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Abstract

In this thesis, I assess how explicit, subjective evaluations of confidence influence
monitoring and control (i.e., metacognitive) processes in reasoning. Metacognitive processes
play a crucial role in modern dual-process theories of reasoning and decision-making, the
consequences of which have been implicated in numerous significant real-world decisional
outcomes. It is tacitly assumed that monitoring one’s reasoning for the purpose of optimal
deployment of controlled, deliberative processing functions similarly to monitoring one’s
reasoning for the purpose of providing a judgment of confidence, despite evidence from other
domains indicating otherwise. This thesis takes a critical step toward evaluating metacognitive
theories of reasoning and their broader application by assessing the degree to which standard
approaches represent realistic accounts of metacognitive processes. To aid in interpretation of the
work directly testing this possibility, I first present six experiments addressing foundational
issues with respect to the operation of metacognition in reasoning. Chapter 2 provides evidence
for a causal relationship between confidence judgments and controlled behavior (specifically
deliberation), a reality often assumed in the absence of direct evidence. I demonstrate across four
experiments that processing manipulations affect confidence and influence control behavior,
consistent with a causal relationship, but also that it is possible to target control behaviour
without mirroring effects on confidence. Chapter 3 develops a simple predictive model of
confidence that identifies heretofore unidentified, item-based predictors of confidence. This
simple model allows a unique approach to testing the central question in Chapter 4. Chapter 4
investigates whether the relationship between confidence and controlled behavior partly depends
on the requirement to make explicit confidence judgments. Using a paradigm adapted from
research involving nonhuman primates, I compare implicit and explicit confidence conditions.

Results reveal small differences in controlled behavior and substantial differences in monitoring.
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In the present thesis, I provide evidence of plausibly systematic influences of common
measurement approaches on reasoning. To this effect, it is likely that the reasoning processes in
which individuals engage in day-to-day life are reliably different than those commonly assessed

in the lab. This has practical, but also theoretical implications which I discuss.
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Quote

We have to remember that what we observe is not nature in itself,

but nature exposed to our method of questioning

- Werner Heisenberg
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Chapter 1: General Introduction

Imagine your son sends you a copy of Thinking, Fast and Slow by Daniel Kahneman
(2011) to help explain what he is studying in graduate school. You read it, and it is full of novel,
unfamiliar information. Perhaps the concepts and theories introduced make sense and you are
immediately able to integrate them with information you already have; perhaps they do not, and
you cannot. But how do you know? And if you cannot immediately make sense of this
information, what do you do about it? Humans have a unique ability to represent our own
cognitive processes and alter them adaptively to operate effectively within our environment
(Carruthers & Williams, 2019; Carruthers & Williams, 2022; Fleming & Lau, 2014). It is this
ability that allows us to effectively engage in the breadth of cognitive activities that colour
human life (Fleming, 2024; Rouault et al., 2018). It has even been suggested that representation
of mental states underlies or is to varying degrees related to the very nature of conscious
experience itself (e.g., Koriat, 2007; Lau, 2019; Nelson, 1996; Snodgrass et al., 2009). Despite
the wide-ranging scope of the characterization and implications of the human ability to represent
and adapt one’s cognitive processes, the field has been at least partially unified under the

umbrella of “metacognition.”

1.1 An Introduction to Metacognition

Generally speaking, metacognition refers to any instance where one represents their own
cognitive process in some way, usually for the purpose of some form of top-down adaptation of
those processes toward the successful completion of some task. To that end, it has often been
described as “cognition about cognition”, or perhaps more colloquially as “thinking about
thinking” (Flavell, 1979; Nelson & Narens, 1994). Within this domain, there is normally a

distinction between two distinct types of metacognitive processes: individuals evaluate their own
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cognitions, a family of processes labelled “monitoring” (for a broad overview, see Schraw,
2009), which allows them to strategically and adaptively alter or differentially engage their own
cognitive operations, a family of processes labelled “control” (Dunlosky & Metcalfe, 2009;
Koriat, 2007). A litany of work has illuminated the characteristics and functions of each branch
of metacognition across various domains of human cognition, including perceptual decision-
making (e.g., Fleming, Dolan, et al., 2012; Pescetelli et al., 2016, Shekhar & Rahnev, 2021, for a
review, see Rahnev, 2021), episodic (e.g., Perrin & Sant’Anna, 2022; Whatley & Castel, 2022),
semantic (e.g., Burratti et al., 2013; Koriat & Goldsmith, 1996), and working memory (e.g.,
Adam & Vogel, 2016; Cowan et al., 2016; Rademaker et al., 2012), as well as higher-level
reasoning and decision-making (e.g., Prowse Turner & Thompson, 2009; Shynkaruk &
Thompson, 2006; Thompson et al., 2011; for theoretical reviews, see De Neys 2017, and
Ackerman & Thompson, 2017). In all, an explosion of research has investigated monitoring and

control processes across the range of human cognition.

Recent work has undertaken the task of exploring and describing the computational
functions (e.g., Kepecs & Mainen, 2012) and/or neurological hardware (e.g., Insabato et al.,
2010; Timmermans et al., 2012) that provide for the richness and adaptability of human
metacognition. This work has yielded numerous theoretical advances in the understanding of the
nature and scope of metacognitive processes. A useful framework for understanding
metacognition with respect to the features of mental representation is provided by Fleming and
colleagues (2012). They describe dimensions along which representations vary, toward a
taxonomy of what is and is not metacognitive. First-order behaviours, for example, are
contingent only on the processing of some stimulus; second-order behaviours are contingent on

first-order behaviours, and so on. Conversely, representations can be at the object-level or they



can be meta-level. Object-level representations are of external stimuli; meta-level representations
are of mental states arising from the processing of external stimuli. One way individuals can
engage in metacognitive processes is to directly represent the output of some prior cognitive
process; this is, by definition, metarepresentational in nature. However, meta-level representation
is not necessarily required in order to adapt one’s behaviour contingent on outputs from past

behaviour (Fleming, Huijgen, & Dolan, 2012).

Ilustratively, let us briefly consider a disjunction between common models of
metacognitive monitoring. Note that the purpose of this thesis is not to adjudicate between these
models, and as such this will not be near an exhaustive review. One common historical
distinction is between inferential and direct access models of metacognition. In inferential
models, metacognitive judgments are informed by information external to the first-order
judgment. A great example of this type of model, the Self-Consistency Model, is introduced by
Koriat (1993). In this model, metacognitive judgments are divorced from some characteristics of
performance on the object-level task. Subjective metacognitive reports are informed by more
than the object-level information; they involve an averaging of task-related and experiential
information into a unified and usable representation of performance. That is, while subjective
reports require one’s own processing to be representable, they do not necessarily require that
representation to be only of task-related behaviour. Conversely, no such provision is allowed in
direct access models. In direct access models, metacognitive judgments are thought to be
translations of task-related cognition; a high degree of evidence in favour of one option over the
other, for example, predicts both the choice of that option and confidence in one’s choice. In
direct access models, metacognitive monitoring can be achieved without meta-level

representations. In both types of models, metacognition is higher-order to cognition (Fleming &



Daw, 2017; Overgaard & Sandberg, 2012), and different methods of elicitation correspond to

different assumptions about the nature of metacognition (Kornell, 2014).

In conjunction with the main focus of the latter parts of this thesis, let us focus on the
various ways researchers can elicit confidence. Confidence has been operationalized numerous
ways, but in the interest of breadth and for the purposes of this thesis, confidence will refer to
any judgment or behaviour corresponding to the assessment of one’s behaviour (Fleming, 2024;
Fleming & Lau, 2014; Kleitman & Stankov, 2007; Yeung & Summerfield, 2012), past
(retrospective confidence; Dougherty et al., 2005; Hines et al., 2009) or future (prospective
confidence; Castel et al., 2007; Koriat & Bjork, 2005, 2006; McCabe & Soderstrom, 2011;
Rhodes & Castel, 2008). The simplest method of assessing individuals’ confidence in their
performance on some task is to simply ask them to rate numerically on some scale how likely
they are to have responded correctly. Hereon, I will refer to these as explicit or subjective
confidence judgments, and I will collapse under this umbrella a number of judgment types that
involve explicit report of the estimated success of past or future cognition (Feelings of Rightness
[FORs; Thompson et al., 2011; Wang & Thompson, 2019], Feelings of Knowing [FOKs;
Metcalfe, 1986; Schacter, 1983], Judgments of Learning [JOLs; for a review, see Rhodes, 2016],
etc.). These measures are by far the most popular cross-domain in metacognition research. In
addition to explicit confidence judgments, there are a number of behavioural measures that have
been used to study confidence in humans and animals. For example, researchers have added a
response option for participants to indicate they are uncertain (Smith et al., 2006; Watson et al.,
1973), added an option where participants can choose to withhold a response (Arnold & Prike,
2015; Sidi & Ackerman, 2024; Undorf et al., 2021), or elicited post-decision wagers whereby

participants must evaluate their performance in order to optimize the payout they receive on the



task (Fleming & Dolan, 2010; Schurger & Sher, 2008). Hereon, despite the occlusion of
meaningful differences within these categories, I will often refer to these as explicit (confidence
judgments) and implicit (evaluated by behavioural measures in the absence of an explicit

confidence judgment), for the sake of simplicity.

Because these behavioural measures escape the need for subjects to respond to a verbal
prompt, they have also been used to study metacognition in nonhuman animals. This has raised
the question of whether they are ultimately measuring the same construct as explicit confidence
responses (Kepecs & Mainen, 2012). For example, Proust (2012) draws a distinction between
private metacognition, wherein individuals adapt their behaviour based on internal cues, and
mindreading, which requires meta-level representations of internal mental states. Only the
former has been demonstrated in animals and young children, who do not have the capacity to
represent minds, others’ or their own (Proust, 2012; Hampton, 2009). Likewise, Shea and
colleagues (2014) use systems language to differentiate between metacognition destined for
internal use (System 1) and for external broadcast (System 2). Elsewhere, researchers have
argued that subjective reports of confidence can colour confidence judgments with task-unrelated
factors (Castel et al., 2007; Koriat, 1993) or correspond to different underlying object-related
representations than behavioural or neuroscientific measures (Bang et al., 2020). So, while
behavioural adaptations of confidence judgments allow for the study of metacognition in those
who may be unable to verbally report their confidence, their use raises a heretofore
underexplored question: to what extent do they differ mechanically from subjective, verbal
reports of confidence? Or perhaps more aptly, to what extent do in-laboratory investigations
using subjective reports of confidence alter the metacognitive calculus beyond what individuals

might use in their everyday lives to monitor and control their cognitive behaviour?



