framework. By combining a set of continu-
ous performance-related, behavioral, and physiological
measures, completed by subjective self-reports, the com-
prehensive capture of underlying cognitive processes
was ensured.

Hypotheses

Based on the introduced theoretical background, a loga-
rithmically decreasing level of cognitive load with in-
creasing schema acquisition was expected, which should
be observable in performance, speech, and physiological
parameters (hypothesis 1a). Moreover, an increase in
subjectively reported cognitive load with a higher level
of task complexity was postulated (hypothesis 1b). Re-
garding retention and transfer performance, with a
higher level of task complexity a decrease in retention
performance (hypothesis 2a) and transfer performance
(hypothesis 2b) was assumed, as well as a decrease in
transfer performance with increasing transfer demands
(hypothesis 2c).

Methods

Pre-study

A schema application task was designed to address the ro-
bustness of participants’ schema acquisition. It required
participants to categorize symbol combinations with refer-
ence to a displayed target symbol as either correct or false,
according to previously acquired knowledge. Combina-
tions were composed from the four geometrical symbols
square, star, triangle, and circle. Some symbol combina-
tions included non-prototypical symbols to determine if
the established schemata were stable enough to deal with
such kind of transformation. A pre-study should ensure
that non-prototypical symbols are still categorized accord-
ing to their underlying prototype.
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Pre-study methods

Seventy-four participants (Mg =35.00 years, SD,4 =
13.09, range 19-64, 63.51% female) completed the test.
Of these, 54.05% had already graduated or were cur-
rently enrolled as graduate students, 20.27% had com-
pleted an apprenticeship, 10.81% were undergraduate
students, and the remaining 14.87% reported diverse
levels of graduation or did not reveal their educational
status.

Non-prototypical symbols were generated with Adobe
Photoshop and comprised different severities of either
barrel (outward, negative deviation from 0) or pincush-
ion (inward, positive deviation from 0) distortion. As
displayed in Fig. 1, the levels of distortion ranged from
small (+ 30%) to medium (+ 60%) to high (+ 90%).

Participants filled out an online questionnaire includ-
ing the prototypical and non-prototypical symbols ac-
companied with a categorization request. After
classifying each symbol as either circle, square, star, or
triangle, participants had to rate the level of distortion
on a seven-point Likert scale with verbal anchoring at
the extreme points to determine the perceived severity
of deviation from the underlying prototype. As the pro-
totypes were included in the presented symbol set as
well, the scale started from 0 (“not at all”) and reached 6
(“very strong”) to provide participants the opportunity of
a valid and reliable rating on a sufficient level of com-
plexity (Lozano, Garcfa-Cueto, & Muiiiz, 2008).

Pre-study results
Descriptive analyses of categorization frequencies and
distortion ratings are reported in Table 1. They indicate
rather stable and homogeneous classifications of
non-prototypical symbols according to their underlying
prototype, with at least 94.7% correct categorizations,
even on the broader distribution of age and educational
backgrounds. Moreover, even on a descriptive level, dis-
tortion ratings outline an increasing amount of per-
ceived deviation with increasing severity of distortion.
Repeated measures analyses of variance (ANOVAs) on
the distortion ratings were computed separately for each
symbol category, with severity of distortion as a seven-
fold within-subjects factor. Mauchly’s test indicated a
violation of sphericity for all symbol categories; there-
fore, the degrees of freedom were corrected using
Greenhouse-Geisser estimates for circle, x*(20) = 69.184,
p<.001, £=0.751, square, X*(20) = 61.139, p <.001, &=
0.778, star, X2(20) =156.934, p <.001, £ =0.608, and tri-
angle, x*(20) = 49.509, p <.001, & = 0.837. The results in-
dicated strong and highly significant main effects of
distortion severity for circle, F(4.504, 388.761) = 109.263,
p<.001, r]pzz.599, square, F(4.668, 340.729) = 151.472,
p<.001, n,>=.675, star, F(3.649, 266.373) = 87.503, p
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Fig. 1 Distorted symbols. a = square 30, b = square 60, ¢ = square 90, d = star — 30, e = star — 60, f = star — 90

d e

<.001, n,>=.545, and triangle, F(5.020, 366.476) =
175.157, p < .001, n,> = .706.

Post hoc  pairwise  comparisons  with  the
Bonferroni-Holm correction (Maxwell, 1980) revealed sig-
nificant differences between distorted symbols and proto-
types for all levels of distortion severity in each symbol
category (p <.001). When comparing outward and inward
distortion within and across distortion severities, diverse
patterns appeared depending on the symbol category. For
both circle and square, no significant differences resulted
between 30 vs. — 30, 60 vs. — 60, and 90 vs. — 90, whereas
all other comparisons achieved significance with at least p
<.05. In the star category, no significant differences re-
sulted between 60 vs. — 60, 60 vs. 90, and — 60 vs. 90, but
significant differences (p <.001) occurred for all other
comparisons. All pairwise comparisons achieved signifi-
cance in the triangle category with at least p < .05.

Based on both categorization frequencies and distor-
tion ratings, non-prototypical symbols with superior psy-
chometric properties were chosen. In addition to
considering correct classifications and significant pair-
wise comparisons, a balanced representation of both
barrel and pincushion distortion across symbols was
sought. The resulting pattern comprised — 30, — 60, — 90
for circle, - 30, 60, - 90 for square, 30, 60, — 90 for star,
and 30, - 60, — 90 for triangle.

Main study

Participants

A total of 123 undergraduate and graduate students (M,ge
=22.67 years, SD,g =3.55, range 18-34, 76.42% female)
participated in the main study. They were enrolled in Com-
munication Science (41.32%), Psychology (30.58%), Science,
Technology, Engineering, and Mathematics (STEM) fields
(11.57%), Humanities (9.09%), or Education (5.79%) and re-
ceived either a financial allowance of 5€ (49.59%) or course
credits (50.41%) as compensation. Experimental conditions
did not differ regarding age, #(119.05) =0.62, p =.539, d =
0.111, gender, x*(1) <0.01, p =.960, distribution of study
courses, X*(6) =442, p=.620, or compensation choice,
X’(1) = 0.40, p = 527.

