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Abstract

Problem-solving strategies in visual reasoning tasks are often studied based on the
analysis of eye movements, which yields high-quality data, but is costly and difficult to
implement on a large scale. We devised a new graphical user interface for matrix reasoning
tasks, where the analysis of computer mouse movements makes it possible to investigate item
exploration and, in turn, problem-solving strategies. While relying on the same active
perception principles underlying eye-tracking (ET) research, this approach has the additional
advantages of being user-friendly and easy to implement in real-world testing conditions, and
records only voluntary decisions. A pilot study confirmed that embedding items of Raven's
Advanced Progressive Matrices (APM) in the interface did not significantly alter its
psychometric properties. Experiment 1 indicated that mouse-based exploration indices, when
used to assess two major problem-solving strategies in the APM, are related to final
performance — as has been found in past ET research. Experiment 2 suggested that
constraining some features of the interface favored the adoption of the more efficient solving
strategy for some participants. Overall, the findings support the relevance of the present

methodology for accessing and manipulating problem-solving strategies.
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Looking with the (computer) mouse: How to unveil problem-solving strategies in

matrix reasoning without eye-tracking

Human intelligence is most often assessed via performance on reasoning tasks:
performance tests wherein participants have to solve problems through inductive or deductive
reasoning. Matrix-like reasoning tests are a prototypical example of a reasoning task
(Carpenter, Just, & Shell, 1990), and have long been used in intelligence tests (Wechsler,
2008). In particular, Raven's Advanced Progressive Matrices (APM; Raven & Court, 1998b)
are often used by investigators. This type of task requires participants to find the missing
piece of a visual display among several possibilities. Each APM item comprises two parts (see
Figure 1, which also outlines the setup for the present study). The top part is a 3 X 3 matrix;
patterns are visible in eight out of nine cells, while the bottom right cell is always empty. The
objective is to find the missing pattern, which obeys a variety of logical rules (Carpenter et al.,
1990; Vigneau & Bors, 2008). The bottom part contains eight response alternatives, of which
only one correctly completes the matrix.

Matrix reasoning tasks have been used in countless studies and provide useful insights
into individual differences in fluid intelligence and their determinants (e.g. Ackerman, Beier,
& Boyle, 2005). However, total performance on the APM does not directly inform us about
the actual response processes, such as problem-solving strategies, through which participants
reach an answer. Our understanding of these processes is still limited, in part because
complex and constrained methodologies such as eye-tracking are necessary to capture them
(e.g., Carpenter et al., 1990; Vigneau, Caissie, & Bors, 2006).

In the present research, we aimed at going beyond eye-tracking as the default
methodology for understanding real-time problem-solving processes on matrix-like

intelligence tests. To do so, we devised a new methodology based on computer mouse
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movements, while relying on the same active perception principles that underlie eye-tracking
research. This approach is easy to implement in real-world testing conditions, preserves the
core features of the APM, and produces high quality data as only the voluntary actions of
participants are recorded.

Problem-Solving Processes in Raven's Matrices

To understand processes driving performance and individual differences in matrix
reasoning tasks, most early work relied on eye-tracking data. For example, the results of a
seminal study analyzing eye movements suggested that participants proceed incrementally in
the APM: items are decomposed into a series of steps solved sequentially, with subjects
performing a series of pairwise comparisons to induce the first rule, then the second rule, and
so on (Carpenter et al., 1990). This conclusion was influential in understanding the workings
of reasoning in visual tasks, especially its relation with goal management abilities (Carpenter
etal., 1990).

Most research on response processes in Raven's matrices has been concerned with the
different strategies that can be used to reach an answer. Eye-tracking studies, often combined
with concurrent verbal reports, have identified two prototypical strategies (Bethell-Fox,
Lohman, & Snow, 1984; Snow, 1978; Snow, 1980). The first strategy, constructive matching,
is used when one tries to infer logical rules by focusing on the matrix, mentally reconstructing
the missing pattern through deduction, and only then selecting the matching pattern among
the response alternatives. The second strategy, response elimination, is used when one
compares features from the visible patterns in the matrix part with those of response
alternatives, so as to eliminate as many incorrect alternatives as possible.

Past research has shown that studying these two strategies is critical to understanding
performance in the task, and especially individual differences in performance. Constructive

matching is preferentially used by high-performing individuals, whereas response elimination
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is generally used by lower-performing individuals, especially on difficult items (Bethell-Fox,
Lohman, & Snow, 1984; Snow, 1978, 1980). In this vein, participants with high working
memory capacity, who reliably demonstrate higher performance on Raven's matrices (e.g.
Ackerman et al., 2005), have been shown to make greater use of the more complex yet
efficient constructive-matching strategy, and to rely less on the simpler and less efficient
elimination strategy (Gonthier & Thomassin, 2015; Gonthier & Roulin, 2019; see also Jarosz
& Wiley, 2012; Wiley & Jarosz, 2012). Likewise, participants tend to switch from
constructive matching to response elimination as items become more difficult, in tandem with
a drop of performance (Bethell-Fox et al., 1984; Gonthier & Roulin, 2019).

While early studies based on eye-tracking were mostly interested in identifying
possible strategies (Bethell-Fox, Lohman, & Snow, 1984; Snow, 1978; Snow, 1980), one
study in particular examined how eye-tracking could be used to extract indices of strategy use
at participant and item levels, which could then be related to total APM performance (Vigneau
et al., 2006; see also Hayes, Petrov, & Sederberg, 2011). Vigneau and colleagues reasoned that
constructive matching and response elimination strategies should be apparent in visual
explorations: processing fine-grained visual details defining the pattern features is required for
both inferring rules from the matrix part and eliminating response alternatives, which implies
that fixation time on a given part of the display is an index of the extent to which the
participant analyzes that part of the item. On an a priori basis, the authors therefore assumed
that a higher proportion of time spent on the matrix, both in total and prior to looking at
possible responses, should reflect a constructive matching strategy. Conversely, less time
spent on the matrix and more time on the response alternatives should reflect response
elimination. Alternating more often between the matrix and the response alternatives should
also reflect response elimination.

Vigneau and colleagues (2006) obtained results quite consistent with their expectations
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at the individual level (see Table 1 for a summary of results for their correlation analyses),
although results at the item level were less conclusive. Proportional time spent on matrix and
latency before the first alternation were positively linked to final performance, whereas
proportional time spent on alternatives and the number and rate of alternations were
negatively related to final performance. Visual exploration patterns, as evidenced in eye-
tracking data, were thus demonstrated to be useful indices to track real-time individual
differences in strategy use in the APM. These indices rely on rather coarse information about
item exploration, simply opposing matrix and response alternatives. Given the structure and
visual presentation of APM items, analyzing fine-grained dynamics of eye-movements
beyond fixations on areas of interest is usually not needed to infer resolution strategies.
Precision below cell scale holds little informative value, since pattern-defining features
spatially overlap within cells.