1.2 Characteristics of Metacognition

Recent years have seen an explosion of research investigating the characteristics of and
the mechanisms behind metacognitive processes. Perhaps because of the amenability of memory
research to laboratory settings, a disproportionate amount of metacognitive research has been
related to memory. Though far from the only subdomain in which this research occurs,
“metamemory” research has been largely responsible for the bulk of the empirical advances in

our collective understanding of metacognition.

1.2.1 Characteristics of Monitoring

Borne partially of the aforementioned tension between direct access and inferential
models of metacognition, metacognitive monitoring has become widely considered a process of
cue utilization (Koriat, 1997). The cue utilization approach allows for far greater variability in
subjective reports of confidence than does the direct access view, as it allows for multi-source
cues to collaboratively influence metacognitions (Jang & Nelson, 2005; Mueller & Dunlosky,
2017; Tauber & Rhodes, 2012). However, this approach canonically segregates cues by their
relation to the target task, and different cue utilization accounts claim different weights vis-a-vis
confidence. Koriat (1997) originally separated intrinsic cues from extrinsic cues, where intrinsic
cues are referent to the characteristics of items themselves, and extrinsic cues are referent to
some other aspect of processing unrelated to the nature of to-be-processed items. For example,
word frequency (Benjamin, 2003) and concreteness (Hertzog et al., 2003; Tullis & Benjamin,
2012; Witherby & Tauber, 2017) are stimulus-intrinsic factors that reliably impact JOLs,
although not always in directional concordance with the effects they have on memory

performance (See Fiacconi & Dollois, 2012 for a review).



It was originally argued that confidence judgments (specifically JOLs) placed heavy
weight on intrinsic cues and less or no weight on extrinsic cues, suggesting some degree of
discrimination between the two in the metacognitive system of participants (Koriat, 1997), for
which there is some evidence. For example, Koriat and colleagues (2004) demonstrated that
individuals’ subjective estimates of performance were far less sensitive to an increased time
interval between study and test than was their performance. There is a family of evidence in
support of this claim about the insensitivity of metacognition to extrinsic cues (e.g. Castel, 2008;
Kornell & Bjork, 2009). However, a family of research has demonstrated that subjective
evaluations of confidence are in some instances oversensitive to extrinsic factors, even those that
do not impact actual performance. For example, Rhodes and Castel (2008) demonstrated that
participants predict better memory performance for words presented in larger font, despite little

impact of font size on performance.

Numerous attempts have been made to identify underlying characteristics that predict
when and how metacognitive cues will colour judgments made by participants. A number of
researchers claim that at least some of these effects are due to the beliefs individuals hold about
their own cognitions. Mueller and colleagues (2014), for example, demonstrated that the font
size effect was almost entirely driven by beliefs participants had about font size and performance
in the task. Similarly, individuals’ metacognitive beliefs have been implicated in other instances
of extrinsic cue effects on JOLs (Mueller et al., 2013; Mueller et al., 2014; Mueller et al., 2016).
A counter-explanation of these types of effects has been made on the basis of ease of processing
(termed fluency). In essence, some have argued that at least some extrinsic factors make stimuli
easier or harder to process, and thus despite irrelevance of these cues vis-a-vis the internal

content of stimuli, individuals base metacognitive judgments on the resulting ease or difficulty of



processing (Fiacconi et al., 2020). With respect to fluency, it has been demonstrated that
metacognitive judgments are influenced by ease of processing at every stage of common
laboratory tasks, from perception of stimuli (Besken & Mulligan, 2013, 2014; Murphy et al.,
2022; Reber & Schwarz, 1999; Susser et al., 2013; Undorf et al., 2017), to their encoding
(Hertzog et al., 2003; Koriat & Ma’ayan, 2005) and retrieval (Benjamin et al., 1998; Koriat &
Ma’ayan, 2005; Matvey et al., 2001). To add a layer of complexity, it has also been demonstrated
that individuals’ beliefs about processing ease moderate effects of ease itself (Hertwig et al.,

2008; Miele et al., 2011; Miele et al., 2013).

In sum, current understanding of metacognitive monitoring implicates a complex, multi-
cue process with unclear relations between the numerous factors that influence metacognitive
judgments. Indeed, much of the current work aims to understand and characterize the
contributions of single cues on confidence, and the field moves forward piecemeal. However,
there are researchers advancing knowledge of the interplay between multiple cues: Broder and
Undorf (2019) and Undorf and colleagues (2018) demonstrate that participants combine multiple
manipulated extrinsic cues in the formation of JOLs. Another interesting approach to the study of
multiple cues is derived from Koriat’s (2012) Self-Consistency Model introduced earlier,
wherein it is posited that confidence judgments are the product of the general alignment of the
totality of cues indicating a particular response. If there is general agreement between the cues
for a given item, it will be the case that 1) most participants will provide the same response, and
i1) confidence will generally be high for that response. A number of researchers have
demonstrated such patterns in various cognitive tasks (Boundy-Singer et al., 2023; Brewer &

Sampaio, 2006, 2012; Caziot & Mamassian, 2021).



1.2.2 Characteristics of Control

Modern research has also described characteristics of control processes. For the purpose
of the present thesis, I will focus mainly on two instances of controlled behaviour in
investigations of memory and perception. First, does controlled behaviour, defined specifically to
the subdomain, arise from metacognitive estimates of performance? It seems so: in memory
research, it has been demonstrated that individuals, when given the opportunity, will allocate
their study time based on subjective confidence judgments about their performance (Bjork et al.,
2013; Metcalfe & Finn, 2008; Son & Metcalfe, 2000; for a review, see Finley et al., 2010; and
Metcalfe, 2009). While this generally materializes as participants engaging in more controlled
processing of particularly uncertain items, it should be noted that task demands sometimes erase
or even reverse this pattern (see Metcalfe & Kornell, 2005; Thiede & Dunlosky, 1999). Even in
these apparent counterexamples, however, it is acknowledged that monitoring processes are a
primary determinant of controlled behaviour. Similarly, it has been demonstrated that subjective
confidence judgments drive controlled behaviour in perceptual decision-making tasks (Desender

et al., 2018).

A second ostensible instance of controlled behaviour appears in the work on JOL
reactivity. Several researchers have demonstrated that the act of making JOLs in and of itself
alters ultimate memory performance (see Double & Birney, 2019; Undorf et al., 2024 for
reviews). In the classical example, memory performance in the JOL condition exceeds
performance in the non-JOL condition (Dougherty et al., 2005; Janes et al., 2018; Soderstrom et
al., 2015), suggesting some processing difference by virtue of the requirement to assess one’s
metacognition. Identifying a mechanism by which JOLs affect cognition has proven difficult, as

reactivity is often absent (Kelemen & Weaver, 1997; Benjamin et al., 1998; Tauber & Rhodes,



2012), and occasionally in the opposite direction, where JOLs Ainder memory performance
(Mitchum et al., 2016; Rivers et al., 2021). However, two primary proposed mechanisms persist.
In the Strengthening account (Soderstrom et al., 2015), metacognitive monitoring involves
evaluation of memory cues, and the evaluation of these cues in and of itself strengthens their link
to the response and improves performance. In the Changed-goal account (Mitchum et al., 2016),
JOLs serve as a cue to individuals where best to direct their effort; boosted performance is the
result of this targeted control behaviour. While the definitive mechanism behind JOL reactivity
has not been heretofore arbitrable, some evidence in favour of the Changed-goal account has
mirrored the discussion in the previous section about the effects of explicit, subjective
confidence judgments. Across three experiments, Myers (2024) varies the characteristics of JOLs
(duration, granularity, and required effort) that, under a strengthening account, should increase
the extent to which performance is reactive to them, and finds no such pattern. This is taken as
support of a control account of reactivity, but also as a suggestion that the characteristics of
explicit confidence judgments is largely inconsequential; what matters vis-a-vis JOL reactivity is

that these judgments are made at all.

1.3 Metacognition in Reasoning and Decision-Making

Understanding of metacognitive processes underlying decision-making is partially
derived from understanding of metacognitive processes in other domains, some of which are
elucidated above. While it is often argued that claims about metacognition in any given
subdomain are domain general (McCurdy et al., 2013; Song et al., 2011, but see Fitzgerald et al.,
2017; Fleming et al., 2010) it is critical to understand the decision-making context in which
metacognition operates for full comprehension. Decision-making has long been construed as

arising from two distinct types of cognitive processes (De Neys, 2006a; Evans, 2008; 2010;
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Evans & Stanovich, 2013; Frankish & Evans, 2009; Sloman, 1996). While the exact
characteristics of each type has been a topic of debate (e.g., Keren & Schul, 2009; Melnikoff &
Bargh, 2018), it is generally agreed that Type I processes are autonomous and do not require
resources from working memory, and Type Il processes require working memory resources and

are required to solve problems that require abstraction or mental simulation (Evans & Stanovich,

2013; Stanovich, 2012).

Because of this argued qualitative distinction between Types I and I, numerous example
tasks have been studied which allegedly require Type II processing in order to solve correctly.

For instance, take the following deductive reasoning syllogism:

No animals are dogs.

Some lions are dogs.

Therefore, some lions are not animals.