Design

The chosen learning task required participants to detect,
remember, and retrieve four easy or difficult combinations
of arbitrary geometric symbols while simultaneously
memorizing five-digit number sequences as a secondary
task. The resulting experimental design included task
complexity as an independent between-subjects factor
that varied due to the arrangement of the symbol combi-
nations (three vs. four symbols, symbol order). As
dependent variables, learners’ performance in both pri-
mary and secondary task, spoken responses on the

Table 1 Categorization and distortion rating of prototypical and distorted symbols

Dist. Circle Square Star Triangle
% M SD % M SD % M SD % M SD

0 100 1.09 038 100 1.12 0.72 973 1.03 0.16 100 1.03 0.16
-30 100 245 1.04 100 2.82 1.03 100 149 0.82 100 2.28 0.77
30 98.7 2.20 0.98 98.7 2.76 1.07 100 127 045 100 2.81 1.18
-60 100 3.27 1.31 98.7 377 1.17 100 2.14 1.24 98.7 3.14 1.16
60 100 3.18 1.33 100 3.72 1.28 100 2.08 1.16 94.7 4.03 1.24
-90 100 3.69 1.33 100 4.65 1.21 100 2.32 1.25 100 346 1.28
90 98.7 3.70 132 973 453 140 98.7 361 150 98.7 4.59 132

Dist. severity of outward or inward distortion, % percentage of correct categorizations, M mean of distortion rating, SD standard deviation of distortion rating
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secondary task, and physiological reactions were recorded
continuously during the learning task. The standardized
cognitive load questionnaire by Leppink et al. (2013) pro-
vided a summative evaluation of the inspected cognitive
load facets. An open question on schema recall after the
learning task enabled insights into the quality of schema
acquisition over the task. Participants’ working memory
capacity was derived from a translated version of the auto-
mated operation span task (OSPAN; Unsworth, Heitz,
Schrock, & Engle, 2005) and used as the control variable.

With reference to the CLT, task complexity reflected
the ICL component and was addressed according to the
concept of element interactivity (Sweller, 2010). Unlike
the work of Wirzberger et al. (2017), the scope of
symbol combinations was increased by one element to
avoid effects of boredom due to insufficiently low levels
of task demands. The embedded secondary task charac-
terized the ECL component, which aligns with the
conceptualization of ECL as situational constraints
(Wickens et al.,, 2013). Furthermore, the combined in-
spection of the continuous cognitive load measures
hinted at the underlying cognitive resource investment
pattern and represented the GCL component (Sweller et
al, 2011). Whereas primary task efficiency resources
were invested in schema acquisition relative to the
achieved outcome (Hoffman & Schraw, 2010; Paas &
Van Gog, 2006), secondary task efficiency hinted at the
actual load imposed by the primary task. Based on this
view, available resources would arise only due to already
established and usable schemata (Kraiger et al., 1993).

An additional task on applying the obtained schemata
by solving a categorization task addressed the robustness
of the schema acquisition process. It required partici-
pants to evaluate the correct match of displayed input
and response parts of the previously acquired symbol
combinations, which included distorted symbols in parts
of the trials. The underlying 2 x 5 factorial mixed design
included a between-subjects factor task complexity (easy
vs. difficult) and a within-subjects factor level of distor-
tion (0 vs. 30 vs. 60 vs. 90) as independent variables. Re-
action time and a corrected error score were recorded as
dependent variables.

Materials

Learning task Computer-based tasks were realized with
OpenSesame (Mathot, Schreij, & Theeuwes, 2012) and
provided on a standard desktop computer with a 24"
monitor. Trials within the learning task were inspired by
the procedure of the OSPAN (Unsworth et al., 2005)
and comparable automated complex span tasks, which
include a distractor task and a target task in each trial in
alternating sequence. In the current study, within each
trial the number task (secondary task) was presented
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first as a distractor and followed by the symbol task (pri-
mary task) as a target. Unlike the complex span task
procedure, which involved new items to memorize in
each trial for both the target and distractor tasks, the
learning content of the primary task persisted during the
entire task.

As outlined in Fig. 2, each of the 64 trials started with
the auditory presentation of a unique randomly chosen
five-digit number for 5000 ms. The amount of five digits,
as well as the used time spans, was determined within a
short internal pre-test with N'=7 participants (Mg =
28.71, SDyge =243, range = 26-32, 4 male) and chosen
to avoid distraction effects on the primary task by an
overly complex secondary task. Indicated by a black
speaker symbol on the screen, participants had to listen
carefully and memorize the numbers in correct se-
quence. Afterward, a randomly chosen input part of one
out of four abstract symbol combinations was presented
for 2 s. This input part comprised two symbols (easy
condition) or three symbols (difficult condition). Partici-
pants had to remember the shown symbols in correct
order and complete the sequence by choosing a symbol
as a response on the next screen by mouse click. In this
vein, a total of three (easy condition) or four (difficult
condition) symbols formed a complete combination. As
shown in Fig. 2, the response screen simultaneously pre-
sented the four possible response symbols in a randomly
arranged 2 x 2 grid for 5 s. This was followed by a feed-
back screen lasting 2 s that also included the correct
choice for false responses to foster correct schema ac-
quisition. Finally, indicated by a black speech bubble
symbol, participants had to recall the memorized digit
sequence from the trial outset verbally within 5 s.

Schema application task During each of the 60 trials in
the schema application task, participants evaluated if the
input part of a presented symbol combination matched
or mismatched the response part. As depicted in Fig. 3,
the response part of the symbol combination was shown
in the upper part and the potential input part in the
lower part of the screen. Response parts were always
represented in prototypical symbols, whereas half of the
input parts included distorted symbols from the
pre-study. The pool of presented stimuli comprised cor-
rectly matched input and target parts, existing input
parts with mismatched target parts, and non-existing in-
put parts with mismatched target parts. Within 5 s, par-
ticipants had to classify the presented combination as
false or correct by pressing either the left (false) or right
(correct) mouse key. Contrary to the learning task, par-
ticipants received no further feedback on their response.

Questionnaires on retention and cognitive load For
assessing retention performance, participants received a
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computer-based form with a grid of three (easy condi-
tion) or four (difficult condition) empty boxes per com-
bination in four rows. They had to recall the memorized
symbol combinations by dragging symbols from an in-
finite pool for each possible symbol (i.e., circle, square,
triangle, or star) via mouse click and dropping them into
the existing grid boxes to form combinations. In
addition, they could indicate corrections on the provided
combinations in a separate comment space below.

Participants’ subjectively perceived level of cognitive load
was addressed on 11-point Likert scales via the 10-item
questionnaire by Leppink et al. (2013) that differs be-
tween the three subscales of ICL, ECL, and GCL.