Therefore, there may be easier ways to capture response strategies in larger scale
studies, for instance in online studies where eye-tracking validity is difficult to assess and
guarantee. Although there has been a recent surge in low cost eye-tracking devices designed
for human-machine interaction and gaming, and such devices are now marginally used for
research, they impose heavy constraints and provide limited guarantees regarding data quality
(e.g., see Gibaldi, Vanegas, Bex, & Maiello, 2017 for a review of the Tobii EyeX capabilities
for research). Of importance here, some fundamental assumptions and constraints still
threaten the validity of strategy resolution measurement

First, participants are aware of the apparatus, and cannot simply ignore the fact that
their eye-movements are being recorded. The importance of non-consciousness from the
participants' perspective varies across research areas, but this is often desired in fields such as
social cognition (e.g., research on stereotype threat in reasoning tasks; e.g., Brown & Day,

2006; Régner, Smeding, Gimmig, Thinus-Blanc, Monteil, & Huguet, 2010), and may affect
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which strategies participants elect to use. Second, and although calibration procedures are
progressively simplified and temporally reduced, they not only make the recording of eye-
movements more salient, but also impose an overhead on user interactions. With the
perspective of deploying matrix-like reasoning tasks in online studies or under the form of a
serious game, reducing casual game onboarding (below 60 seconds) is critical to user
retention (Clutch, 2017). Third, partly arbitrary decisions must be made regarding the
boundaries of areas of interest, which depend on how much peripheral information is
supposed to be processed by the user given the constraints of the task to be performed. The
same is true for the algorithms used to distinguish between oculomotor events (including
saccades and fixations), whose performance of course depends on the sampling rate or noise,
but also on the expected dynamics of eye movements, which in turn depend on the task
(Zemblys, Niehorster, Komogortsev, & Holmqvist, 2018). Finally, eye-tracking devices record
all eye movements, regardless of their relevance for the problem-solving process at hand. In
tasks like the APM, this over-recording adds noise to the data (e.g. Hayes et al., 2011): for
example, participants may fixate a given area that is not currently relevant for problem
solving, while simultaneously processing relevant information from the peripheral visual field
(e.g., through top-down selective attention mechanisms reviewed in Gazzaley & Nobre,
2012), or even while mentally combining previously-encoded information. Another source of
noise in eye-tracking data comes from the lack of controllability of eye movements, which
can make a fine-grained interpretation of data problematic. For example, the gaze may be
directed towards a salient visual cue, even though the cue is not used for problem-solving.

In sum, eye-tracking is a highly useful methodology, but one that is cumbersome in
many situations, and whose results suffer from a few biases. The purpose of the present

research was to devise a new methodology that could overcome most of these issues.
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Unraveling Strategies in Matrix Reasoning based on Mouse Interactions

Eye-tracking can be used for the real-time study of strategies on APM items because
respondents simply do not scan, memorize and internally process all information about an
item at the same time, given the complexity of the available (visual) information. With the
hardest APM items involving up to 5 rules and 8 possible responses integrating many features
(see Carpenter et al., 1990), it is necessary to perform eye movements to selectively access
visual features, and iteratively infer or test rules. However, other effectors may be used to
select relevant features for processing: in the present study, we focused on hand-initiated
computer mouse interactions.

To this end, we chose to embed the APM in a graphical user interface where item
exploration is achieved, in part, through voluntary computer mouse interactions. The rationale
was to keep parts of the item hidden, with the participant having to click with the computer
mouse on a given part to display it, much like they would make an eye movement towards
this location to uncover the corresponding information. Because our objective was to develop
a protocol that made it possible to assess the use of constructive matching and response
elimination strategies, we used a simple design decomposing each item into the matrix and the
response alternatives.

The rationale of studying response processes through participant explorative
movements can be framed in an active perception approach of reasoning tasks. A movement
of the mouse aiming to selectively access part of an APM item can be viewed as an epistemic
action (Kirsh and Maglio, 1994): an action performed to uncover information that is hidden or
hard to compute mentally (by contrast with pragmatic actions, which are performed to bring
one physically closer to a goal). This distinction has been generalized in human-machine
interaction research (Ware, 2012), as many actions taken on computer interfaces indeed serve

the purpose of accessing new information or changing the way it is represented to offload our
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cognitive efforts. Likewise, the sensorimotor theory of perceptual consciousness (O'Regan,
2011; O'Regan & Noé&, 2001) defines vision not as exploiting the retinal signals and eye
muscles, but as the sensorimotor laws underlying visual interactions and their intrinsic
properties (e.g., inferring space dimensionality; Philipona, O'regan, Nadal, & Coenen, 2004).

In this sense, eye movements and mouse interactions, despite being associated with
different effectors (eye and hand) and therefore motor costs, share much similarity. Since the
theorization of motor equivalence by Bernstein (1967), empirical studies have demonstrated
how the many degrees of freedom of the human body can be flexibly selected and combined
to achieve the same goal, and how part of the dynamics and underlying neural processes may
be shared (Kelso et al., 1998). Perception and motor control have been further unified under
the free energy principle, also described as active inference in neuroscience (Adams, Shipp, &
Friston, 2013), as the two sides of the same underlying surprise minimization mechanism.
While perception consists in inference and decisions taken to reduce prediction error on
sensory signals, action does the same on proprioceptive signals.

In other words, the inference processes on APM need not be reflected only in the
sequence of eye saccades and fixations: it may well be that the rules themselves are
represented and embodied as sequences of predictions (e.g., for the constant in a row rule:
fixation on a feature, saccade to the right, find the same feature). This form of representation
would not be sensor or actuator specific, but instead could be defined more abstractly by
regularities or contingencies. Thus, as is the case in examples of sensory substitution (e.g.,
vision to tactile as early as Bach-y-Rita, Collins, Saunders, White, & Scadden, 1969), we can
expect eye-tracking and mouse-tracking-based measures to capture the dynamics of the same
processes as long as the underlying sensorimotor laws are maintained (i.e. moving the eyes
and/or the mouse over a given part of an item reveals the same set of features).

In line with this view, mouse-tracking has been extensively used to examine dynamic
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competition in forced-choice categorization tasks (e.g., Freeman & Ambady, 2010), and has
recently become a favored technique to examine real-time decision-making processes
underlying categorization in various research areas, including psycholinguistics (e.g.,
Crossley, Duran, Kim, Lester, & Clark, 2018; Magnuson, 2005; M. J. Spivey, Grosjean, &
Knoblich, 2005; Michael J. Spivey & Dale, 2006), social cognition (e.g., Freeman, Pauker, &
Sanchez, 2016; Smeding, Quinton, Lauer, Barca, & Pezzulo, 2016), and health (e.g., Lim,
Penrod, Ha, Bruce, & Bruce, 2018). Hand-initiated computer mouse movements are thus
soundly used as motor traces of the mind (Freeman, Dale, & Farmer, 2011, p. 2). Using the
mouse to uncover information also has a long tradition for studying how decisions are taken
from a subset of information pieces, for instance in gambling tasks or economic decisions
(Johnson, Payne, Bettman, & Schkade, 1989; Jasper & Shapiro, 2002; Franco-Watkins,
Johnson, 2011).