Conventionally, correct responding to this type of problem requires a participant to evaluate the
logic validity of the statement, which in this case is valid: if one takes the premises as true, the
conclusion must also be true. However, some information is provided that is unrelated to the
logical structure, namely the individual’s belief-based assessment of the semantic content of the
syllogism, which suggests that the syllogism is untrue (i.e., the opposite response). The
traditional dual-process account of individuals’ attempts to answer this type of problem involves
Type I processes favouring the belief-based response (i.e., invalid), while Type II processes
favour the logical response (i.e., valid; Evans et al., 1983; Evans et al., 2001). One account is that
Type I processes complete faster and without the need for working memory resources, and thus

belief-based responses will increase under time pressure (Evans & Curtis-Holmes, 2005) or
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under cognitive load (De Neys, 2006b). Under this account, Type II processing was long held as
superior, as it allowed reasoners to be spared from a number of reasoning failures and biases
thought to be the result of the failure to engage deliberative, Type Il processing (Evans, 2010).
However, it became clear that this distinction was due, at least in part, to the fact that common
laboratory tasks had been generated to create exactly this scenario, and as such, originalist
conceptions of Type II processes as normative were probably fallacious (Evans, 2019). However,
a renewed focus on the value of deliberation has arisen more recently. Lack of deliberation is
implicated in a number of modern, real-world failures of reasoning, including epistemically
suspect beliefs (Lobato et al., 2014), receptivity to bullshit (Pennycook, Cheyne, et al., 2015),
and acceptance of misinformation and fake news (Pennycook & Rand, 2019; for a review, see

Pennycook, 2023).

With renewed focus on the value of analytic of deliberative processing comes a renewed
focus on predictors of the engagement of such processing. Given the evidenced benefits of
analytical processing on consequential, real-world decisions, it is perhaps the most critical
endeavour in the field to understand the circumstances in which it is (and is not) activated.
Correspondingly, much attention has been given to characteristics of reasoners (Frederick, 2005;
Littrell et al., 2020) and reasoning problems (De Neys & Glumicic, 2008) that predict
deliberation, but modern theorizing increasingly includes metacognition as a driving factor in the
switch from intuitive to deliberative processing. Broad theories by Thompson and colleagues
(2011), Pennycook, Fugelsang, and Koehler (2015) and De Neys (2023) explicitly incorporate
monitoring as part of the switch function (see also Ackerman & Thompson, 2017). Interestingly,
all conceive of deliberative, traditionally Type II processing as essentially a control behaviour,

activated by the output of a monitoring system. Under this reality, understanding of meta-
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reasoning systems might be a key to widespread improvement of human decision-making.
However, there are fine differences in the articulated monitoring processes involved in each
model. For example, Thompson and colleagues (2011) propose that Type I, intuitive outputs are
accompanied by a phenomenological Feeling of Rightness which arises from the ease or
difficulty with which an answer sprung to mind. Similarly, Pennycook, Fugelsang, and Koehler’s
model (2015) is generally agnostic vis-a-vis the exact mechanism monitoring but is consistent
with the possibility that a phenomenological sense of confidence probably arises from the
asymmetry between multiple Type I inputs. Perhaps the most thoroughly-articulated account of
monitoring processes in reasoning comes from De Neys (2023). In this proposed model, multiple
competing intuitions are produced by an intuitive System I (see Figure 1), another function of
which is uncertainty monitoring. If there is a large difference in the evidence for two alternative
options, a sense of certainty will be produced (an implication of which is that System II will not
be engaged). If, however, the relative evidence is approximately equal, System I will output a

sense of uncertainty.

Strength

v

t 2 Time

Figure 1. An illustration of monitoring from De Neys (2023). Represented are relative evidence
weights for two competing intuitions (I1 and 12). Evidence initially accumulates in favour of 11
(the traditionally intuitive response), but an uncertainty monitoring system activates deliberation
which in turn accumulates sufficient evidence to supplant that response with 12 (the traditionally
deliberative response).
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There are some natural questions to be raised. For example, are these accounts
reconcilable? The answer seems to be yes: they converge around an account where individuals’
intuitive systems produce multiple competing responses, and the dominant response is output
with an attached evaluation of uncertainty corresponding to the relative evidence at the time of
response. Importantly, this kind of account handles recent challenges to classical dual-process
ideas, such as instances where traditionally second-to-complete Type Il processes interfere with
traditionally first-to-complete Type I processes (i.e., fast logic; Bago & De Neys, 2017; Ghasemi
et al., 2022; Raoelison et al., 2021; Trippas et al., 2017). These models also mirror cue utilization
models of cognition as presented earlier; meta-reasoning, as metamemory, involves the
integration of multiple cues, a metacognitive evaluation of the processing of these cues, and
adaptive control of one’s cognition in order to optimize performance. However, metacognitive
processes in the empirical work underlying these models are near universally measured in
response times or confidence judgments. The logic for inferring metacognitive processes via
response times is as follows: on some trials, participants took longer to respond, so they must
have engaged deliberative processing, and thus they must have felt uncertain. In essence,
processes are inferred by measurement of the product of their product. Alternatively,
metacognition of reasoning is studied by explicit judgment; this raises questions highlighted by
the theoretical and cross-cognitive work above. To wit, do explicit judgments alter the natural
cognitive processes involved in decision-making as they do in other domains? This is one of the

questions to which I hope to provide an answer in the present thesis.

1.4 The Present Investigation

In the present thesis, I aim to assess the degree to which explicit judgments of confidence

affect metacognitive processes in reasoning. Because metacognitive processes have been so
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heavily implicated in modern dual-process theories of decision-making, and because dual-
process theories have been so heavily implicated in numerous consequential, real-life
behaviours, this is a critical step. Throughout, I use a syllogistic reasoning task with the same set
of items for each experiment. This type of task is one of the most common in the field; indeed,
the majority, but not all, of the theoretical claims introduced to this point have been established
in syllogistic reasoning. I use syllogisms instead of other tasks for four main reasons: 1) because
they are the historically dominant task, and my goal is ultimately to provide conclusions that
generalize to the field, i1) they have been demonstrated to be able to differentiate between
intuitive and analytic processing, the latter of which is a common operationalization of
metacognitive control, iii) they have a discernibly correct answer, unlike some other common
reasoning tasks, and iv) as some of our hypotheses make relatively granular claims about item
characteristics, we use a set of items which has been pilot-tested with respect to those

characteristics.

Evaluating the degree to which explicit judgments of confidence affect metacognitive
processes in reasoning is crucial because the link to real-world behaviours implies that the
mechanisms behind reasoning in standard laboratory tasks operate outside of the laboratory as
well. That is, we assume in reasoning that metacognitive monitoring for internal broadcast is no
different than monitoring for external report, in spite of evidence in other domains that this is not
the case. Likewise, we assume that control processes are driven equally by representations of
confidence irrespective of whether those representations are explicit or implicit, in spite of
evidence (e.g., in memory research) that this is not the case. The current thesis thus provides a
critical step towards the evaluation of metacognitive theories of reasoning and their application.

There are also precursor steps to take in the reasoning domain in order to conclusively evaluate
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reasoning comparably to other domains of cognition. As such, the early chapters of this thesis lay
the groundwork through which the main question of explicit representation of confidence can be

assessed.

In Chapter 2, I provide the to-date strongest assessment of the assumption that confidence
judgments are causally related to control behaviour (specifically deliberation) in reasoning. This
has been established to a reasonable degree in other domains, but evidence of causality in
reasoning has proven difficult to come by. I utilize a design originally designed to test a different
hypothesis, but which contained an unanticipated methodological artifact that left it uniquely
able to address causality. In Experiments 1a and 1b, I demonstrate that manipulations of
processing, which leave unaltered characteristics of to-be-processed stimuli, affect confidence
and produce downstream effects on control behaviour that would be expected given a causal
relationship between the two. In Experiments 2a and 2b, I alter this design such that the
processing manipulation is directly of the control behaviour. I show, under a manipulation of
control behaviour, no countereffects on confidence judgments. This pattern of effects is most

consistent with a directionally causal relationship whereby confidence causes deliberation.

In Chapter 3, I identify a model of confidence predicted by various item and processing
characteristics which, I argue, separate meaningfully distinct theoretical predictors of confidence.
Across two experiments, I demonstrate that confidence is a product of 1) individual cues derived
from design characteristics of my chosen items, ii) behavioural variables which correspond to the
totality of cues for any given item, and iii) residual, experiential characteristics of processing.
This model predicts a substantial amount of variance in individuals’ trial-level explicit
confidence judgments. Given the conclusions of Chapter 2, the prescribed conclusion is that

variables affecting confidence thereby also affect the target behaviour of deliberation. The
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specification of such a model, and the separation of theoretically distinct signatures of processing
allows a unique approach to addressing the main question of the present thesis, which I do in

Chapter 4.

In Chapter 4, I test the hypothesis that at least some of the relationship between
confidence and controlled behaviour in reasoning is driven by the requirement for participants to
make an explicit judgment reflective of confidence itself. Constituent to this hypothesis is that
there are monitoring differences depending on whether monitoring is undergone for the purpose
of providing an explicit confidence judgment, or merely for assessing one’s behaviour for the
purpose of optimizing their performance. Given the conclusion in Chapter 2 that confidence is
causally associated with deliberation, monitoring differences can also be assumed to impact the
target behaviour, deliberation, albeit indirectly. To provide an answer to this question, I adapted a
paradigm from studies of metacognition in nonhuman primates to operationalize confidence
implicitly for comparison against a normal, explicit condition. I demonstrate that there are
(small) differences in control behaviour by different operationalizations of confidence and (large)
differences in monitoring. However, monitoring differences on the basis of explicitness of
confidence seems restricted to experiential aspects of processing, rather than differences in

processing item-based cues, in specific or in general.

1.4.1 Transparency and Openness

All experiments contained in the present thesis were reviewed and received ethics
clearance from a University of Waterloo Research Ethics Committee. All exclusions and
transformations are reported for every contained analysis, and analyses that were preregistered
are labelled as such. Data and analysis scripts, as well as links to the preregistrations for

Experiments 1b through 6 can be found at https://osf.io/yvmj7. Data, code, and preregistration
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links are amalgamated in one location, rather than links being provided to the existent Open
Science Framework pages for these experiments in case, at some future point, there are
additional analyses, data, or experiments associated with these projects. This way, the provided

Open Science Framework link will forever be applicable to the present thesis.
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Chapter 2: Does (Under) Confidence Cause Deliberation?