Procedure

Data were obtained in individual testing sessions of
about 60 min in a separate laboratory, equipped with a
standard desktop computer for the participant and an

b

False Correct

A

A+ [+ 5

False Correct

[l

O-+0

Fig. 3 Stimuli in the schema application task: a difficult condition with prototypical symbols and b easy condition with distorted symbols
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experimenter netbook to record the physiological data.
At the outset of each testing session, participants were
welcomed and signed an informed consent. This form
outlined the purpose and procedure of the study and en-
sured that participants’ treatment aligned with approved
ethical standards and that their privacy was respected.
Afterward, the OSPAN had to be completed, which usu-
ally took about 15 min. Before starting the learning task,
the experimenter had to fulfill several preparatory duties,
requiring about 5 min. First, the electrodes for the
physiological measures were attached to the left hand
and a close-talk microphone for the speech recording
was placed at the upper part of the participant’s ster-
num. Following an initial adjustment of the speech re-
cording volume to individual voice characteristics, the
learning task was completed within an average duration
of 20 min. After the electrodes were removed, partici-
pants worked on the questionnaires on retention, cogni-
tive load, and demographics, which were provided
online and were completed in about 10 min by most
participants. Finally, they completed the schema applica-
tion task (about 10 min) and were debriefed and
approved.

Scoring

Primary task efficiency was computed, following the like-
lihood model (Hoffman & Schraw, 2010), as the quotient
of correct responses (performance) and reaction times
(effort) within each trial. Since reaction times were re-
trieved in milliseconds, scores were multiplied by 1000
to obtain the proportion of correct responses per sec-
ond. The resulting values provide a hint on the invest-
ment of available mental resources over the task: if
learners start to perform faster and less erroneously on
the task, they must invest less mental capacity.

For secondary task efficiency, also based on the likeli-
hood model approach (Hoffman & Schraw, 2010), per-
formance was computed by comparing spoken words to
correct words from the reference and subtracting the
amount of substituted, deleted, and inserted words (Lee,
1988) relative to the total number of words in the refer-
ence (word accuracy). The participant’s effort was
reflected in the time starting from the presentation of
the visual stimulus to the end of the last uttered digit
(verbal response duration), which covered the entire an-
swer process.

Speech parameters were extracted on the phoneme
level using an automatic speech recognition system
(Herms, 2016). The resulting transcripts included
spoken units and the corresponding time codes in milli-
seconds and were used to derive the articulation rate,
the number, and the mean duration of silent pauses. The
articulation rate represented the total number of pho-
nemes divided by the utterance duration excluding the
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total duration of silent pauses, the number of pauses
reflected the total number of silent pauses in an utter-
ance, and the mean pause duration was calculated from
the total duration divided by the number of silent
pauses.

Physiological data were recorded at a frequency of
128 Hz with a NeXus-10 Mark II from sensors attached
to the volar surface of the distal phalanges of the left
hand. While the heart rate (HR) signal was obtained at
the trigger finger, the skin conductance response (SCR)
was recorded at the middle and ring fingers. Data prep-
aration involved the calculation of an individual baseline
for each participant from values located in the prepar-
ation phase of about 5 min before starting the learning
task. Recorded SCR and HR values were normalized to
the individual baseline value and aggregated on mean
values for events within each trial. Each event repre-
sented a subtask within the learning trial and was related
to a screen change, i.e., the auditory presentation of a
number sequence, the visual presentation of the symbol
combination input, the response part of the presented
symbol combination, a feedback on the given response,
and finally the verbal recall of the memorized number
sequence.

For obtaining retention performance, sum scores were
calculated for all memorized symbol combinations and
all correctly memorized symbol combinations, resulting
in values ranging from O (neither combination memo-
rized correctly) to 4 (all combinations memorized cor-
rectly). Transfer performance was obtained from the
schema application task in terms of reaction times on
the provided classifications as well as correct responses.
The latter were adjusted for inherited errors from the re-
tention task.

Cognitive load scores were derived from sum scores
for each cognitive load facet, resulting in a maximum of
30 points for ICL and ECL and a maximum of 40 points
for GCL. Subscales achieved satisfying internal consist-
encies of a =.831 for ICL, a =.708 for ECL, and a =.876
for GCL. In line with Conway et al. (2005), who reported
a clear advantage of partial credit scoring procedures
over all-or-nothing scoring procedures, the partial load
score for the OSPAN was computed by awarding one
point for each correctly recalled letter. Across the three
test blocks, the task achieved an appropriate internal
consistency of Cronbach’s o =.805.

Results

Cognitive load progression

Some datasets had to be excluded from data analysis due
to missing values or the failure to meet the 85% accuracy
criterion in the OSPAN" task, a lack in language profi-
ciency, or an observable violation of the instruction.
Conditional growth curve models were computed to
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inspect progressions in primary and secondary task effi-
ciency from a temporal perspective. Values for all relevant
variables were z-standardized to obtain standardized f co-
efficients.  Models  were  fit  with  restricted
maximum-likelihood estimation and included time, condi-
tion, the OSPAN score, and the interaction between time
and condition predictors as fixed effects aligned to the ex-
perimental task design. To take into account individual
differences between participants in reaction to experimen-
tal variations, a time slope as well as subject-specific inter-
cepts were considered as random effects and assumed to
be correlated. In addition, time was computed as a loga-
rithmic? variable and included as a fixed effect. For evalu-
ating model fit, the root mean squared error (RMSE) was
obtained from a leave-one-out-cross-validation approach,
and the conditional pseudo R* for generalized linear
mixed models was calculated.

Primary task efficiency

After exclusions, the analysis of primary task efficiency
operated on n = 103 datasets. As indicated by Fig. 4, sig-
nificant contributions resulted for the linear time pre-
dictor, p=.166, standard error (SE)=0.030, £(683)=
5.609, p <.001, the logarithmic time predictor, p = 0.118,
SE =0.026, £(6385) =4.573, p<.001, and condition, =
-.070, SE =0.031, £(100) = -2.220, p =.029. No signifi-
cant interaction between time and condition could be
observed, = -.031, SE =0.018, £(101) = - 1.726, p = .087.
The model achieved an acceptable fit with RMSE = 0.936
and R* = .197 and supports hypothesis la.
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Secondary task efficiency

When analyzing secondary task efficiency, one additional
dataset had to be excluded from the sample due to high
noise in the recorded speech signal, resulting in a sub-
sample of n =102 participants. Corresponding to the
prevention of distraction effects on the primary task
from an overly complex secondary task, participants
achieved a predominantly high word accuracy (M = 0.95,
SD =0.15). As visually supported by Fig. 5, the results re-
vealed an increasing secondary task performance effi-
ciency over time as well. In more detail, standardized
coefficients showed a significant logarithmic time pre-
dictor, p=.160, SE=0.022, £(6323)=7.392, p<.001,
whereas no significance could be obtained for the linear
time predictor, p=.029, SE=0.028, #361)=1.022, p
=.307, the effect of condition, p=-.044, SE=0.062,
t(99) =-0.711, p=.479, and the interaction between
time and condition, [ =-.006, SE=0.021, #100)=-
0.271, p=.787. The overall model achieved a consider-
able fit with RMSE =0.912 and R*=.445 and supports
hypothesis 1a.