While information must be accessed through mouse movements in the aforementioned
studies, little information lies in the spatial organization of information across areas of interest
in these types of experiments. On the contrary, spatial organization of information is a
hallmark of construction rules in APMs. In this sense, our setup is closer to the kind of
coupling between visual processes and mouse movements exploited in simple assistive
technologies, such as the screen magnifiers embedded in most operating systems (allowing
the user to attend to and move around a zoomed selection of the screen).

Research overview

In the present research, APMs were embedded in a graphical user interface, where the
use of computer mouse movement allowed interactions to serve item exploration, rule
inference, and rule testing. Item presentation was modified so that all useful information were
not directly available to participants: only the matrix or the response alternatives was visible,

never the two parts at the same time (contrary to classical APM displays). Participants were
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required to switch from one part to the other by moving the computer mouse to the
corresponding part of the item. In this sense, our design made it possible to exactly mimic the
measures used to infer strategic behavior based on eye-tracking data: determining when
participants are looking at the matrix versus the response alternatives, for what duration, and
when they begin switching between the two. This procedure shares similarities with the
design used by Mitchum and Kelley (2010), who had participants click to display the response
alternatives (although the responses then remained on-screen and participants did not have to
alternate between the matrix and possible responses).

Inferring the rules of the matrix via constructive matching should be achieved by
spending time on the matrix and, once the missing pattern has been mentally constructed,
switching to the response alternatives to select the matching answer (Bethell-Fox et al., 1984;
Snow, 1978, 1980). Conversely, using response elimination necessarily requires switching
between matrix and response alternatives to support the comparison process. Thus, the
hypotheses that can be derived from such a design are identical to those of Vigneau et al.
(2006) regarding strategy use: a higher proportion of time spent on the matrix part at the onset
of item presentation and in total should reflect a constructive matching strategy, less time
spent on the matrix part and more time on the response alternatives part should reflect
response elimination. A lower number of switches between the two parts should be indicative
of constructive matching, whereas a higher number of switches should indicate response
elimination.

Contrary to eye-tracking studies, one of the core advantages of the present
methodology is that these measures will necessarily reflect voluntary perceptual actions on
the part of the participant during problem solving, and there will be no possible access to
information in the hidden part of the item. Relatedly, another advantage of this approach is the

possibility of manipulating where the participant is able to look at a given time. For example,
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experimentally constraining time spent on the matrix at the onset of item presentation — by
introducing a fixed delay before a voluntary switch can be performed to explore response
alternatives — should favor adoption of the constructive matching strategy, at least for some
individuals. This approach would take advantage of the flexibility of the graphical user
interface, while complementing other methods devised to reduce response elimination and/or
favor constructive matching (e.g., Arendasy & Sommer, 2013; Mitchum & Kelley, 2010).

The current research comprised three studies. First, a pilot study, conducted on a small
sample, was designed to confirm that the proposed modification of the APM did not
substantially change its psychometric properties. Experiment 1 verified that the indices of
strategy use extracted based on mouse interactions were predictive of performance in the
APM, in line with the study of Vigneau and colleagues (2006). Experiment 2 replicated the
relation between strategy measures and performance, and also investigated how participant
exploration of the item related to the solving process, by testing whether strategy use could be
manipulated. We expected that constraining the time spent on the matrix at the onset of item
presentation (as compared to an unconstrained condition identical to the interface version of
the pilot study and Experiment 1) would improve APM performance by favoring the adoption
of the constructive matching strategy.

Pilot study

This pilot study aimed at examining whether presenting the APM in their switch
version, as compared to the Original version, altered the psychometric properties of the test?.
In particular, we were interested in ensuring that the modified version elicited similar total
score and completion time, had similar reliability and did not create differential item

functioning.

! This study was part of a larger pilot study which included two additional versions of the interface. Given the
exploratory nature of this pilot study, the between-participant nature of the version factor, as well as the fact that
these other interfaces were not relevant in the context of this research, information and results are only reported
for the two interface versions of interest.
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Method

Participants and design. A sample of 36 undergraduate students (including 22
psychology students, 68% female, mean age = 20.9 years, SD = 2.88 years; and 14 computer
science/mathematics students, 57% female, mean age = 20.2 years, SD = 0.98 years)
participated in the study. Participants were randomly assigned to the Original or Switch
condition of the APM, in exchange for course credit or a monetary reward (15 euros).
Participants were from different university departments in an effort to recruit a more
heterogeneous sample; the effect of field of study was included as a covariate in statistical
analyses.

Apparatus and measures. Subjects completed the twelve-item short form of the
APM, which has been shown to have psychometric properties similar to the long form (Arthur
& Day, 1994). The Original condition of the APM was a computerized version of the task
(identical to prior studies, such as Vigneau et al., 2006). The 3x3 matrix part was presented on
the top half of the screen, and the eight alternatives were presented in two rows on the bottom
part. Hence, all information was always visually available on the screen.

The Switch condition displayed exactly the same information in the same place as in
the Original condition, but instead of making all information visually available on the screen,
the matrix and response alternatives were not visible at the same time. Participants could
display either part of the item by using the left mouse button to click in the top half or the
bottom half of the screen. In other words, participants could alternate between the two parts
by moving the mouse down and up the screen and by using the mouse click to display the part
of interest, the other part being automatically hidden upon clicking (see Figure 1 for an
example). For all items in the Switch condition, only the border of the missing pattern was
displayed upon item presentation and kept visible at all times, a state that did not change until

the participant actively took action with the computer mouse to display either the matrix or
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response alternatives. There was no time limit in either condition and, in the Switch condition,
participants could alternate as often as desired between the two parts. In both conditions,
participants gave their response by clicking with the mouse on one of the eight response
alternatives and by confirming their response with a keystroke, which allowed moving on to
the next item.

All mouse interactions with the software were recorded. Records varied in frequency,
depending on the speed and amplitude of mouse movements (with a maximum frequency of
200 Hz), with pixel level accuracy for the mouse position. Right and left mouse button clicks
were also recorded. All these events were precisely associated with the part of the item
hovered over and clicked on. Collected data thus provide accurate information regarding time
spent on each part, number of alternations, selected response alternative, and time spent on
each item. Total performance was automatically computed by the software upon completion.
The Java source code and compiled software developed for this methodology can be found on
the Open Science Framework (OSF; https://osf.io/um3wf/).

Procedure. After signing a consent form, all participants first performed two training
items (items 10 and 6 from APM Set 1) with the Original version of the task. Participants
were then randomly assigned to either the Original condition (n = 18) or the Switch condition
(n =18), and both groups performed two additional training items (items 8 and 9 from APM
Set 1) with the task version corresponding to their experimental condition. They then
completed the short form of the APM in their assigned condition.