2.1 Introduction

To this point, I have established that monitoring and control processes in reasoning
approximately mirror similar processes in other areas of cognition. However, evidence in favour
of one critical assumption of this work is conspicuously absent. Namely, it is assumed in several
models and accounts of reasoning that deliberation arises specifically because of confidence.
That is, the relationship between confidence and deliberation is thought to be causal in nature,
and the major models in the field depend on this causality, at least implicitly. If, to the point of
this thesis, monitoring processes are impacted by requirements for explicit confidence
judgments, drawing conclusions about controlled behaviour requires one to be certain about
downstream effects of monitoring processes on controlled behaviour. To this end, I will begin by
attempting to establish strong evidence that such behaviour is causally driven by metacognitive
monitoring, a position that is already mainstream. For example, Thompson and colleagues (2011)
claim “...the initial Type 1 output is accompanied by a metacognitive judgment called the FOR,
which, in turn, determines the extent of analytic engagement (p. 134)”’; Pennycook and
colleagues (2015) claim “If a conflict is successfully detected, however, more substantive Type 2
reasoning will be engaged. Thus, conflict detection is a bottom-up source of analytic engagement
(p- 40)”; De Neys (2023), “If there is one intuition that clearly dominates, the strength difference
will be high and no further deliberation will be engaged. In case the differences are more diffuse,

deliberation will likewise be triggered (p. 9-10).”

Despite near universally correlational evidence in support of this claim, it is clear that the
field-wide consensus is that the relationship between confidence (broadly construed) and

deliberative processing is a causal one. I am not making the claim that this supposition is
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unreasonable; contrarily, this supposition is reasonably made on three grounds: 1) there is a large
and reliable correlation between common confidence judgments and measures of deliberation, i1)
it is (perhaps by far) the most parsimonious explanation for this observed relationship, and iii)
metacognitive control claims in other domains are made on empirical evidence that confidence
and control are causally related. Without reasonably strong evidence for causality in the
reasoning and decision-making context, however, it is difficult to advance theories of meta-

reasoning, especially as it pertains to the effects of monitoring processes on behaviour.

If, for example, confidence and controlled behaviour both arise from processing of a
subset of the same stimulus characteristics (e.g., Kiani & Shadlen, 2009), empirical
investigations of meta-reasoning may mimic causality. Empirical efforts to improve decisions via
metacognition may fail, as they may rely on an absent mechanistic link between monitoring and
controlled processes. Worse, they may succeed for hidden reasons, while researchers interpret
them as evidence of interventions on metacognition. Research has been undertaken to address
this possibility outside of a reasoning context, where similar pitfalls lie. In perhaps the best
example, Desender and colleagues (2018) provide evidence that control behaviour in a
perceptual decision-making task is driven by subjective confidence and not by performance.
They had participants perform a colour discrimination task of a number of coloured shapes and
manipulated the variability within the array of shapes on each trial. High variability reduced
confidence, but critically did not worsen performance. Nevertheless, participants chose to review
stimuli more in this condition. The argument is that this information seeking (itself a controlled
behaviour) is causally driven by subjective confidence. The argued theoretical approach

necessary to make this conclusion is to establish a manipulation that affects confidence but not
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performance. It is argued that manipulations which spare performance must also have no effect

on object-level representations.

Is such an approach feasible in reasoning? Almost certainly yes, but an interesting
question remains as to whether the equation of performance is sufficient to claim equality of
evidence in favour of one response over another. Numerous investigations of base-rate task
performance (e.g., De Neys & Glumicic, 2008; Franssens & De Neys, 2009; Pennycook et al.,
2012) have demonstrated participants’ sensitivity to conflict between heuristic and statistical
information even on trials where they ultimately respond in line with the heuristic information.
This suggests there are (at least) two paths to a heuristic response: one path where individuals’
monitoring system fails to detect any conflict, and one where it succeeds but analytic processing
fails to engage anyway. Further yet, individuals will normatively give a heuristic response when
statistical information cues the same response. It is clear from this example that task-level and
metacognitive processes are not equally sensitive to stimulus characteristics; despite different
object-level representations, the same response ensues. It may therefore be the case that fask
performance is not the correct outcome variable for which to control, experimentally or
statistically, in order to separate metacognition from the processing of stimulus characteristics, at
least in reasoning. Further to this logic, it is probably inappropriate to alter item characteristics in
order to evaluate effects on monitoring and, downstream, controlled processes. After all, altered
characteristics may or may not be equally represented in first-order or second-order judgments,

and may be equally likely to directly impact monitoring and control behaviours.

How, then, might one manipulate confidence judgments, for the purpose of assessing
downstream effects on behaviour, without controlling for performance? Perhaps a clue lies in the

standard time course of reasoning. De Neys’s (2023) account of the accumulation of evidence in
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favour of two alternative responses suggests that participants, in an ongoing fashion, accrue
evidence for each possible response. By this logic, forced continuation of processing should
prolong this process and thus alter the relative evidentiary value of each response. Importantly, it
would do this without an alteration to any features of items or stimuli themselves. Such a
possibility is reminiscent of accounts wherein confidence judgments are informed by the
continuing accumulation of evidence post-response (e.g., Van Zandt & Maldonado-Molina,
2004; Yu et al., 2015). These accounts suggest that an enforced delay might, while leaving
stimulus characteristics unaltered, alter the relative evidentiary value between two alternative
choices. In Experiments 1a and 1b, I use this logic to manipulate subjective confidence
judgments in order to test whether these effects produce downstream effects on controlled

behaviour that would be predicted by a causal association between the two.

2.2 Experiment 1a

In Experiment 1a, I test one of the component hypotheses within the hypothesis that
deliberation in reasoning can be causally attributed to metacognition (more specifically,
confidence). Specifically, I test the extent to which a manipulation of confidence produces the
expected downstream effects on deliberation (in the opposite direction, as they are negatively
correlated). Experiment 1a was originally designed to test a hypothesis similar to that in Stewart
and colleagues (2023), namely that an enforced processing delay might act as a cue for difficulty
(and therefore reduce confidence judgments). It became immediately clear that an artifact in the
design rather likely prompted continued accumulation of evidence in favour of one’s chosen
response, as evidenced by a notable increase in confidence. While this left Experiment 1a unable
to address the intended question, it rather conveniently rendered it appropriate to address the

causal relationship between monitoring and control behaviours in reasoning. Because
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Experiment 1 was not originally designed for this purpose and is not preregistered, unlike all

other experiments contained in this thesis, I exactly replicate Experiment 1a in Experiment 1b.

2.2.1 Method

Participants. Thirty-eight undergraduate students from the University of Waterloo (77.4%
female self-identified, Mage = 19.7) participated in exchange for partial course credit. This
sample size was not preregistered, but a post-hoc sensitivity analysis suggests it provides the
power to reliably (80% of the time) detect effect sizes of Cohen’s d = 0.467 using a paired-

samples z-test.

Design. There was one key independent variable in this experiment that had two levels
(Delay vs. No Delay). Each condition had its own block, the order of which was counterbalanced
across participants such that half of the participants saw each block before the other. All
participants completed both conditions (i.e., the manipulation was fully within-subjects). Also
counterbalanced across participants was the order of the response options; for half of
participants, the yes response option appeared on the left half of the screen and the no response
option on the right side, and for the other half of participants this ordering was reversed. The key
dependent variables were FOR (Feeling of Rightness, an intuitive response assessing
participants’ perceptions of the likelihood they responded correctly; Appendix B), Rethinking
Time (time to respond to the second iteration of each problem), and Answer Change (a binary
variable indicating whether an individual’s response changed from their first response to their

second). The latter two variables are designed to capture deliberation.

Stimuli and Apparatus. Stimulus presentation and response were controlled by MATLAB

2014b using Psychophysics Toolbox 3.0.12 (Brainard, 1997; Kleiner et al., 2007). The stimuli

23



consisted of 48 individual syllogisms, which varied systematically in terms of their type
(categorical vs. conditional), validity, and believability of their premises and conclusions (Solcz,
2011). These stimuli have been pilot-tested regarding the extent to which their premises and
conclusions are believable; each item has an associated believability rating for each of its
premises and its conclusion (three in total). Both of the premises of an item are always both
believable or both unbelievable. Appendix A displays the items and their associated piloted

believability values.

Procedure. Participants were recruited through the University of Waterloo participant
pool and completed the experiment in-person in a designated testing room. Participants began by
reading the consent and information form and indicating their desire to participate. Before
beginning the to-be-analyzed trials, participants completed three practice syllogisms. Participants
provided two responses and a confidence (FOR) judgment on each trial. Each response to each
syllogism required them to choose “yes” if they determined that the syllogism was logically
valid, and “no” if they determined that the syllogism was not logically valid. On the first
response they gave, it was emphasized that participants were to answer as quickly as possible,
and on the second response, they were instructed to take their time to ensure they gave the
correct response. Each response to each syllogism was given using the mouse to click their
desired response option (i.e., yes or no). The response options were equidistant (~450 pixels)
from the centre of the screen, and the cursor reset to the vertical and horizontal centre of the
screen before each response. On No Delay trials, the mouse operated as normal; on Delay trials,
it was slowed to a speed of three pixels per frame (instituting a delay of approximately three
seconds in choosing a response). Importantly, the syllogism remained on screen while the mouse

was moving, irrespective of its speed. FOR judgments were given using the 1-7 keys on the
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keyboard, after which participants responded to the syllogism a second time. During the second
response, the mouse always moved at normal speed. This procedure was repeated for all 48
syllogisms (one block of 24 Delay trials and one block of 24 No Delay trials, in a random order),

and then participants indicated their age and biological sex to complete participation.