Speech-related parameters

Corresponding to secondary task performance, results
are based on n =102 participants. Time series regres-
sions with linear and logarithmic trend predictors, sepa-
rated by conditions as depicted in Fig. 6, support
decreases in cognitive load over time in terms of mean
pause duration, Rzeasy:.063 and R%giiear = -216. In
terms of number of pauses and articulation rate, the
models achieved Rzeasy:.131 and RZ%yigicure = .311 for
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number of pauses and Rzeasy: 165 and R%gigicur = 268
for articulation rate. Although amounts of explained
variance differ between measures and conditions, the
overall trend supports hypothesis 1a.

Physiological parameters

Due to technical errors in the recorded data, two add-
itional datasets had to be excluded from the analysis,
resulting in a subsample of # = 101 participants. Assuming
additive time series with trend and seasonal components,
analyses indicate a decreasing trend of HR and SCR over
the task and show a repetitive seasonal pattern across
“subtasks” within each trial. Logarithmic time series re-
gression models, including linear and nonlinear trend pre-
dictors as well as seasonal predictors, achieved R2easy
=.847 and R%ggoui=.672 for SCR, whereas for HR an
Rzeasy: 590 and Riyear =.643 could be obtained.
Inspecting the seasonal component in more detail, follow-
ing an initial increase while the sequence of numbers was
presented auditorily, a decreasing progression over the
symbol presentation, symbol response, and symbol feed-
back could be observed. However, in the final step of ver-
bally recalling the memorized numbers, physiological
response parameters increased again. Fig. 7 displays the
respective observed and fitted logarithmic progression
curves, which strongly support hypothesis 1a.

Retention and transfer performance

Retention performance

Results for both retention and transfer performance are
based on n =103 participants. In terms of retention

performance, in line with hypothesis 2a, significantly
fewer correctly recalled symbol combinations could be
observed in the difficult conditions, #(96.53) =4.72, p
<.001, d=-0.92. No significant differences between
conditions regarding the amount of totally recalled
symbol combinations resulted, #(100.99)=-0.08, p
=937, d=0.02. A power’ level of 1 — B=.71 was
achieved for a =.05 and d = 0.5.

Transfer performance

As already indicated from the descriptive values in
Table 2, results revealed significantly faster responses in
the difficult condition, F(1, 101)=5.59, p=.020, n,>
= .05, reversing the pattern postulated in hypothesis 2b.
The significant increase in reaction time with increasing
distortion, F(3, 303) =15.13, p<.001, qp2: .13, partially
supports hypothesis 2c. A significant interaction between
both factors did not result, F(3, 303) = 0.60, p = .614, r]p2
=.01,1 - p=1.0 for a =.05 and f=.25. Post hoc pairwise
comparisons using Tukey’s honest significant difference
(HSD; Maxwell, 1980) indicate significant differences in
reaction time between the prototypical level and all
levels of distortion (all p’s <.05) as well as the distortion
levels 30 and 90 (p <.001). After correction for inherited
errors, no significant differences result in correct re-
sponses between conditions, F(1, 101)=0.99, p =.323,
qu =.01, 1 — p=.941, and levels of distortion, F(3, 303)
=142, p=.237, r]p2: .01, 1 — f=1.0. Likewise, no sig-
nificant interaction between both factors could be de-
tected, F(3, 303) =0.91, p=.436, n,>=.01, 1 — p=10.
All reported power levels relate to a =.05 and f=.25. In
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general, with around 70% in each level of distortion, a
high frequency of correct responses was observable (see
Table 2), hinting at a rather stable and robust application
of previously acquired schemata.

Subjective cognitive load ratings

Contrary to hypothesis 1b, no significant differences be-
tween easy and difficult conditions appeared for ICL,
£(90.76) = — 1.13, p =.225, d = 0.306, and ECL, £(97.57) =
-1.22, p=.226, d=0.242, although descriptive values
pointed towards lower scores for the easy condition. By
contrast, significantly higher ratings in the easy condi-
tion resulted for GCL, #(98.77)=2.87, p=.005, d=-
0.568, which directly reverses the pattern postulated in
hypothesis 1b. According to Cohen (1988), the effect
amounts to a medium size. Analyses achieved a power
of 1 — 3=.709 for a =.05 and d = 0.5.

Discussion
This study provided insight into the progression and inter-
action of the outlined facets of cognitive load by applying
a multi-method approach to cognitive load assessment. In
line with the postulated hypothesis, performance, speech,
and physiological parameters indicated a logarithmically
decreasing level of cognitive load over the task, hinting at
increasing progress in schema acquisition. The subjective
ratings did not support the initial assumptions, but sup-
port arises for the decrease in retention performance with
higher levels of task complexity. For transfer performance,
the stated hypothesis on increased transfer demands was
partly confirmed in terms of reaction times, while evi-
dence indicated a reversed pattern for task complexity in
this case.

In addition, physiological measures revealed a repeti-
tive seasonal pattern across the subtask routines for SCR
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and HR: during the presentation of the auditory stimulus
at the outset of each trial, an increase was observable. It
was followed by a decrease related to the visual presen-
tation of the symbol combination, the motor response
selection, and the visual feedback screen. As soon as the
verbal response on the initially presented digit sequence
was requested, increasing levels in both physiological
measures again resulted. This evidence suggests higher
levels of cognitive load imposed by the auditory-verbal
compared to the visual-motor stimulus-response com-
bination due to the observable initial and final increase
in the emerging signal. Support for this assumption
arises from Posner, Nissen, and Klein (1976), who state
the dominance and increased familiarity of the visual
modality compared to other modalities. Another poten-
tial clarification suggests increased perceptual load
(Lavie, 2010) in the auditory-verbal secondary task, im-
posed by the additional visual stimulus from the
speaker and speech bubble symbols shown on the
screen.