Results and Discussion

To confirm that the switch version of the APM did not systematically hinder — or help
— participants in performing the task, we first compared performance in the two conditions,
controlling for students' major as a covariate. Total scores were highly similar between the

Original condition (M =8.55 out of 12, SD =2.71) and in the Switch condition (M = 8.33,
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SD = 2.74), with a nonsignificant difference between the two, F(1, 32) =0.08, p =.783,
n% = .00. A bayesian analysis confirmed that there was moderate evidence in favor of the null
hypothesis, BFo1 =3.04. Likewise, total time on task was similar between the Original
condition (M =661 seconds, SD =354) and the Switch condition (M =687 seconds,
SD = 229), F(1, 32) = 0.05, p = .828, n% = .00, BFo1 = 3.03. Student's major, or its interaction
with condition, also had no significant effect (all ps >.10.)

A related question was whether the switch version of the APM would exhibit
differential item functioning: in other words, whether each item would demonstrate the same
difficulty as in the Original version. Differential item functioning was tested with package
difR (Magis, Beéland, Tuerlinckx, & De Boeck, 2010) for R (R Core Team, 2017), using a
Rasch model with Benjamini-Hochberg correction. None of the items demonstrated
significant differential item functioning across the two versions, all ps > .30.

Lastly, we investigated whether the reliability of the Switch version would be similar
to the Original version. Internal consistency was tested with Cronbach's alpha, which was
acceptable for the Switch condition (a =.76) and highly similar to the Original condition
(e=.73). The difference between these two coefficients, as tested with package cocron
(Diedenhofen & Musch, 2016), was not significant, ¥*(1) = 0.06, p = .814.

In sum, the results of the pilot study indicated that interface version did not strongly
alter APM performance, completion time, reliability, or item properties. In Experiment 1, we
used the same switch version of the APM in a much larger and homogeneous sample with the
purpose of examining its suitability for assessing response strategies in matrix reasoning. To
this end, we adapted the eye-tracking indices implemented by Vigneau and colleagues (2006)

to this version of the task.
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Figure 1. lllustration of the graphical user interface setup for a fictitious Advanced Raven
Matrices (APM) item. This item uses two rules: constant in a row and distribution of three
values. In the present research, either (A) only the matrix is visible (top part), or (B) only the
response alternatives are visible (bottom part). Participants use the computer mouse to switch,
when desired, from the top to the bottom part, and vice versa.

Experiment 1

Results of the pilot study indicated that the switch version of the APM retained similar
psychometric properties as the Original version. Beyond this preliminary step, the main
objective of the present study was to develop a methodology that could yield useful indices of
strategy use: in other words, indices that would be predictive of performance in the APM, as
is the case with measures used in eye-tracking (Vigneau et al., 2006). In Experiment 1, a
larger sample of participants performed the Switch version of the APM. We computed the
three strategy use measures of interest: proportion of time on the matrix vs. response
alternatives, latency to first examination of response alternatives, and rate of alternation. The
relation between these measures and total score was examined and compared to the results of

Vigneau and colleagues (2006).
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Method

Participants and design. A sample of 130 psychology students (87% female; mean
age = 20.9 years; SD = 2.8 years) participated in exchange for course credit. Sample size was
determined based on the lowest expected effect size for the whole experimental session. We
doubled the sample size from Vigneau et al. (2006), and based on their results, we expected
statistical power above 82% for the correlation between performance and time on alternatives,
88% for number of alternations, and above 99% for all other significant correlations in the
original study. Even with an 80% CI around the estimated correlations (to take into account
possible overestimation of the effects), a priori power remained above 83% for all these
indicators of interest.

Apparatus and measures. All participants completed the Switch version of the APM,
which was identical to the pilot study. This allowed the extraction of several mouse-tracking
indicators: item latency (total time spent on the item), absolute time spent on the matrix,
proportional time spent on the matrix (ratio of time spent on the matrix to total time spent on
the item), absolute and proportional time spent on response alternatives, number and rate of
alternations, and latency to first alternation (total time spent on the matrix before the first
switch). All durations are expressed in minutes.

Procedure. The study was part of a larger experimental session (including
achievement motivation items not reported here), with the whole procedure lasting
approximately 45 minutes. The procedure was identical to the Switch condition of the pilot
study, except that the APM were broken down into two sets of six items each, and participants
completed two additional training items before the second set of six items (11 and 12 from
APM Set 1 with the Switch version).

Analytic strategy. We ran two complementary series of analyses on the full data set

comprising all indices. Firstly, Pearson correlation coefficients were computed between APM
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performance and all indices of strategy use, for the purpose of direct comparison with the
results of Vigneau and colleagues (2006). These correlations were computed on total
performance aggregated by subject, and therefore neglected item-to-item, within-participant
variance (which tends to be large in the APM, given the progressive nature of the items).

Secondly, as a way to take into account variability in the estimated parameters across
both participants and items, mixed effect binomial models were fitted to the data to predict the
success rate on each APM item for each participant. These analyses were performed using the
Ime4 package (Bates, Maechler, Bolker, & Walker, 2015, version 1.1-19) in R software (R
Core Team, 2017). Each index of strategy use was tested independently. The models for
predicting success rate (R) included both an intercept and the effect of strategy index (S), as
fixed effect parameters to be tested, as well as random parameters for both participant (P) and
item (1), therefore using a formula of the form R~1+S+(1+S|P)+(1+S|I) using R notation.

Diagnostics for both series of analyses demonstrated no strong departure from models
assumptions. Further details regarding analyses and diagnostic information are provided as
Supplemental Material (available on OSF at https://osf.io/um3wf/). Analyzing the relation
between the three key strategy indices and performance separately for each item yielded the
same results as analyzing them at the aggregate level, as described above; details of item-level
relations are also provided as supplemental material?.
Results and Discussion

Our modified version of the APM retained acceptable reliability (o = .71); total scores
were normally distributed (M =6.16, ET = 2.67, range =1 — 12 out of 12, skewness = 0.06,
kurtosis = -0.48). We began with a descriptive comparison of the measures collected in this
experiment and in the study by Vigneau and colleagues (2006). The average success rate

across all items was 51% (ranging from 89% for the first item down to 23% for the hardest

2 Analyzing only the first set of six items yielded results similar to those reported in the paper, except that the
weak negative correlation between number of alternations and performance appeared significant instead of
nonsignificant, when using binomial mixed-effects model analysis only.
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ones), when compared to 62% in the original study (ranging from 95% to 40%). Average time
per item was also lower in our study (37 vs. 79 seconds). These differences do not seem
critical, given that Vigneau and colleagues used a different (14-item) shortened version of the
APM, and the composition of their sample was different.

As for strategy indices, we observed a drastically lower average number of alternations
(2.3 vs. 21) and rate of alternation (0.08 vs. 0.29 / second) than Vigneau and colleagues.
Despite these qualitative differences, the proportional time on matrix remained very similar
(76% vs. 84%), as did (conversely) the proportional time on alternatives (24% vs. 16%).
Lastly, the latency to first alternation was somewhat higher in our study (21 vs. 17 seconds).
In other words, our design seems to have limited the number and rate of alternations between
the matrix and response alternatives. These differences can be attributed both to the fact that
we only recorded voluntary alternations between matrix and alternatives (which could be
viewed as an advantage of this method); and to the fact that mouse interactions are more
costly than eye movements (given that they involve increased muscular efforts and delays),
thus discouraging alternations (which could be viewed as inconvenient). Given that
participants spent the same amount of time on the matrix and response alternatives and did not
wait longer before looking at response alternatives, it seems that the relative use of
constructive matching and response elimination was not substantially changed, but the
processes involved in implementing response elimination may have been different.