2.2.2 Results

All data analysis and visualization was completed in the R programming language (R
Core Team, 2017) with the assistance of add-on packages (see: BayesFactor [Morey & Rouder,
2024]; ez [Lawrence, 2016]; gghalves [Tiedemann, 2022]; Isr [Navarro, 2015]; plyr [Wickham,
2011]; psych [Revelle, 2024]; tidyverse [Wickham et al., 2019]), and with data visualization
guidance from van Langen (2020). All analyses were carried out with an a of .05, and #-tests are
complemented with Bayesian ¢-tests using a standard default prior width of ¥2/2 (Morey &
Rouder, 2011). Outliers were addressed at the individual level. That is, each individual
participant’s trials with an RT Z-score (for either their first or second response) of greater than 3
compared with that participant’s other trials were removed from analysis, and individuals whose
first or second RT was a Z-score greater than 3 from the overall participant mean were also
removed from analysis. This resulted in the removal of 21 trials (1.15% of trials) which were
outliers at the first response and 31 trials (1.70% of trials) which were outliers at the second
response. No participants were removed from analysis, and as such all analyses are based on the

full sample of 38 participants.

The main set of analyses test the effect of the delay manipulation on measures of
confidence (namely FOR) and, in turn, reflection (namely Rethinking Time and Answer
Change). First, there was a statistically significant effect of the delay manipulation on FORs

(Figure 2), #37) =3.09, p=.004, d = 0.50, BF19 = 9.64, such that FORs were higher when there
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was a delay (M = 5.24, SD = 0.90) than when there was not (M =4.90, SD = 1.10). This is the
unexpected effect mentioned above, and while I am generally agnostic to the reason that a delay
like the one implemented here might inflate confidence, there are clues that narrow down the
mechanism. For example, it is necessary that the syllogism remain on screen while the delay
occurs for this effect to exist (Stewart et al., 2023). It is therefore very likely the case that
enforced continued processing extends evaluation of the syllogism along its trajectory. In any
case, an account wherein confidence causally affects deliberation, as is often presumed in the
literature, predicts that an increase in FORs should produce a decrease in deliberation. Instead, I
observe neither a statistically significant effect on Rethinking Time (Figure 3; Mp = 10.30s, SDp
=6.15s, Mnp = 10.72s, SDnp = 5.90s), #(37) = 0.57, p=.572,d=0.09, BFo1 = 10.80, nor
Answer Change (Figure 4; Mp = 17.48%, SDp = 11.24%, Mxp = 17.15%, SDnp = 12.80%), #(37)
=0.17, p=.869, d=0.02, BFo1 = 5.65. While both effects are descriptively in the same direction
of what would be predicted by a causal relationship between FOR and deliberation, the effects
are too small to be detected by traditional hypothesis testing. Additionally, Bayesian analysis
suggests evidentiary favour of the null hypothesis in both cases. That is, Experiment 1a calls into

question the causal nature of this relationship.
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Figure 2. Feeling of Rightness (FOR) by Delay condition. Each pair of points represents an
individual participant. Box plots display the mean and the first and third quartiles, and the
whiskers extend 1.5 times the interquartile range beyond the first and third quartiles.
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Figure 3. Rethinking Time by Delay condition. Each pair of points represents an individual
participant. Box plots display the mean and the first and third quartiles, and the whiskers extend
1.5 times the interquartile range beyond the first and third quartiles.
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Figure 4. Answer Change by Delay condition. Each pair of points represents an individual
participant. Box plots display the mean and the first and third quartiles, and the whiskers extend
1.5 times the interquartile range beyond the first and third quartiles.

Exploratory Analyses. Although the main analyses of Experiment 1a cast uncertainty on
whether FORs and deliberation are causally related, they can only suggest a noncausal model if
the two variables are still correlated (as they usually are in the literature). Otherwise, perhaps
these results are due to random chance. To test this, within-subjects correlations were computed
for each participant between FOR and Rethinking Time, which was significantly different from
zero (r =-.40), 1(37) = 11.84, p < .001, d = 1.92, BF 1o = 1.89 x 10'!. That is, it is not the case that
by random chance FOR and Rethinking Time are uncorrelated, but simply that that correlation
does not lend itself to a causal account of the relationship between them. Similarly, FORs were
higher for unchanged answers (M = 5.27, SD = 0.87) than for changed answers (M = 3.86, SD =
1.01), #35)=13.00, p <.001,d=2.17, BF1o = 1.14 x 10'2. Note that two participants never
changed an answer from Time 1 to Time 2 and are thus excluded from this analysis. These results

suggest a normal pattern of relationships between FOR and deliberation, but another common
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observation in reasoning is that FORs themselves are based on RT at time 1. This is true here as
well, as the average within-subjects correlation between RT and FOR (» = -.14) was significantly
different from zero, #(37) = 3.73, p <.001, d = 0.61, BF10 = 46.35. In sum, though a manipulation
which affects FORs does not produce the predicted effects on deliberation, casting doubt on

whether they are causally related, the data otherwise match what would be anticipated.

Another way one can test how representative these data are is to examine factors that
affect FORs, as there are predictable patterns with respect to how item characteristics (e.g.,
syllogism believability and validity) affect metacognitive judgments like confidence. FORs were
higher when syllogisms were valid (M = 5.21, SD = 0.99) as opposed to invalid (M =4.93, SD =
0.98), #(37) =3.10, p =.004, d = 0.50, BF10 =9.75. They were higher for syllogisms that were
conditional (M =5.25, SD = 0.97) than syllogisms that were categorical (M = 4.89, SD = 1.05),
t(37)=3.13, p=.003,d=0.51, BFi0 = 10.59. A Premise Believability x Conclusion
Believability ANOVA revealed that both Premise Believability, F(1, 37) =21.08, p <.001, #°, =
.025, BF 10 = 386.69 and Conclusion Believability, F(1, 37) =5.02, p =.031, #°¢ = .008, BF0 =
1.2 impacted FORs such that believable premises and conclusions were associated with higher
FORs. The Premise x Conclusion Believability interaction was not statistically significant, F(1,

37)=2.06, p =.160 n°g = .003, BFo1 =2.25.

2.2.3 Discussion

The results of Experiment 1a cast doubt on the notion that the relationship between
confidence (in this case, FOR) and deliberation is a causal one because a manipulation that
affects confidence does not produce downstream effects on deliberation. In that case, the
mechanistic process that produces this relationship is unclear. It is plausibly the case that both

FORs and deliberations are behaviours that arise from the same order of computation within the
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task space. That is, FORs are produced by the processing of several aspects of the items
themselves, as depicted in the last set of exploratory analyses. Could it be the case that
deliberation arises in a similar fashion from the same or a similar set of predictors? That is, could
the cognitive system derive both a signature of the likelihood that one has answered correctly
and an indicator that more or no more processing is needed from the same set of representations
(or, at least, representations all at the same level or processing)? This seems reasonable, but it is a
large claim to make on the basis of a small, non-preregistered study whose aim was originally to
test a different hypothesis. For this reason, Experiment 1b is a larger, preregistered, exact

replication of Experiment 1a.

2.3 Experiment 1b

In Experiment 1b, I directly replicate Experiment 1a, but with a much larger sample and
with preregistered hypotheses and analysis plan. Once again, I am testing the extent to which
factors that impact confidence produce the expected downstream effects on deliberation. In
Experiment 1a, a manipulation that affected confidence did not produce any detectable effects on
deliberation, casting doubt on this claim. This would be problematic for large portions of the

meta-reasoning literature, as causality is often assumed, if not directly stated.

2.3.1 Method

Participants. Eighty-five undergraduate students from the University of Waterloo (76.2%
female self-identified, Mage = 20.2) participated in exchange for partial course credit. A sample-
size of 84 was preregistered and yields approximately 95% power to detect an effect size of d =

40.
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Design. Experiment 1b was an exact replication of Experiment 1a. Like Experiment 1a,
there was one key independent variable that had two levels (Delay vs. No Delay). Each condition
had its own block, the order of which was counterbalanced across participants such that half of
participants saw each block before the other. All participants completed both conditions (i.e., the
manipulation was fully within-subjects). Also counterbalanced across participants was the order
of the response options; for half of participants, the yes response option appeared on the left half
of the screen and the no response option on the right side, and for the other half of participants
this ordering was reversed. The key dependent variables were FOR (a measure of confidence that
the participant has correctly responded, measured on a 1-7 scale?), Rethinking Time (time to
respond to the second iteration of each problem), and Answer Change (a binary variable

indicating whether an individual’s response changed from their first response to their second).

Stimuli and Apparatus. Stimulus presentation and response was controlled by Octave
4.4.1 using Psychophysics Toolbox 3.0.12 (Brainard, 1997; Kleiner et al., 2007). The stimuli

were the same as in Experiment 1a (Appendix A).

Procedure. Participants were recruited through the University of Waterloo participant
pool and completed the experiment in-person. Participants began by reading the consent and
information form and indicating their desire to participate. Before beginning the to-be-analyzed
trials, participants completed the same three practice syllogisms as in Experiment 1a. Participants
provided two responses and a confidence (FOR) judgment on each trial. Each response to each
syllogism required them to choose “yes” if they determined that the syllogism was logically

valid, and “no” if they determined that the syllogism was not logically valid. On the first

' The preregistration states that FOR will be measured on a 100-point scale. At some point before data collection, I
decided it was best that Experiment 1b be an exact replication of Experiment 1a. In error, the preregistration was not
updated to reflect this. The rest of the preregistration, however, applies as normal.
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response they gave, it was emphasized that participants answer as quickly as possible, and on the
second response, they were instructed to take their time to ensure they gave the correct response.
Each response to each syllogism was given using the mouse to click their desired response
option (i.e., yes or no). The response options were equidistant (~450 pixels) from the centre of
the screen, and the cursor reset to the vertical and horizontal centre of the screen before each
response. On No Delay trials, the mouse operated as normal; on Delay trials, it was slowed to a
speed of three pixels per frame (instituting a delay of approximately three seconds in choosing a
response). Importantly, the syllogism remained on screen while the mouse was moving,
irrespective of its speed. FOR judgments were given on a seven-point scale by button press
(Appendix B), after which participants responded to the syllogism a second time. During the
second response, the mouse always moved at normal speed. This procedure was repeated for all
48 syllogisms (one block of 24 Delay trials and one block of 24 No Delay trials), and then

participants indicated their age and biological sex to complete participation.