Approaching the obtained pattern in the subjective
cognitive load ratings, at least on a descriptive level par-
ticipants reported lower ICL and ECL. On the one hand,
these scores might have lacked statistical significance
due to the reported insufficient power level of about
71%. On the other hand, as secondary task requirements
did not differ between conditions, the absence of consid-
erable differences in ECL is indeed plausible. Moreover,
adding just one symbol to the combination might not
have resulted in extensive increases in task complexity,
potentially explaining the absence of significant differ-
ences in ICL. The reversed pattern for GCL could have
originated in the particular formulation of the related
questions, which emphasizes the subjective impression
of understanding and knowledge acquisition. This might
have been higher in the easy condition. The authors
(Leppink et al., 2013) also discuss this issue in a more
recent publication that applies this questionnaire (Lep-
pink, Paas, Van Gog, Van der Vleuten, & Van Merrién-
boer, 2014). They attribute the lack of meaningful results

Table 2 Descriptive values of correct responses and reaction time for levels of distortion in conditions

Dist. RTeasy RTaifficute CReasy CRaifficute

M SD M SD M SD M SD
0 257114 107933 2261.58 1010.11 0.75 044 0.71 046
30 2692.68 1168.68 2381.37 1116.81 0.70 046 0.70 046
60 2670.05 1208.94 2485.99 1091.26 0.72 045 0.69 046
90 277647 1178.77 251948 1097.61 0.72 045 0.68 047

Dist. severity of distortion in %, RT reaction time, CR correct responses (min =0, max = 1), easy easy condition, difficult difficult condition
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for GCL to the substantial redundancy between GCL
and ICL and take this as further evidence for the initially
outlined re-reduction of the three-factor model. By con-
trast, a more recently developed cognitive load question-
naire by Klepsch, Schmitz, and Seufert (2017) addresses
this issue by including the effort component more expli-
citly in the GCL facet and advocates the existing
three-factor model from an assessment perspective. As
the authors claim its applicability for a wider range of
learning contexts and domains, using this questionnaire
instead would be a valuable extension in future studies.

Regarding the schema application task, faster response
times in the difficult condition compared to the easy
condition hint at higher investments of mental resources
with higher levels of task complexity. This explanation
corresponds well with results on contextual interference
(de Croock, Van Merriénboer, & Paas, 1998; Van Mer-
riénboer et al, 2006) which report that learners can
achieve a more robust and stable transfer performance
under conditions that disable fast and easy skill acquisi-
tion. Additional support arises from evidence on desir-
able difficulties in learning situations (Bjork & Bjork,
2011). For instance, when learners must cope with inter-
leaved tasks, they need to maintain sustained engage-
ment of cognitive resources, which fosters performance.
The observed increase in response times with increasing
distortion may result due to the requirement of add-
itional cognitive operations, as distorted symbols de-
mand the identification of the underlying symbol
category before the judgement.

Implications

The pattern of evidence supports a temporal extension
of the CLT framework and reveals a logarithmically de-
creasing cognitive load progression with increasing
schema acquisition. Moreover, results indicate the bene-
fit of an automatic detection of the current level of cog-
nitive load in speech parameters. This could be of value
for realizing adaptive user interfaces in digital learning
contexts that bear the ability to adjust task complexity
and instructional guidance to learners’ needs and prefer-
ences. A particularly promising field of application com-
prises foreign language learning, where spoken interaction
during the learning process constitutes an essential
pre-requisite to shape language skills. User-aligned in-
structional aids within a considered language training pro-
gram might then entail additional explanations or calming
feedback if states of high load are detected by extended
pausing or low articulation frequencies.

Limitations

A potential limitation arises from the differing symbol
complexity, since a visually dominating appearance like
a star, with salient edges and corners, could foster and
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speed up schema acquisition and thus benefit symbol re-
call. More detailed analyses of times spent on drawing
different symbols in the retention questionnaire by
mouse tracking or gaze pattern analyses might enlighten
this issue in future research. With reference to the
non-prototypical symbols used for the schema applica-
tion task, although there was a high level of consensus
in the pre-study regarding the correct match to the
underlying prototype, subtle differences still could have
persisted and influenced the findings in the main task.

The lack of significant differences between conditions
in secondary task efficiency could have resulted from
task order ambiguities. Although participants were
instructed to give equal weight to both tasks, the sec-
ondary task occurred first in order and could have been
regarded as more easy and familiar. For this reason, par-
ticipants might have been motivated to prioritize this
task instead of the primary task and assign only free re-
sources to the primary task. In consequence, the easy
task condition would achieve better results in primary
task efficiency, whereas secondary task performance
would stay unaffected by task complexity. The choice of
keeping this fixed presentation order across all trials and
participants is aligned to the original task procedure re-
ported for automated complex span tasks (Redick et al.,
2012; Unsworth et al,, 2005). Using a counterbalanced
presentation order instead could result in more balanced
weighting of the priority of both tasks in future studies.
A further valuable extension could address the relation-
ship between both tasks more explicitly to obtain in-
sights into participants’ strategies of cognitive resource
distribution. The additional use of cognitive models (An-
derson, 1983) that compare both task order strategies
could support the clarification of distinct effects of task
order prioritization.

Future research

Prospective research should monitor learners’ focus on
presented symbols or alternative learning material by
inspecting gaze behavior in combination with pupil dila-
tion, as suggested by Foroughi, Sibley, and Coyne (2017)
and Mitra, McNeal, and Bondell (2017). Another prom-
ising extension incorporates the transfer of the obtained
patterns and mechanisms to more applied task settings
in a different task domain like motor learning. In this
domain, an additional step could involve the inclusion of
a spatial dimension or the use of animated stimuli or
motor sequences, and distinct audio-verbal secondary
tasks with a different task order are suitable as well. A
further interesting extension takes evidence on modality
compatibility in dual-task settings (Hazeltine et al,
2006) into account and inspects the use of incompatible
content-modality matchings.
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Conclusion

The study applied a multi-measure framework of cogni-
tive load assessment to gain further insights into the
temporal progression of cognitive load during schema
acquisition. Results replicate the logarithmic pattern of
change over the task observed in prior research and re-
veal influences of task complexity and situational con-
straints. In summary, the promising approach holds
value to address existing research gaps in cognitive load
research and gain better insights into changing demands
from schema acquisition in learning settings.

Endnotes

'This exclusion involved seven participants, which cor-
responds to about 6% of the sample. For comparison,
Unsworth et al. (2005) report exclusion rates of 15%.

?In line with Wirzberger et al. (2017), alternative linear and
quadratic progression models were tested as well, but not re-
ported due to the confirmed advantage of the logarithmic
model and the lack of benefit for the focus of this study.

Power analyses refer to theoretically assumed population
effect sizes to provide a broader informative value for the
reasoning about non-significant results (O'Keefe, 2007).

Abbreviations

ANOVA: Analysis of variance; CLT: Cognitive load theory; ECL: Extraneous
cognitive load; GCL: Germane cognitive load; HR: Heart rate; HSD: Honest
significant difference; ICL: Intrinsic cognitive load; OSPAN: Operation span
task; RMSE: Root mean squared error; SCR: Skin conductance response;

SE: Standard error; STEM: Science, Technology, Engineering, and Mathematics

Acknowledgements
Thanks to Robert Alig and Laura Seelig for their help with data collection
and preparation.