Reliability coefficients and results for the Pearson correlations between the various
measures and total performance in the APM are reported in Table 1. All measures of interest
were predictive of total accuracy in our study; correlations were generally comparable to or
higher than those for the eye-tracking-based indices used by Vigneau and colleagues (2006).
In particular, congruent with our expectations, performance was positively correlated with

proportional time on matrix (r = .56) and negatively correlated with proportional time on the
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response alternatives (r =-.56). This result is compatible with the hypothesis that these
measures reflect the balance between constructive matching and response elimination®.
Performance was also highly correlated with the other proposed index of constructive
matching, latency to first alternation, r =.70. Conversely, a higher rate of alternation between
matrix and response alternatives predicted lower performance, r = -.55, suggesting that this
measure functioned well as an index of response elimination. The total number of alternations
did not correlate with performance, but the alternation rate is more diagnostic as it controls for
differences in response latency.

In sum, the analysis of bivariate correlations indicated that the three major indices of
strategy use extracted from mouse interactions — proportional time on matrix vs. response
alternatives, rate of alternation, and latency to first examination of the response alternatives —
were all good predictors of performance in the APM (all |rs| >.55). An analysis of internal
consistency also indicated that all three measures had excellent reliability in this sample
(proportional time on matrix: a =.86; latency to first examination of the responses: o = .86;
rate of alternation: a =.92). The correlations between these three measures were also
substantial (proportional time on matrix and latency to first examination of the responses:
r=.74, p<.001; proportional time on matrix and rate of alternation: r =-.79, p <.001,
latency to first examination of the responses and rate of alternation: r =-.69, p <.001). In
other words, all three measures appear to be useful indices of strategy use. Given the high
correlation and the conceptual relations between these three indices, a possible approach
would be to compute a composite index of strategy use by averaging the three (after
standardization); computing this composite index yielded a significant correlation with total

accuracy but did not show much of an improvement over the three indices separately, r = .67,

3 Note that these two indices are the inverse of each other in our study, given that proportional time on matrix
and proportional time on response alternatives add up to 100%, which results in opposite correlations. This is not
the case with eye-tracking studies, as participants sometimes look neither at the matrix nor at the response
alternatives, but at an empty section of the display.
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p <.001.

The final series of analyses used binomial mixed-effects models to confirm the
relation between the various measures and performance, while controlling for participant and
item random effects. The results are detailed in Table 1; for a more direct understanding of the
effects, we also report the change in success rate for a mean value of the indices below.
Confirming and extending the results of correlational analyses, these analyses indicated that
the same three indices of strategy use were predictive of performance. Proportional time spent
on the matrix and response alternatives had opposite significant effects, with a 5.8%
increment in success rate for a 10% increase in time spent on matrix (b = +/-2.33, SE = 1.04,
x3(1) = 4.24, p = .04). Latency to first alternation was positively related to accuracy, with a
46% success rate increment per minute (b = 1.86, SE = 0.65, ¥3(1) = 8.12, p = .004). Lastly,
rate of alternations was negatively related to accuracy, with a 3.5% decrease for each
additional alternation per minute (b =-0.14, SE = 0.04, y*(1) = 11.01, p <.001).

Conversely, other measures not directly reflecting strategy use were not related to
performance. The relation between item latency and accuracy was nonsignificant, with a 4.6%
success rate increment per minute at the mean value of latency (b = 0.18, SE = 0.21, y*(1) =
0.72, p = .40). Total time spent on the matrix had no significant effect on accuracy, with a
7.7% increment per minute on the matrix (b = 0.31, SE = 0.26, ¥2(1) = 1.41, p = .24); the
same was true for time spent on response alternatives, with a nonsignificant 7.5% decrement
per minute, (b =-0.30, SE = 0.99, (1) = 0.09, p = .76). Number of alternations also had no
significant effect, with a decrease in 2% success rate per alternation (b = -0.08, SE = 0.07,
x?(1) = 1.46, p = .23). Again, this was the only difference from the results of Vigneau et al.

(2006), though the number of alternations is less relevant than the alternation rate.
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Table 1. Relation between strategy indices and accuracy in the APM, for Vigneau et al. (2006)

and for Experiment 1.

Vigneau et al. Present Experiment 1
(N = 55) (N'=130)

Correlation Correlation Mixed model
Predictors r p r p b p
Item latency .03 .799 .63 <.001 0.18 395
Time on matrix .08 537 65 <001 031  .236
Time on alternatives -25  .060 29 <001 -0.30  .763
Proportional time on matrix 48 <001 .56 <.001 2.33 .040
Proportional time on alternatives -.44  <.001 -.56 <.001 -2.33 .040
Number of alternations -27  .050 .02 .835 -0.08  .226
Rate of alternations -43  .002 -55 <001 -0.14 <.001
Latency to first alternation 41 .003 .70 <001 1.86 .004

Note. r represents Pearson correlations between each index and total score in the task;

b represents unstandardized slopes for the effect of each index on item-level accuracy,

expressed as a log-odds ratio; p represents the corresponding p-values. Since the correlation

estimates in Vigneau et al. (2006) are only known up to 2 decimals, only bounds on p-values

can be provided here. The lower bound was kept for p > .05, and upper bound for p < .05.

To sum up, the results of Experiment 1 supported the relevance of the selected

measures of strategy use - based on participant-initiated mouse movements to visualize either

the matrix or response alterntives - as predictors of final APM performance. Going beyond

correlational results, the findings in Experiment 1 were also stable over finer-grained analyses
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taking participant and item-level variability into account, allowing for the results to be
generalized to a larger population of APM items.

Critically, our indices of strategy use were generally comparable to indices collected in
an eye-tracking study (Vigneau et al., 2006): subjects spent a similar amount of time on the
matrix and response alternatives and waited for a similar duration before looking at the
response alternatives. The only major discrepancy was that participants alternated much less
frequently between the matrix and response alternatives with our modified version of the task.
This result is not surprising, given that the motor cost of switching between the two parts of
the item is certainly higher when the switch is performed using the hand and mouse than
when it is performed using eye movements. We return to this point in the general discussion.

Likewise, the correlational pattern between our measures and performance was similar
to the same correlations when computed from similar eye-tracking-based indices (Vigneau et
al., 2006), and our method performed at least as well as eye-tracking. Aside from minor
variations that could be attributed to limited sample size, the only major discrepancy between
our results and those of Vigneau and colleagues is that item latency, time on matrix and time
on alternatives were all positively correlated with performance in our study; but this is often
the case with the APM (see Becker et al., 2016; Goldhammer et al., 2015; Perret & Dauvier,
2018), and it is more surprising that the same correlations were not significant in the study of
Vigneau and colleagues. Given that these measures are not employed as indices of strategy
use, and that indices of strategy use control for item latency, this is not a significant issue in
this context.