2.3.2 Results

All data analysis and visualization was completed in the R programming language (R
Core Team, 2017) with the assistance of add-on packages (see: : BayesFactor [Morey & Rouder,
2024]; ez [Lawrence, 2016]; gghalves [Tiedemann, 2022]; Isr [Navarro, 2015]; plyr [Wickham,
2011]; psych [Revelle, 2024]; tidyverse [Wickham et al., 2019]), and with data visualization
guidance from van Langen (2020). All analyses were carried out with an a of .05, and #-tests are
complemented with Bayesian #-tests using a prior width of @ = .2. Eighty percent of this prior
distribution corresponds to effect sizes between -.59 and .59 (see Schmalz et al., 2023), which is
the upper bound of the 60% confidence interval of the Cohen’s d effect observed in the to-be-

replicated experiment. Outliers were addressed at the individual and at the overall level. That is,
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each individual participant’s trials with an RT Z-score (for either their first or second response)
of greater than 3 compared with that participant’s other trials were removed from analysis, and
individuals whose mean value on any other variable of interest was a Z-score greater than 3 from
the overall participant mean were also removed from analysis. This resulted in the removal of 43
trials (1.03% of trials) which were outliers at the first response and 64 trials (1.53% of trials)
which were outliers at the second response. One participant was removed from analysis for being
an outlier with respect to Rethinking Time, leaving 84 participants. All following analyses are

based on these 84 participants.

Preregistered Analyses. 1 first analyze the effect of the delay manipulation on measures of
FORs and, in turn, reflection (as approximated by Rethinking Time and Answer Change). FORs
were greater when there was a delay (M =4.79, SD = 1.01) then when there was not (M = 4.62,
SD =0.98), #(83)=2.45, p=.017,d=0.27, BF1o = 3.32 (Figure 5). This is a replication of the
same effect in Experiment 1a, although noticeably smaller. However, the crucial question is
whether once again this effect is accompanied by the absence of an offsetting effect on measures
of deliberation. This time, there is a statistically significant effect on Rethinking Time (Figure 6),
#(83)=2.14, p=.035,d =0.23, BF10 = 1.96, such that Rethinking Time was lower when there
was a delay (M = 13.25s, SD = 7.10s than when there was no delay (M = 14.66, SD = 7.91s).
There was not, however, a statistically significant effect on Answer Change (Figure 7; Mp =
17.48%, SDp = 12.49%, Mnp = 20.37%, SDnp = 11.20%), #(83) = 1.94, p =.056, d = 0.21, BF10
= 1.44. While both effects are in the predicted direction and approximately the same size (and
approximately equal to the effect on FORs), only one reaches statistical significance. Ultimately,
it feels a reasonable conclusion to suggest that in Experiment 1b, unlike Experiment 1a, the

effect of the delay manipulation on FORs is matched by effects on deliberation. That is, the two
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experiments are qualitatively dissimilar, and the preregistered one with a larger sample is

generally consistent with the view that FORs cause deliberation.
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Figure 5. Feeling of Rightness (FOR) by Delay condition. Each pair of points represents an
individual participant. Box plots display the mean and the first and third quartiles, and the
whiskers extend 1.5 times the interquartile range beyond the first and third quartiles.
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Figure 6. Rethinking Time by Delay condition. Each pair of points represents an individual
participant. Box plots display the mean and the first and third quartiles, and the whiskers extend
1.5 times the interquartile range beyond the first and third quartiles.
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Figure 7. Answer Change by Delay condition. Each pair of points represents an individual
participant. Box plots display the mean and the first and third quartiles, and the whiskers extend
1.5 times the interquartile range beyond the first and third quartiles.
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Exploratory Analyses. Exploratory analyses were conducted to mirror those conducted in
Experiment 1a. The average within-subject correlation between FOR and Rethinking Time (7 = -
42) was statistically significant, #(83) = 18.18, p <.001, d = 1.98, BF1o = 8.83 x 10%. FORs for
trials on which participants changed their answers (M = 3.39, SD = 1.08) were significantly
lower than FORs for trials where participants did not change their answers (M =4.99, SD =
0.91), 1(82) = 18.03, p <.001, d = 1.98, BF 10 = 3.42 x 10?°. One participant never changed their
answer over the course of the experiment and has been excluded from this analysis. The average
within-subjects correlation between RT and FOR was significant (r = -.15), #(83) = 6.16, p <

.001,d=0.67, BF1o=285,943.

As in Experiment 1a, I test the effects of various item characteristics on FORs. FORs
were again higher when syllogisms were valid (M =4.92, SD = 0.95) as opposed to invalid (M =
4.49, SD =0.99), #(83) = 8.07, p <.001, d = 0.86, BF19 = 4.24 x 10%. They were higher for
syllogisms that were conditional (M = 4.85, SD = 0.95) than syllogisms that were categorical (M
=4.57,8D =1.02), #83) =4.55, p<.001,d=0.50, BFip =784.12. A Premise Believability x
Conclusion Believability ANOVA revealed that both Premise Believability, F(1, 83) = 77.66, 1’
=.045, BF10 = 1.90 x 10'? and Conclusion Believability, F(1, 83) =27.48, #°; = .014, BFjo =
663.23 impacted FORs such that believable premises and conclusions were associated with
higher FORs. The Premise x Conclusion Believability interaction was not statistically

significant, F(1, 83)=1.98, p =.163, y°¢, =.001, BFo; = 1.27.

Experiment 1a and Experiment 1b yield essentially opposite conclusions vis-a-vis the
nature of the relationship between FORs and deliberation. In Experiment 1a, a manipulation that
produces a statistically significant effect on FORs produces a much smaller effect on

deliberation. In Experiment 1b, both effects are roughly equivalent (however, only one of two
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candidate effects on deliberation reaches statistical significance). That said, the effects are all
directionally consistent across experiments. As such, I repeat the main analyses with the
combined data from both experiments to estimate these effects with the full available data. In the
combined data, FORs were greater when there was a delay (M =4.93, SD = 1.00) than when
there was not (M =4.71, SD =1.02), ((121) =3.76, p <.001, d = 0.34, BFio = 87.55 (Figure 8).
Rethinking Time was lower when there was a delay (M = 12.33s, SD = 6.93s) than when there
was No Delay (M = 13.44s, SD = 7.54s), t(121) =2.17, p=.032, d = 0.20, BF10 =2.00 (Figure
9). There was no statistically significant effect on Answer Change (Figure 10; Mp = 17.48%, SDp
=12.07%, Mxp = 19.37%, SDxp = 11.76%), t(121) = 1.57, p=.120,d = 0.14, BFo = 1.22.
Because the effect of the manipulation on FORs also produces opposite effects on at least one of
the measures of deliberation (and directionally similar effects on both), I take this as evidence in

support of the hypothesis that the two are causally related.
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Figure 8. Feeling of Rightness (FOR) by Delay condition. Each pair of points represents an
individual participant. Box plots display the mean and the first and third quartiles, and the
whiskers extend 1.5 times the interquartile range beyond the first and third quartiles. Darker
slopes indicate data from Experiment 1a.
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Figure 9. Rethinking Time by Delay condition. Each pair of points represents an individual
participant. Box plots display the mean and the first and third quartiles, and the whiskers extend
1.5 times the interquartile range beyond the first and third quartiles. Darker slopes indicate data
from Experiment 1a.
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Figure 10. Answer Change by Delay condition. Each pair of points represents an individual
participant. Box plots display the mean and the first and third quartiles, and the whiskers extend
1.5 times the interquartile range beyond the first and third quartiles. Darker slopes indicate data
from Experiment 1a.
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2.3.3 Discussion

In Experiment 1b, I show evidence for a causal relationship between confidence (as
measured by FOR judgments) and deliberation; specifically, a manipulation that increases
confidence in the aggregate decreases Rethinking Time in the aggregate. Answer Change also
decreases, but to a level that fails to reach statistical significance in a standard analysis. These
results are somewhat inconsistent with the results of Experiment 1a, wherein there was not a
detectable effect on either measure of reflection. It is difficult to establish a reason the results
from these experiments differ, but inspection of Figures 9 and 10 provides a suggestion that there
was overall less reflection in Experiment 1a than in Experiment 1b. Perhaps the difference is
random; perhaps the cause is invariance in the variables capturing deliberation, but in any case, it
raises the question of which set of results to believe; given the larger sample and preregistered
nature of Experiment 1b, it seems the easy choice. Additionally, the effects of the manipulation
on confidence and both measures of deliberation are approximately the same in Experiment 1b
(effect sizes ranging from d = 0.21 to d = 0.27), while they vary wildly in Experiment 1a
(ranging from d = 0.02 to d = 0.50). Alternatively, one could evaluate Experiments 1a and 1b in
tandem. The combined results are largely consistent with the results of Experiment 1b, but also
the results of Experiment 1a themselves are directionally consistent with the results of
Experiment 1b. That is, any way one slices it, the results are relatively consistent with a causal
account of the relationship between FOR and deliberation. Not to mention, deliberation is
multiply determined, not solely by confidence. In some ways, it is unsurprising that the effects

on deliberation are smaller than those on confidence.

Unclear is the actual mechanistic effect the delay manipulation has on confidence and the

reasoning process. Recall that, for the delay to affect confidence, the syllogism must remain on-
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screen while the delay occurs (Stewart et al., 2023). One can think of reasoning as a process of
accumulating evidence in favour of the two alternative options. I will explore an Evidence
Accumulation account of the metacognition of reasoning in more depth in Chapter 3. In at least
some cases, evidence strength for one’s ultimate choice will be increasing relative to the
ultimately unchosen choice (i.e., they will be diverging) at the time of a decision. A delay on
deciding, if indeed that is what the delay is doing, may result in further divergence between
alternative choices and increased confidence in the resultant judgment. Though I have no direct
evidence for any mechanism, this is the kind of explanation I favour, as it is consistent with the
results herein and also with modern major theories of dual-process reasoning (see De Neys,
2023). However, there are some interesting corollaries to this kind of account; for example, what
if the relative evidence for two alternative choices is converging at the time of a decision? One
would predict that an enforced delay would, via extending the accumulation of evidence along its
trajectory, actually decrease confidence, a pattern that is apparent for some participants in both
Experiments 1a and 1b. If there are individual differences that predict, say, the order in which
cues are processed such that some individuals generally have converging patterns of evidence
strength, a delay manipulation will repeatably decrease their confidence (as measured by
Feelings of Rightness). These are interesting questions, but not the focus of the present thesis. In
any case, the delay manipulation prompts additional pre-response accrual of evidence in favour
of each possible response. While this is by some standards (e.g., the one set by Desender et al.,
2018) enough to establish causality, it also should be the case that manipulations affecting the
outcome variable do not impact the argued causal variable. That is, it is still theoretically
possible, given the results of Experiments 1a and 1b, that the manipulation is really of task-level

representations. I address this possibility in Experiments 2a and 2b.