Funding

The reported research was conducted with funding from the German
Research Foundation/DFG grant GRK 1780/1. The publication costs of this
article were funded by the German Research Foundation/DFG and TU
Chemnitz in the funding program Open Access Publishing.

Availability of data and materials
The materials and the datasets analyzed during the study are available on
request.

Authors’ contributions

MW is the lead author of the manuscript and the responsible coordinator of
the conducted study. MW and RH developed the underlying research
design, collected, prepared, and analyzed the empirical data, and prepared
the initial draft of the manuscript. SEB contributed to the research design,
collected and prepared the empirical data, and supported data analysis and
manuscript preparation. ME and GDR provided critical revisions on the
research design and/or the manuscript. All authors read and approved the
final manuscript.

Ethics approval and consent to participate

Informed consent to participate in the study was obtained from each
participant in line with the ethical guidelines of the German Society for
Psychology (DGPs). The study was approved by the Managing Director of
the Institute for Media Research, Faculty of Humanities, Technische
Universitat (TU) Chemnitz, as formal approval by an ethics committee is not
mandatory for psychological research in Germany.

(2018) 3:46

Page 14 of 16

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Psychology of Learning with Digital Media, Institute for Media Research,
Faculty of Humanities, TU Chemnitz, Strale der Nationen 12, 09111
Chemnitz, Germany. ’Media Informatics, Faculty of Computer Science, TU
Chemnitz, Stral3e der Nationen 62, 09111 Chemnitz, Germany.

Received: 21 July 2018 Accepted: 22 October 2018
Published online: 07 December 2018

References

Anderson, J. R. (1983). The architecture of cognition. Cambridge: Harvard University
Press.

Atkinson, C, & Shiffrin, R. M. (1971). The control of short-term memory. Scientific
American, 225, 82-90 Stable URL: http://www.jstor.org/stable/24922803.

Baddeley, A. D. (1992). Working memory. Science, 255, 556-559. https://doi.org/10.
1126/science.1736359.

Bartlett, F. C. (1932). Remembering: An experimental and social study. Cambridge:
Cambridge University Press.

Beckmann, J. F. (2010). Taming a beast of burden — On some issues with the
conceptualisation and operationalisation of cognitive load. Learning and
Instruction, 20, 250-264. https;//doi.org/10.1016/jlearninstruc.2009.02.024.

Berthold, A, & Jameson, A. (1999). Interpreting symptoms of cognitive load in
speech input. In UM99 user modeling, (pp. 235-244). New York: Springer
Science + Business Media.

Bjork, E. L, & Bjork, R. A. (2011). Making things hard on yourself, but in a good
way: Creating desirable difficulties to enhance learning. In M. A. Gernsbacher,
R.W. Pew, L. M. Hough, & J. R. Pomerantz (Eds.), Psychology and the real
world: Essays illustrating fundamental contributions to society, (pp. 56-64). New
York: Worth Publishers.

Briinken, R, Plass, J. L, & Leutner, D. (2004). Assessment of cognitive load in
multimedia learning with dual-task methodology: Auditory load and
modality effects. Instructional Science, 32, 115-132. https://doi.org/10.1023/8B:
TRUC.0000021812.96911.¢5.

Briinken, R., Steinbacher, S., Plass, J. L., & Leutner, D. (2002). Assessment of
cognitive load in multimedia learning using dual-task methodology.
Experimental Psychology, 49, 109-119. https://doi.org/10.1027//1618-
3169.49.2.109.

Chen, F, Zhou, J, & Yu, K. (2018). Multimodal and data-driven cognitive load
measurement. In R. Zheng (Ed.), Cognitive load measurement and application:
A theoretical framework for meaningful research and practice, (pp. 3643-4043).
New York: Routledge.

Cohen, J. (1988). Statistical power analysis for the behavioral sciences (2 ed.).
Hillsdale, NJ: Erlbaum.

Conway, A. R. A, Kane, M. J, Bunting, M. F,, Hambrick, D. Z, Wilhelm, O., & Engle,
R. W. (2005). Working memory span tasks: A methodological review and
user's guide. Psychonomic Bulletin & Review, 12, 769-786. https://doi.org/10.
3758/BF03196772.

De Croock, M. B, Van Merriénboer, J. J, & Paas, F. G. (1998). High versus low
contextual interference in simulation-based training of troubleshooting skills:
Effects on transfer performance and invested mental effort. Computers in
Human Behavior, 14, 249-267. https.//doi.org/10.1016/50747-5632(98)00005-3.

De Jong, T. (2010). Cognitive load theory, educational research and instructional
design: Some food for thought. Instructional Science, 38, 105-134. https://doi.
0rg/10.1007/511251-009-9110-0.

Ebbinghaus, H. (1964). Memory: A contribution to experimental psychology.
Mineola: Dover Publications.

Esposito, A, Stejskal, V., Smékal, Z, & Bourbakis, N. (2007). The significance of
empty speech pauses: Cognitive and algorithmic issues. In International
Symposium on Brain, Vision, and Artificial Intelligence, (pp. 542-554). New York:
Springer.


http://www.jstor.org/stable/24922803
https://doi.org/10.1126/science.1736359
https://doi.org/10.1126/science.1736359
https://doi.org/10.1016/j.learninstruc.2009.02.024
https://doi.org/10.1023/B:TRUC.0000021812.96911.c5
https://doi.org/10.1023/B:TRUC.0000021812.96911.c5
https://doi.org/10.1027//1618-3169.49.2.109
https://doi.org/10.1027//1618-3169.49.2.109
https://doi.org/10.3758/BF03196772
https://doi.org/10.3758/BF03196772
https://doi.org/10.1016/S0747-5632(98)00005-3
https://doi.org/10.1007/s11251-009-9110-0
https://doi.org/10.1007/s11251-009-9110-0

Wirzberger et al. Cognitive Research: Principles and Implications

Foroughi, C. K, Sibley, C, & Coyne, J. T. (2017). Pupil size as a measure of within-
task learning. Psychophysiology, 54, 1-8. https;//doi.org/10.1111/psyp12896.

Ghosh, V. E, & Gilboa, A. (2014). What is a memory schema? A historical
perspective on current neuroscience literature. Neuropsychologia, 53,
104-114. https://doi.org/10.1016/j.neuropsychologia.2013.11.010.

Hazeltine, E, Ruthruff, E, & Remington, R. W. (2006). The role of input and output
modality pairings in dual-task performance: Evidence for content-dependent
central interference. Cognitive Psychology, 52, 291-345. https://doi.org/10.
1016/j.cogpsych.205.11.001.