Putting these findings into a broader perspective, one may consider that they
demonstrate convergent validity with eye-tracking studies focusing on indices of strategy use.
In other words, the use of interaction traces (be they eye-initiated as in eye-tracking or hand-

mouse initiated as with our method) to explore problem-solving strategies in figural matrix
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reasoning Yyields convergent conclusions, which suggests they represent a sound process-
based method.

This consistent evidence supporting the relevance of the present interface for exploring
strategy use in matrix reasoning notwithstanding, one major limitation of this experiment was
the correlational nature of the design. To provide further evidence that user-interface
interactions serve strategy use, Experiment 2 used an experimental design. We reasoned that if
a higher proportion of time spent on the matrix (versus response alternatives) positively
predicts performance because it favors a constructive matching strategy, then we could take
advantage of the flexibility of our graphical user interface to manipulate the accessibility of
response alternatives in order to influence performance. Since the time spent on matrix at the
onset of item presentation is more directly reflective of a constructive matching strategy
(hence the relevance of latency to first alternation), we could introduce a delay before
participants could see the response alternatives part for the first time. This should influence
strategy use and thus indirectly performance, at least for some participants and/or for some
items (possibly in combination). Indeed, the delay should positively impact participants who
spontaneously adopt but are not firmly set on the elimination strategy, and who would be
induced to switch to constructive matching to quickly solve a given item.

On the contrary, participants who hold to the elimination strategy will simply be
delayed in their resolution process. Therefore, in addition to the more common correlational
analyses, analyses for Experiment 2 will also use mixed-effects models to appropriately take
these inter-individual and inter-item differences into account, focusing on the interaction
between the constraint imposed on participants and the time needed to solve the APM (item
latency; see for instance Goldhammer, Naumann, & Greiff, 2015, signaling the importance of
taking variations in item latencies across individuals and items into account in matrix

reasoning). In Experiment 2, the results of correlational analyses between indices (as in
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Experiment 1 and derived from Vigneau et al., 2006) and total APM score, performed for each
condition separately, will be reported for consistency reasons and descriptive comparisons
between Experiments 1 and 2.
Experiment 2

The main objective of Experiment 2 was to experimentally manipulate the strategies
used by participants, by controlling the availability of the response alternatives through the
computer interface. We contrasted two conditions, with either a constrained or unconstrained
access to the response alternatives at the onset of item presentation (hereafter Constrained and
Unconstrained conditions). Hiding response alternatives at the beginning of each item
resolution imposes a longer latency to first examination of response alternatives. This should
minimally delay — and possibly hinder — adoption of the response elimination strategy (for
those who would like to look at the response alternatives before the imposed delay). Under
these experimental conditions, and although participants cannot be forced to commit to a
constructive matching strategy, trying to solve the item quickly requires processing of the
matrix only. Participants willing to adopt the response elimination strategy need to wait for
the imposed delay before engaging in the resolution process. We therefore expected
differences in the effect of condition (constrained vs. unconstrained) depending on item
latencies, themselves resulting from inter-individual differences in how participants react to
the constraint.
Method

Participants and design. A sample of 64 psychology students (73% female; mean
age = 20.7 years; SD = 2.1 years) participated in exchange for course credit and were
randomly assigned to one of the two conditions. Sample size was determined based on an
average effect size for the effect of interest (Cohen's d equivalent of 0.45) and a statistical

power of 80%. Two participants in the constrained condition were removed from the sample
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due to instructions misunderstanding (either selecting a response alternative before its content
was made available, or not even selecting the matrix part before answering).

Apparatus and measures. One group of participants (n = 33) completed the switch
version of the APM, which was identical to the switch condition of the previous studies. The
other group of participants (n = 29) completed a similar switch version of the APM but were
instructed after the four training items that response alternatives would only be made available
after a fixed delay. Before this delay, participants could click on the response alternatives part,
but would only see “locks” instead of possible answers (these attempted alternations were also
recorded). Participants were not notified when the delay had elapsed, so that they could focus
on the matrix resolution. The delay was adjusted for each item separately, since APM items
vary widely in complexity: we used the third quartile of the latency to first alternation
distributions from Experiment 1 (corresponding values for each item are reported as
Supplemental Material, available on OSF at https://osf.io/lum3wf/). The rationale behind this
choice was to impact a large enough proportion of participants (75% of Experiment 1
sample), while avoiding an irritatingly long delay, in order to keep participants engaged in the
task (i.e. shorter than average item latencies).

Procedure. The study was run as a stand-alone experimental session, with the whole
procedure lasting approximately 30 minutes. The procedure was identical to the Switch
condition of the pilot study.

Analytic strategy. To confirm earlier results and to check whether our experimental
conditions indeed impacted the resolution of APM items, we first computed Pearson
correlation coefficients between APM performance and all indices of strategy use, aggregated
over items in each condition, for direct comparison with the results of Vigneau and colleagues
(2006) and Experiment 1.

Focusing on success difference between conditions, a mixed-effects binomial model
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was then fitted to the data for increased generalizability over items and participants,
predicting the success rate on each APM item and participant. We expected strong inter-
individual and inter-item differences in how the constrained interface would impact behavior
and performance. Indeed, participants who spontaneously adopt the constructive matching
strategy may be unaware of the change, if they switch to the response alternatives after the
imposed delay. On the contrary, if they start looking for their constructed answer before the
delay, they will have to wait for the locks to disappear (possibly going back to the matrix in
the meantime). The correctness of such participants should thus be only marginally affected,
but item latency may be increased.

At the other end of the strategy spectrum, participants who (feel the) need to adopt the
response elimination strategy will have to wait for the full delay before even starting the
resolution process. They will probably see their performance probably unchanged, but their
item latencies greatly increased. Finally, participants who want to solve the items quickly yet
are not set on a particular strategy will be forced to adopt constructive matching instead of
response elimination at the beginning of the resolution process, due to our experimental
manipulation.

Our model therefore required testing the effect of the interaction between item latency
(T) and condition (C) on success rate (R). Using R formula notation, including random
parameters for both participant (P) and item (I), the formula for the maximal model to be
fitted is: R~C*T+(T|P)+(C*T|I)*. Estimating this model led to singularities, and the random
structure of the model was reduced following Bates, Kliegl, Vasishth, & Baayen's (2015)
recommendations to prevent incorrect parameter estimation. Since time is relative to the
difficulty of the item, all item latencies were centered on the imposed delay (zero thus

becoming the value at which response alternatives were made available for all items). This

4 C*T being expanded to the intercept, individual effects of independent variables and their interaction
(1+C+T+C:T)
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allowed descriptive and inferential statistics to be more consistent, while making it possible to
satisfy model assumptions (especially distributions of random effects). We also removed all
trials where a response was given before the disappearance of the locks in the constrained
condition, since they were necessarily random and could bias our estimates (three trials
removed in addition to those of the two participants previously removed from the sample).
The statistical results were robust to both changes, but their interpretation was made easier.
Further details regarding analyses and diagnostic information are provided as Supplemental
Material (available on OSF at https://osf.io/lum3wf/).