41



2.4 Experiment 2a

In Experiments 1a and 1b, I tested one component hypothesis to the claim that FOR
causally affects deliberation: that manipulations affecting FORs also affect deliberation, for
which I find evidence (although somewhat mixed evidence). This is a necessary but not
sufficient condition to establish causality; there are plausible models where the delay
manipulation in Experiment la simply altered the processing of the feature space and this
impacted both confidence and deliberation in the same way. That is, it is still plausible that
confidence and deliberation are behaviours at the same level (i.e., based on the same inputs),
rather than one being caused by the other (i.e., confidence being an input to deliberation).
However, there is a relatively simple prediction that can exclude this kind of account: any
manipulation that targets deliberation should not impact FORs. If one can demonstrate that
deliberation is directly manipulatable and that successful manipulations of deliberation do not
also affect confidence, it would rule out at least some of this family of counterclaims. There are
several possible candidate manipulations one could employ, but one possibility allows for the use
of a very similar manipulation to that of Experiments 1a and 1b. While the delay to the speeded
response used above results in forced extended processing prior to a response, delays — or
otherwise increased processing time — have also been used to directly increase the degree of
analytical processing that is deployed (Evans & Curtis-Holmes, 2005; Evans, 2019). Using this
logic, I target deliberation directly (independent of confidence judgments) by using a very
similar methodological approach to before but with the exception of restricting the delay to the

time following an initial response — but still before confidence judgments are made.

42



2.4.1 Method

Participants. Forty-two undergraduate students from the University of Waterloo
participated in exchange for partial course credit. Demographic information for this experiment
is not available. This sample size was preregistered based on a power analysis conducted in
G*Power 3 (Faul et al., 2007)%. A simulation-based sensitivity analysis conducted in the R
programming language using the Superpower add-on package® indicates that this sample size

provides approximately .8 power to detect effect sizes of #°, = .012 or greater.

Design. There was one key independent variable that had three levels (Delay vs. Empty
Delay vs. Exposure Delay). Trial types were randomly intermixed, and it was randomly
counterbalanced across participants which third of items were assigned to each condition such
that each third of items appeared equally often in each condition. All participants completed
trials of all three types (i.e., the manipulation was fully within-subjects). Also counterbalanced
across participants was the order of the response options; for half of participants, the yes
response option appeared on the left half of the screen and the no response option on the right
side, and for the other half of participants this ordering was reversed. The response key
associated with each option was similarly counterbalanced. The key dependent variables were
FOR (Feeling of Rightness, a measure of confidence that the participant has correctly responded,
measured on a 7-point scale) and Answer Change (a binary variable indicating whether an

individual’s response changed from their first response to their second).

21 no longer do power analysis using G¥*Power because I believe it sometimes introduces error for studies including
many trials and within-subjects manipulations (see Giner-Sorolla et al., 2024 for a broad overview). As such, rather
than reporting the details of a (potentially imprecise) power analysis, I conduct a better-founded sensitivity analysis,
which assesses the size of effect we can detect at this sample size and desired power level. This is more consistent
with other experiments in this thesis.

8 This sensitivity analysis was conducted based on 10,000 simulations using the means and standard deviations of
the comparison of FOR across delay conditions in Experiment 1b, using the actual cross-condition correlation of » =
.79.
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Stimuli and Apparatus. Stimulus presentation and response was controlled by MATLAB
2014b* using Psychophysics Toolbox 3.0.12 (Brainard, 1997; Kleiner et al., 2007). The stimuli
consisted of 48 individual syllogisms, which varied systematically in terms of their type
(categorical vs. conditional), validity, and believability of their premises and conclusions (Solcz,

2011). The stimuli are again the same stimuli as in the previous experiments (Appendix A).

Procedure. Participants were recruited through the University of Waterloo participant
pool and completed the experiment in-person in a designated testing room. Participants began by
reading the consent and information form and indicating their desire to participate. Before
beginning the to-be-analyzed trials, participants completed three practice syllogisms. This
experiment utilized the same two-response paradigm as the previous experiments wherein
participants responded twice to each syllogism, first speeded and then unspeeded. Between the
two responses, they gave a FOR judgment. This time, participants responded to each syllogism

using the keyboard, pressing the ‘1’ or ‘3’ key to respond in either the affirmative or negative.

On No Delay trials, the experiment proceeded immediately to the FOR judgment when
participants gave their response to the first iteration of each problem. On Empty Delay trials, a
three second delay (to approximately match the length of the delays in Experiments 1a and 1b)
was added prior to the appearance of the FOR question, during which the syllogism was removed
from the screen. On Exposure Delay trials, an equal length delay was added during which the
syllogism remained on screen. Critically, the delay in all cases occurs after a participant has

responded to the syllogism but before they have given a FOR judgment. This procedure was

4 Eagle-eyed readers may notice a shift back to collecting these data in MATLAB (after switching to Octave in
Experiment 1b). In the interest of full disclosure, Experiment 1b was conducted after Experiment 2a, but ordered
such that it appears in this thesis next to the study it is replicating. I have moved to collecting data in Octave in
favour of open science, as it is an open-source software available without a licensing fee.
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repeated for all 48 syllogisms (16 syllogisms of each trial type). Because the delay occurs after
the selection of a response, it allows for the possibility that the given response is accompanied by
a Feeling of Rightness based on the evidence at the time of response. In this case, a delay might
prompt deliberation in absence of an effect on confidence. If deliberation and Feelings of
Rightness both arise from the same stimulus processing characteristics, we must expect them to
be affected by the manipulation in opposite directions (or, of course, not at all). Conversely, if
deliberation is a causal product of confidence, any direct manipulation of deliberation need not

retroactively impact confidence.

2.4.2 Results

All data analysis and visualization was completed in the R programming language (R
Core Team, 2017) with the assistance of add-on packages (see: BayesFactor [Morey & Rouder,
2024]; ez [Lawrence, 2016]; gghalves [Tiedemann, 2022]; Isr [Navarro, 2015]; plyr [Wickham,
2011]; psych [Revelle, 2024]; tidyverse [Wickham et al., 2019]), and with visualization guidance
from van Langen (2020). All analyses were carried out with an a of .05, and are complemented
with Bayesian analyses using a standard default prior width of \2/2 (Morey & Rouder, 2011).
Outliers were addressed at the individual level. Each individual participant’s trials with an RT Z-
score (for either their first or second response) of greater than 3 compared with that participant’s
other trials were removed from analysis, and individuals whose first or second RT was a Z-score
greater than 3 from the overall participant mean were also removed from analysis. This resulted
in the removal of 21 trials (1.06% of trials) which were outliers at the first response and 28 trials
(1.42% of trials) which were outliers at the second response. One participant was removed for
withholding a response to too many trials (they only had five trials on which they provided a

response). All analyses are based on the resultant 41 participants.
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Preregistered Analyses. There was no statistically significant effect of the delay
manipulation on FORs (Figure 11), F(2,80) = 0.32, p =.730, °; = .00, BFo1 = 17.53. There was,
however, a statistically significant effect of the delay manipulation on Answer Change (Figure
12), F(2,80) =3.88, p =.032, n°y = .025, BF10 = 1.41, but note that the accompanying Bayesian
analysis suggests essentially equal evidence for a non-effect. Follow-up paired-samples z-tests
were conducted to investigate the significant omnibus Answer Change ANOVA, and they
revealed that answers were changed more often in the Exposure Delay Condition (M = 27.41%,
SD = 16.05%) than in the No Delay condition (M = 27.41%, SD = 16.05%), #(40) =2.80, p =
.008, d = 0.44, BF10 = 5.49. Answer Change was not greater than in the Empty Delay condition
(M=22.77%, SD = 12.35%), t(40) = 1.52, p = .137, d = 0.28, BF¢1 = 1.07, and nor did the No
Delay and Empty Delay conditions differ from one another, #40) = 1.19, p = .240, d = 0.19, BF,
= 1.41. Note that the mirroring analyses with Rethinking Time were not preregistered as they are
difficult to interpret. All trials in the Exposure Delay condition have three seconds more time
with the syllogism after an initial response is given. If one included this time in Rethinking Time,
there would be an enormous effect, but it would obviously be spurious. However, measuring
Rethinking Time as normal and analyzing it across conditions might exclude some genuine
deliberation that happens while the syllogism remains on-screen during the delay. As such, this
analysis is not treated as a main one for the current experiment. The average within-subject
correlation between FOR and Rethinking time was approximately the same as in the previous
experiments (» = -.31), and was once again significant, #(40) = 14.24, p <.001, d = 2.22, BFjp =
1.89 x 10'*. The average within-subjects correlation between Response Time and FORs (7 = -.16)

was also statistically significant, #(40) = 5.29, p <.001, d = 0.83, BF10 = 4,058. FORs were also
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lower for answers that were changed (M = 3.62, SD = 1.01) than those that were not changed (M

=4.62, SD = 0.69), (40) = 8.20, p < .001, d = 1.28, BF10=9.66 x 10°.
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Figure 11. Feeling of Rightness (FOR) by Delay condition. Each connected set of points
represents an individual participant.
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Figure 12. Answer Change (%) by Delay condition. Each connected set of points represents an
individual participant.

Exploratory Analyses. First, I mirrored the above tests with respect to Rethinking Time.