Herms, R. (2016). Prediction of deception and sincerity from speech using
automatic phone recognition-based features. In N. Morgan (Ed.), Interspeech
2016, 17th Annual Conference of the International Speech Communication
Association, (pp. 2036-2040). San Francisco: ISCA.

Hoffman, B., & Schraw, G. (2010). Conceptions of efficiency: Applications in
learning and problem solving. Educational Psychologist, 45, 1-14. https://doi.
0rg/10.1080/00461520903213618.

Kalyuga, S. (2010). Schema acquisition and sources of cognitive load. In J. L. Plass,
R. Moreno, & R. Briinken (Eds.), Cognitive load theory, (pp. 48-64). New York:
Cambridge University Press.

Kalyuga, S. (2011). Cognitive load theory: How many types of load does it really
need? Educational Psychology Review, 23, 1-19. https://doi.org/10.1007/
$10648-010-9150-7.

Kalyuga, S., & Singh, A. M. (2016). Rethinking the boundaries of cognitive load
theory in complex learning. Educational Psychology Review, 28, 831-852.
Khawaja, M. A, Ruiz, N,, & Chen, F. (2007). Potential speech features for cognitive
load measurement. In Proceedings of the 19th Australasian conference on
Computer-Human Interaction: Entertaining User Interfaces, (pp. 57-60).

Chicago: ACM.

Khawaja, M. A, Ruiz, N, & Chen, F. (2008). Think before you talk: An empirical
study of relationship between speech pauses and cognitive load. In
Proceedings of the 20th Australasian Conference on Computer-Human
Interaction: Designing for Habitus and Habitat, (pp. 335-338). Chicago: ACM.

Klepsch, M., Schmitz, F., & Seufert, T. (2017). Development and validation of two
instruments measuring intrinsic, extraneous, and germane cognitive load.
Frontiers in Psychology, 8, 1997. https://doi.org/10.3389/fpsyg.2017.01997.

Korbach, A, Brinken, R, & Park, B. (2018). Differentiating different types of
cognitive load: A comparison of different measures. Educational Psychology
Review, 30, 503-529. https://doi.org/10.1007/510648-017-9404-8.

Kraiger, K, Ford, J. K, & Salas, E. (1993). Application of cognitive, skill-based, and affective
theories of learning outcomes to new methods of training evaluation. Journal of
Applied Psychology, 78, 311-328. https//doi.org/10.1037//0021-9010.782.311.

Lavie, N. (2010). Attention, distraction, and cognitive control under load. Current
Directions in Psychological Science, 19, 143-148. https;//doi.org/10.1177/
0963721410370295.

Lee, K-F. (1988). Automatic speech recognition: The development of the SPHINX
system, (vol. 62). New York: Springer Science + Business Media.

Leppink, J, Paas, F., Van der Vleuten, C. P, Van Gog, T., & Van Merriénboer, J. J.
(2013). Development of an instrument for measuring different types of
cognitive load. Behavior Research Methods, 45, 1058-1072. https://doi.org/10.
3758/513428-013-0334-1.

Leppink, J, Paas, F, Van Gog, T, Van der Vleuten, C. P. M., & Van Merriénboer, J. J.
G. (2014). Effects of pairs of problems and examples on task performance
and different types of cognitive load. Learning and Instruction, 30, 32-42.
https://doi.org/10.1016/j.learninstruc.2013.12.001.

Lozano, L. M, Garcia-Cueto, E, & Mufiz, J. (2008). Effect of the number of
response categories on the reliability and validity of rating scales.
Methodology, 4, 73-79. https;//doi.org/10.1027/1614-2241.4.2.73.

Martin, S. (2018). A critical analysis of the theoretical construction and empirical
measurement of cognitive load. In R. Zheng (Ed.), Cognitive load
measurement and application: A theoretical framework for meaningful research
and practice, (pp. 778-1155). New York: Routledge.

Mathét, S, Schreij, D, & Theeuwes, J. (2012). OpenSesame: An open-source,
graphical experiment builder for the social sciences. Behavior Research
Methods, 44, 314-324. https://doi.org/10.3758/513428-011-0168-7.

Maxwell, S. E. (1980). Pairwise multiple comparisons in repeated measures
designs. Journal of Educational Statistics, 5, 269-287. https.//doi.org/10.3102/
10769986005003269.

Mehler, B, Reimer, B, & Coughlin, J. F. (2012). Sensitivity of physiological
measures for detecting systematic variations in cognitive demands from a
working memory task: An on-road study across three age groups. Human
Factors, 54, 396-412. https;//doi.org/10.1177/0018720812442086.

(2018) 3:46

Page 15 of 16

Mitra, R, McNeal, K. S, & Bondell, H. D. (2017). Pupillary response to complex
interdependent tasks: A cognitive-load theory perspective. Behavior Research
Methods, 49, 1905-1919. https://doi.org/10.3758/513428-016-0833-y.

Miiller, C, GroBmann-Hutter, B, Jameson, A, Rummer, R, & Wittig, F. (2001).
Recognizing time pressure and cognitive load on the basis of speech: An
experimental study. In International Conference on User Modeling, (pp. 24-33).
New York: Springer Science + Business Media.

O'Donnell, R. D, & Eggemeier, F. T. (1986). Workload assessment methodology. In
K. R. Boff, L. Kaufmann, & J. P. Thomas (Eds.), Handbook of perception and
performance. Vol. Il. Cognitive processes and performance, (pp. 42/1-42/49).
New York: Wiley.

O'Keefe, D. J. (2007). Brief report: Post hoc power, observed power, a priori
power, retrospective power, prospective power, achieved power: Sorting out
appropriate uses of statistical power analyses. Communication Methods and
Measures, 1, 291-299. https://doi.org/10.1080/19312450701641375.

Paas, F., & Van Gog, T. (2006). Optimising worked example instruction: Different
ways to increase germane cognitive load. Learning and Instruction, 16, 87-91.
https://doi.org/10.1016/jlearninstruc.2006.02.004.

Park, B. (2010). Testing the additivity hypothesis of cognitive load theory (Doctoral
dissertation, Saarland University, Saarbruecken, Germany). Retrieved from
https://publikationen.sulb.uni-saarland.de/bitstream/20.500.11880/23365/1/
Dissertation_BP_2010.pdf

Park, B, & Brinken, R. (2018). Secondary task as a measure of cognitive load. In R.
Zheng, (Ed.). Cognitive load measurement and application: A theoretical
framework for meaningful research and practice (pp. 1901-2317). New York,
NY, USA: Routledge.

Piaget, J. (1952). The origins of intelligence in children. New York: International
Universities Press.