Results and Discussion

Our modified version of the APM retained nearly acceptable reliability in the
unconstrained condition (a =.69), with total scores roughly normally distributed (M = 7.48,
ET =2.60, range =2 — 12 out of 12, skewness =-0.07, kurtosis =-0.87). Reliability in the
constrained condition was reduced (a =.46), with a roughly symmetrical score distribution
(M =793, ET =2.00, range = 4 — 11, skewness = -0.22, kurtosis = -1.14).

As a preliminary analysis, we first examined whether indices of strategy use in the
Unconstrained condition demonstrated the same relations to performance as in Experiment 1.
Results for the Pearson correlations between the various measures and total performance in
the APM are reported in Table 2, computed separately for each condition. In the
Unconstrained condition, we replicated the pattern found for most indices in Experiment 1.
Again, item latency, time on matrix, proportional time on matrix and latency to first
alternation were all significantly and positively correlated with total accuracy. Proportional
time on alternatives and rate of alternations were again found to be significantly and
negatively correlated with accuracy. Time on alternatives and number of alternations were
weakly correlated with accuracy, and this time these correlations were both non-significant.

The reduced significance compared to Experiment 1 was probably due to the lower sample
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size in each condition.

In the Constrained condition, item latency, time on matrix, rate of alternations and
latency to first alternations followed the same pattern as in the Unconstrained condition, but
with lower values; all were nonsignificant. This logically reflects the influence of the initial
period with no access to response alternatives, since not only are raw temporal measures
shifted, but any activity oriented towards response alternatives during this period is also
recorded and adds noise to the data. The only exceptions were time on alternatives and
number of alternations, which became negatively - yet nonsignificantly - correlated with
accuracy: this is expected, since alternations and time spent on response alternatives during
the initial matrix-only period clearly become counterproductive in item resolution, and should
be used merely to check the availability of response alternatives (given that only locks are
displayed with the matrix also hidden). For the same reason, correlations between
proportional times (on matrix and on alternatives) and accuracy are increased and remain
significant. Shifting time measures by the imposed delay would not help here, since data were
aggregated at the participant level in order to compute the correlations.

The main objective of this experiment was to test the difference in accuracy between
conditions, in interaction with item latencies. Binomial mixed-effects model analysis
indicated that the interaction between condition (Constrained vs. Unconstrained) and item
latency (centered on imposed delay for each RAPM item) was significant (b = -0.013, SE =
0.006, x2(1) = 4.80, p = .03). The condition effect at the time when responses alternatives
appear (minimal item latency in Constrained condition) was also significant (b = 0.66, SE =
0.33, x3(1) = 3.96, p = .047), with a higher success rate in the Constrained condition (M = .78,
SE = 0.07, 95% CI [.62, .89]) than in the Unconstrained condition (M = .65, SE = 0.09, 95%

CI [.47, .80]). The
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Table 2. Relation between strategy indices and accuracy in the APM, for Experiment 2.

Unconstrained Constrained

Condition
(n=33) (n=29)

Predictors r P r p
Item latency 49 .004 .18 .365
Time on matrix 51 .003 .28 .140
Time on alternatives .23 .060 -31 .097
Proportional time on matrix 37 .001 46 012
Proportional time on alternatives -.37 .001 -.46 012
Number of alternations .18 .050 -.06 .756
Rate of alternations -.37 .035 -.13 517
Latency to first alternation 52 .002 27 158

This beneficial effect of the interface constraint on success rate when the response
alternatives first appeared, as represented in Figure 2, reflects the higher proportion of
participants adopting a constructive matching strategy - which is the only one of the two
prototypical strategies that can lead to early responses in this condition. The beneficial effect
of condition nevertheless gets reversed when participants validated their answer more than 49
seconds after the response alternatives appeared (16% of all trials; see Figure 2). This reversal
should be the logical consequence of longer item latencies for participants failing to
successfully solve the APM item with the constructive matching strategy before response
alternatives appear, and then switching to the response elimination strategy. Given that
response elimination is negatively correlated with success rate, the overall proportion of
correct responses for high item latencies decreases, down to partly compensating the initial

benefit for quick responders.



LOOKING WITH THE COMPUTER MOUSE 31

0.75+
.
a
©
“ 0.50+
%)
w
@
O
S Constrained
w = .
Unconstrained
0.254

0.00- )|—|—I_|:

T T T T

0 30 60 90
Item latency (in seconds)

Figure 2. Success rate estimates from binomial mixed-effects model analysis in Experiment 2
as a function of condition and item latency. Item latencies were centered on imposed delay for
each item, with no response possible before this delay in the Constrained condition.
Histogram of item latencies overlaid at the bottom.

General discussion

The goal of the present research was to test the methodological and theoretical
relevance of embedding APM in a newly designed graphical user interface, where hand-
initiated computer mouse movements allowed user-interface interactions to serve item
exploration, rule inference, and rule testing. Based on previous eye-movement studies and
active vision principles, mouse movements were expected to provide insight into reasoning
strategies.

The results for the pilot study indicated that this procedure (modifying the display of
APM items, with only the matrix or the response alternatives being visually available at the

same time) did not impair performance or completion time, did not elicit marked differences



LOOKING WITH THE COMPUTER MOUSE 32

in item functioning, and did not decrease the reliability of the task when compared to the
original APM. Experiment 1 indicated that indices of strategy use based on participant-
initiated switches between the matrix and the response alternatives were highly predictive of
performance, like similar eye-tracking-based indices (Vigneau et al., 2006). These results
were stable over finer-grained analyses taking participant and item-level variability into
account. Experiment 2 manipulated the information made available at the beginning of each
item (hiding response alternatives), only allowing for the use of constructive matching; the
results confirmed that the necessarily larger proportion of participants adopting a constructive
matching strategy for low item latencies led to an increase in performance, with a decrease
and then reversal of this tendency for higher item latencies.

In short, the present results suggest that having participants use the mouse to switch
between the matrix and response alternatives does not degrade the quality of the task and
provides indices consistent with the use of the two major reasoning strategies — constructive
matching and response elimination. In spite of differences in effectors (hand versus eye) and
display (only one part of the item visible versus full display), the relations between indices of
strategy use and APM performance were strikingly similar in Experiment 1, in the
unconstrained condition in Experiment 2, and in the eye-tracking results of Vigneau et al.
(2006). It is noteworthy that for the three key indices of strategy use (proportion of time on
matrix, latency to first examination of the response alternatives, and rate of alternation),
correlations were of a higher magnitude in the present experiment than in prior results using
eye-tracking (Vigneau et al., 2006). This was especially the case for latency to first
alternation, which was a significantly better predictor of performance in Experiment 1 data
(Fisher r-to-z test: p =.008).