Posner, M. |, Nissen, M. J,, & Klein, R. M. (1976). Visual dominance: An information-
processing account of its origins and significance. Psychological Review, 83,
157. https://doi.org/10.1037/0033-295X.83.2.157.

Redick, T. S, Broadway, J. M, Meier, M. E, Kuriakose, P. S, Unsworth, N, Kane, M. J, &
Engle, R. W. (2012). Measuring working memory capacity with automated
complex span tasks. European Journal of Psychological Assessment, 28, 164-171.
https//doi.org/10.1027/1015-5759/a000123.

Rumelhart, D. E. (1980). Schemata: The building blocks of cognition. In R. J.
Spiro, B. C. Bruce, & W. F. Brewer (Eds.), Theoretical issues in reading
comprehension. Perspectives from cognitive psychology, linguistics, artificial
intelligence, and education, (pp. 33-58). Hillsdale: Lawrence Erlbaum
Associates, Inc.

Shiffrin, R. M., & Schneider, W. (1977). Controlled and automatic human
information processing: Il. Perceptual learning, automatic attending and a
general theory. Psychological Review, 84, 127-190. https.//doi.org/10.1037/
0033-295X.84.2.127.

Sonnenfeld, N. A, & Keebler, J. R. (2016). A quantitative model for unifying
human factors with cognitive load theory. In Proceedings of the Human
Factors and Ergonomics Society Annual Meeting, (pp. 403-407). Los Angeles:
SAGE Publications.

Sweller, J. (2010). Element interactivity and intrinsic, extraneous, and germane
cognitive load. Educational Psychology Review, 22, 123-138. https;//doi.org/10.
1007/510648-010-9128-5.

Sweller, J, Ayres, P., & Kalyuga, S. (2011). Cognitive load theory. New York: Springer
Science + Business Media.

Sweller, J, Van Merriénboer, J. J, & Paas, F. G. (1998). Cognitive architecture and
instructional design. Educational Psychology Review, 10, 251-296. https.//doi.
0rg/10.1023/A:1022193728205.

Unsworth, N,, Heitz, R. P., Schrock, J. C, & Engle, R. W. (2005). An automated
version of the operation span task. Behavior Research Methods, 37, 498-505.
https://doi.org/10.3758/BF03192720.

Van Merriénboer, J. J, Kester, L, & Paas, F. (2006). Teaching complex rather than simple
tasks: Balancing intrinsic and germane load to enhance transfer of learning.
Applied Cognitive Psychology, 20, 343-352. https//doi.org/10.1002/acp.1250.

Wickens, C. D, Hollands, J. G, Banbury, S, & Parasuraman, R. (2013). Engineering
psychology and human performance, @™ ed, ). Upper Saddle River: Pearson
Education.

Wirzberger, M, Beege, M, Schneider, S, Nebel, S, & Rey, G. D. (2016). One for all?!
Simultaneous examination of load-inducing factors for advancing media-
related instructional research. Computers & Education, 100, 18-31. https://doi.
0rg/10.1016/j.compedu.2016.04.010.

Wirzberger, M,, Esmaeili Bijarsari, S, & Rey, G. D. (2017). Embedded interruptions
and task complexity influence schema-related cognitive load progression in


https://doi.org/10.1111/psyp12896
https://doi.org/10.1016/j.neuropsychologia.2013.11.010
https://doi.org/10.1016/j.cogpsych.205.11.001
https://doi.org/10.1016/j.cogpsych.205.11.001
https://doi.org/10.1080/00461520903213618
https://doi.org/10.1080/00461520903213618
https://doi.org/10.1007/s10648-010-9150-7
https://doi.org/10.1007/s10648-010-9150-7
https://doi.org/10.3389/fpsyg.2017.01997
https://doi.org/10.1007/s10648-017-9404-8
https://doi.org/10.1037//0021-9010.78.2.311
https://doi.org/10.1177/0963721410370295
https://doi.org/10.1177/0963721410370295
https://doi.org/10.3758/s13428-013-0334-1
https://doi.org/10.3758/s13428-013-0334-1
https://doi.org/10.1016/j.learninstruc.2013.12.001
https://doi.org/10.1027/1614-2241.4.2.73
https://doi.org/10.3758/s13428-011-0168-7
https://doi.org/10.3102/10769986005003269
https://doi.org/10.3102/10769986005003269
https://doi.org/10.1177/0018720812442086
https://doi.org/10.3758/s13428-016-0833-y
https://doi.org/10.1080/19312450701641375
https://doi.org/10.1016/j.learninstruc.2006.02.004
https://doi.org/10.1037/0033-295X.83.2.157
https://doi.org/10.1027/1015-5759/a000123
https://doi.org/10.1037/0033-295X.84.2.127
https://doi.org/10.1037/0033-295X.84.2.127
https://doi.org/10.1007/s10648-010-9128-5
https://doi.org/10.1007/s10648-010-9128-5
https://doi.org/10.1023/A:1022193728205
https://doi.org/10.1023/A:1022193728205
https://doi.org/10.3758/BF03192720
https://doi.org/10.1002/acp.1250
https://doi.org/10.1016/j.compedu.2016.04.010
https://doi.org/10.1016/j.compedu.2016.04.010

Wirzberger et al. Cognitive Research: Principles and Implications (2018) 3:46 Page 16 of 16

an abstract learning task. Acta Psychologica, 179, 30-41. https://doi.org/10.
1016/j.actpsy.2017.07.001.

Yap, T. F. (2012). Speech production under cognitive load: effects and classification
(Doctoral dissertation, University of New South Wales, Sydney, Australia).
Retrieved from http://unsworks.unsw.edu.au/fapi/datastream/unsworks:
10507/SOURCEO2?view=true

Zheng, R. (2018). Cognitive load measurement and application: a theoretical
framework for meaningful research and practice. New York: Routledge.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1016/j.actpsy.2017.07.001
https://doi.org/10.1016/j.actpsy.2017.07.001

	Abstract
	Significance
	Background
	Theoretical perspectives in cognitive load research
	Approaches to cognitive load assessment
	Present experiment
	Hypotheses

	Methods
	Pre-study
	Pre-study methods
	Pre-study results

	Main study
	Participants
	Design
	Materials
	Procedure
	Scoring


	Results
	Cognitive load progression
	Primary task efficiency
	Secondary task efficiency
	Speech-related parameters
	Physiological parameters

	Retention and transfer performance
	Retention performance
	Transfer performance

	Subjective cognitive load ratings

	Discussion
	Implications
	Limitations
	Future research

	Conclusion
	This exclusion involved seven participants, which corresponds to about 6% of the sample. For comparison, Unsworth et al. (2005) report exclusion rates of 15%.
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