The present set of findings therefore provides evidence that deliberate item exploration

supported by computer mouse movements represents a good methodology for accessing
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relevant problem-solving strategies. When compared to eye-tracking, this methodology has
the additional advantages of user-friendliness, implicitness, portability, and easy
implementation of interaction constraints. For these reasons, this method would be
particularly well suited to the investigation of reasoning strategies in populations for which
the use of eye-tracking could be difficult, such as children, and in populations more readily
reachable through online studies. Our findings also provide converging evidence that indices
collected from eye-tracking do reflect part of the reasoning processes and strategies of the
participants.

The one major discrepancy between our findings and eye-tracking was the drastically
lower number of alternations, on average, between the matrix and response alternatives. This
decrease is logical given the higher motor cost required to view response alternatives with the
hand (which requires moving the mouse to the other part of the screen) than with an eye
saccade. It is unclear to what extent this decrease is problematic. On one hand, it could be
viewed as a benefit of our method: the results reflect only deliberate exploration of items on
the part of participants, potentially increasing the specificity of the measure. The alternation
rate correlated with the other two strategy indices, and had a large negative correlation with
performance in Experiment 1 - at least as high, in fact, as the one obtained with eye-tracking -
suggesting that this measure still reflected response elimination at least as well.

A possible issue would be if the lower alternation rate indicated that our design
discouraged response elimination, but this did not appear to be the case. The fact that our
modification did not increase average performance, that participants spent on average the
same amount of time on the matrix and response alternatives, and that they waited for the
same duration before looking at response alternatives, all converge to suggest that our design
did not lead them to use less response elimination. Instead, the lower number of alternations

suggests that participants used response elimination differently. It could be the case, for
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example, that they considered all response alternatives less systematically, or that they made a
greater effort to remember features of the matrix before looking at response alternatives (or
vice versa) to minimize the number of required alternations. In short, our method appears to
be appropriate to assess the relative contributions of constructive matching and response
elimination, but it also indicates that participants may implement response elimination in
different ways.

This effect of the design on alternation rate raises at least two questions for future
research. The first question is the interpretation of the three key indices of strategy use.
Proportion of time on the matrix, latency to first alternation, and alternation rate are usually
considered as three (interchangeable) measures of the relative use of constructive matching
and response elimination; but the fact that our design drastically reduced one of the three
indices without affecting the inter-correlations of the three indices, or their relation with
performance, shows that they may in fact tap into different aspects of strategic behaviors.

The other question is to what extent our modified design changes the nature of the
task, in terms of the cognitive processes required for successful performance. The role of
working memory, in particular, may be different if participants have to remember features of
the no-longer-presented-matrix when looking at response alternatives. Working memory
capacity is already strongly correlated with Raven's matrices (Ackerman et al., 2005), so we
believe that enhancing its role in the task is not necessarily a serious issue. However, our
design may blur the relation between working memory capacity and strategy use. For
example, a high working memory capacity is usually associated with more constructive
matching and less response elimination (Gonthier & Thomassin, 2015; Gonthier & Roulin,
2019), but with our design it could also be the case that participants with a high working
memory capacity need fewer alternations to use response elimination. This approach should

thus be used with caution to test the relation with working memory.
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A possible avenue for future research pertains to the possibility of modifying the
interface even further. Experiment 2 focused on the indirect manipulation of latency to first
alternation (since we could not directly manipulate the strategies adopted by participants), but
other indices could be manipulated, for instance by putting a limit on the number or rate of
alternations for each item, thereby limiting the adoption of response elimination while not
forbidding access to response alternatives at any point in time. Interface modifications could
also be used for a finer-grained investigation of response processes, beyond the use of the two
classical strategies. There are at least two ways to do this.

Firstly, rule inference in the APM predominantly relies on uncovering regularities in
rows through pairwise comparison of cells in the same row (Carpenter et al., 1990; Hayes et
al., 2011). To investigate this process, information displayed in the matrix part may be
restricted to visual accessibility of a single row. That is, using computer mouse movements,
participants could visually display only one row after another in the matrix part. Secondly,
successful rule inference seems to depend on the consistency of this scan pattern across
successive cells of the matrix: performance is higher in subjects who distribute their attention
more evenly across all cells (Vigneau et al., 2006), and in subjects who systematically follow
an ordered sequence of fixations across adjacent cells and rows (Hayes et al., 2011). This
could be investigated using a different modified version of the interface allowing users to
select and view any of the cells of the matrix with the computer mouse. With this alternative
interface, it would be possible to unveil uncommon exploration and inference strategies, with
undesired peripheral visual information in the adjacent cells remaining hidden unless the
participant clicks on them.

Such alternative interfaces have the potential to provide an in-depth understanding of
how item display manipulation may facilitate or impair matrix reasoning, and to uncover

uncommon exploration and inference strategies, as information that is usually available in
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classical APM displays is hidden. Implementing such interfaces is not quite straightforward:
they would be more invasive than the solution presented in the current study, so that they
could impact performance to a greater extent. On one hand, they may harmfully constrain
information accessibility, hence impairing rule inference and testing in matrix reasoning - for
example by placing such high demands on working memory for features of the no-longer-
displayed parts of an item that complex items become very difficult to solve. On the other
hand, extrapolating from the results of Experiment 2, increasing the saliency of row-
dependent regularities by constraining access to a single row at a time may act as a
scaffolding technique, hence providing support and guidance in the problem-solving process,
and facilitating rule inference.

In practice, we did perform pilot testing for both possibilities outlined above.
Participants reported that these other design changes interfered with the resolution of the task,
so these versions were not further explored and the corresponding results are not reported
here, but we believe these alternative solutions deserve to be explored in greater depth. In our
opinion, further developing these types of manipulations of item displays in matrix reasoning
tasks represents an important avenue for future research, one which has the potential to
overcome limitations inherent in correlational studies focusing on problem-solving strategies
in matrix reasoning. Several studies have fruitfully used these types of manipulations in the
past (e.g., Arendasy & Sommer, 2013; Mitchum & Kelley, 2010; Duncan, Chylinski, Mitchell,
& Bhandari, 2017; Rozencwajg & Corroyer, 2001).

One last possible application concerns interpretation of intelligence scores for a given
individual. Of particular interest, the present setup provides easy access to mouse movements
signaling the use of the more effective constructive matching strategy (at least in terms of
final performance), or the use of the less effective response elimination strategy. Researchers

and practitioners interested in using the APM as a diagnostic tool may further wish to use
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mouse data to examine, for a given individual, the predominance of one or the other of these
strategies. The excellent internal consistency coefficients observed for the three measures of
strategy use (o > .85) indicate that this could be a reliable approach to assessing determinants
of reasoning performance.

Beyond the APM, the advantages of computer mouse data — previously favored in
experimental psychology for forced-choice categorization tasks — in terms of user-
friendliness, implicitness, portability, and controllability may be expanded to more diverse
paradigms and setups, while also offering methodological perspectives to manipulate

exploration and inference processes in matrix reasoning.

Open Practices Statement
The Java application for the interfaces (working demo included), data, and analysis

scripts for all studies are available on OSF (https://osf.io/um3wf/).
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