There was no statistically significant effect of the delay manipulation on Rethinking Time,
F(2,80) = 1.04, p = .358, °; = .002, BFo1 = 9.29. Note that, because approximately three seconds
is added to every Delay trial and there is no statistically significant effect here, any rethinking
while the delay is occurring would indicate there being more deliberation overall in the Delay
condition. As in Experiments 1a and 1b, the various item characteristics predictably impact FOR
judgments. FORs were again higher when syllogisms were valid (M = 4.44, SD = (0.76) as
opposed to invalid (M =4.31, SD =0.72), #(40) =2.21, p=.033,d=0.35, BFio=2.14. They
were higher for syllogisms that were conditional (M =4.53, SD = 0.74) than syllogisms that were
categorical (M =4.22,SD =0.77), t(40) =4.08, p <.001, d =0.64, BFio = 84.20. A Premise
Believability x Conclusion Believability ANOVA revealed that both Premise Believability, F(1,
40) =31.08, p < .001, #°s = .069, BF19 = 44,929 and Conclusion Believability, F(1, 40) = 13.31,
p <.001, n°g=.031, BF 19 = 29.08 impacted FORs such that believable premises and conclusions
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were associated with higher FORs. The Premise x Conclusion Believability interaction was not

statistically significant, F(1, 40) = 1.15, p = .289, °; = .002, BF; = 1.63.

2.4.3 Discussion

In Experiment 2a, I demonstrate, with a very similar manipulation to that in Experiments
la and 1b, that it is possible to manipulate reflection without impacting confidence. In this case,
different than the previous experiments, reflection is operationalized only as answer change,
which is both necessary and problematic. It is necessary because the manipulation makes it
impossible to know when one starts deliberating on a previous choice. However, there is a
suggestion in the data that it begins while the syllogism remains on-screen during the enforced
delay, namely that the Empty Delay does not differ vis-a-vis any dependent variable from the No
Delay condition. That is, it is the presence of the syllogism onscreen that prompts deliberation,
and so one can argue that means deliberation begins during the delay. If that is true, it is certainly
the case that more rethinking takes place in the Exposure Delay condition than in the other two

conditions, despite the absence of a hypothesis test to this effect.

Most critically, it is possible to increase deliberation without an opposite effect on
confidence. This is a critical portion to the argument that confidence causes reflection. If current
accounts are based on, for example, a reality where both confidence and deliberation arise from
the same stimulus space, the results of Experiment 2a are very unlikely. I will discuss how it
could still be possible in the Chapter 2 Discussion, but to this point, I take the current experiment
as evidence to pre-empt this claim. However, Experiment 2a provides, at times, somewhat weak
statistical evidence for this claim. Although it is preregistered unlike Experiment 1a, it is based
on a somewhat small sample size and as a result, rests on middling evidence. As a result, |

replicate Experiment 2a in a larger sample in Experiment 2b.
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2.5 Experiment 2b

In Experiment 2a, I provide evidence that manipulations of deliberation do not
necessarily also impact confidence. I argue this is helpful to make a causal claim about the
relationship between these two variables, as it is even less likely in light of these data that this
relationship is due to each arising from characteristics of processing the stimuli themselves.
However, like Experiment 1a, the evidence for this claim is somewhat weak; effects hover
around significance and accompanying Bayesian analyses indicate no strong evidence in either
direction. Additionally, there are three levels to the independent variable and while this perhaps
allows greater insight into the potential mechanism at play, it is neither necessary nor helpful to
answer the specific question being asked. Regardless of whether it is necessary for stimuli to
remain on screen during the delay, the critical point is that the delay impacts deliberation. As a
result, in Experiment 2b I remove the disjunction between Empty and Exposure Delays. For
these reasons, Experiment 2b was conducted with a larger sample size and simplified design to
hopefully increase the strength of evidence that manipulations affecting deliberation do not affect

confidence.

2.5.1 Method

Participants. One hundred and four undergraduate students from the University of
Waterloo participated in exchange for partial course credit (75.0% female self-identified, Mage =
19.4). A sample size of 95 was preregistered and provides .80 power to detect effect sizes up to d
= 0.29 with a paired-samples #-test. Participants are dropped as outliers or excluded at random to

get to this number, and all analyses herein are based on the resultant 95 participants.

Design. The same independent variable as in Experiment 2a was included here (i.e.,

Delay); however, only the No Delay and Exposure Delay conditions were included. Since these
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are the two conditions with the largest effect between them, and the middle condition is not
necessary to make any claim about the effects of a delay on reflection nor on confidence, I
exclude it in Experiment 2b. Additionally, this allows for more trials per condition (24 rather
than 16), reducing the potential for noise in the condition-level group means. Trial types were
again randomly intermixed, and it was randomly counterbalanced across participants which half
of items were assigned to each condition such that each half of items appeared equally often in
each. This manipulation was again completely within-subjects. Also counterbalanced across
participants was the order of the response options; for half of participants, yes appeared on the
left and was mapped to the ‘1’ key, with ‘no’ on the right mapped to the ‘3’ key, and for the other
half this mapping was reversed. The key dependent variables were FOR (Feeling of Rightness, a
measure of confidence that the participant has correctly responded, measured on a 7-point scale)
and Answer Change (a binary variable indicating whether an individual’s response changed from

their first response to their second).

Stimuli and Apparatus. Stimulus presentation and response was controlled by Octave
4.4.1 using Psychophysics Toolbox 3.0.12 (Brainard, 1997; Kleiner et al., 2007). The stimuli
consisted of 48 individual syllogisms, which varied systematically in terms of their type
(categorical vs. conditional), validity, and believability of their premises and conclusions (Solcz,

2011). The stimuli are again the same stimuli as in the previous experiments (Appendix A).

Procedure. Participants were recruited through the University of Waterloo participant
pool and completed the experiment in-person in a designated testing room. Participants began by
reading the consent and information form and indicating their desire to participate. Before
beginning the to-be-analyzed trials, participants completed three practice syllogisms. This

experiment utilized the same two-response paradigm as the previous experiments wherein

51



participants responded twice to each syllogism, first speeded and then unspeeded. Between the
two responses, they gave a FOR judgment. Participants responded using the keyboard, pressing
the ‘1’ or ‘3’ key to respond in either the affirmative or negative. On No Delay trials, the
experiment proceeded immediately to the FOR judgment when participants gave their response
to the first iteration of each problem. On Delay trials, a three second delay was added during
which the syllogism remained on screen. Critically, the delay in all cases occurs after a
participant has responded to the syllogism but before they have given a FOR judgment. This
procedure was repeated for all 48 syllogisms (24 syllogisms of each trial type). Recall that in an
account where deliberation is caused in part by confidence, a delay manipulation directly

targeting deliberation need not produce a commensurate effect on confidence.

2.5.2 Results

All data analysis and visualization was completed in the R programming language (R
Core Team, 2017) with the assistance of add-on packages (see: BayesFactor [Morey & Rouder,
2024]; ez [Lawrence, 2016]; gghalves [Tiedemann, 2022]; Isr [Navarro, 2015]; plyr [Wickham,
2011]; psych [Revelle, 2024]; tidyverse [Wickham et al., 2019]), and with data visualization
guidance from van Langen (2020). All analyses were carried out with an o of .05 and are
complemented with Bayesian analyses using a custom prior width parameter of @ = .2 which
corresponds to a distribution, 80% of which encapsulates effect sizes of d =-.57 to d = .57,
which is the upper bound of the 60% confidence interval of the Cohen’s d effect observed in the
to-be-replicated experiment. Outliers were addressed at the individual and group level. Each
individual participant’s trials with an RT Z-score (for either their first or second response) of
greater than 3 compared with that participant’s other trials were removed from analysis, and

individuals for whom any of the dependent variables were greater than 3 standard deviations
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from the overall participant mean were also removed from analysis. This resulted in the removal
of 57 trials (1.14% of trials) which were outliers at the first response and 91 trials (1.82% of
trials) which were outliers at the second response. After removing these trials, one participant
was removed for being an outlier with respect to Answer Change, leaving 103 participants. Eight
further participants were removed at random to bring the sample to the preregistered number, and

all analyses were carried out with the remaining 95 participants.

Preregistered Analyses. Again, there was no statistically significant effect of delay on
FOR (Mp = 4.39, SDp = 0.98; Mnp = 4.50, SDnp = 1.03; Figure 13), #94) = 1.90, p =.060, d =
0.20, BF10 = 1.35, although the p-value is approximately near the chosen alpha level of p = .05
and the Bayesian analysis actually suggests weak evidence for an effect. There is, however, a
clear effect on Answer Change (Figure 14), such that Answer Change was higher when there was
a delay (M = 29.04%, SD = 19.01%) than when there was no delay (M = 17.58%, SD=11.63%)),
#(94)=5.74, p<.001,d =0.59, BF10 = 73.994. There was no statistically significant main effect
of the delay manipulation on Rethinking Time® (including only post-delay time), #94) = 1.66, p

=.100,d =0.17, BFo1 = 1.03.

5 Although the preregistration for this experiment includes analysis of Rethinking Time, I maintain that the delay
manipulation makes any such analysis difficult to interpret. As such, it is included here but consistent with
Experiment 2a, it is not a main feature of my conclusion based on these analyses.
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Figure 11. Feeling of Rightness (FOR) by Delay condition. Each pair of points represents an
individual participant. Box plots display the mean and the first and third quartiles, and the
whiskers extend 1.5 times the interquartile range beyond the first and third quartiles.
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Figure 12. Answer Change by Delay condition. Each pair of points represents an individual
participant. Box plots display the mean and the first and third quartiles, and the whiskers extend
1.5 times the interquartile range beyond the first and third quartiles.
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Exploratory Analysis. The average within-subject correlation between FOR and
Rethinking Time (r = -.34) was statistically significant, #(94) = 14.08, p <.001, d = 1.44, BFio =
1.98 x 102!, The average within-subjects correlation between Response Time and FORs (r = -.23)
was also statistically significant, #(94) = 9.02, p <.001, d =0.93, BFio = 1.41 x 10'!. FORs were
also lower for answers that were changed (M = 3.58, SD = 1.10) than those that were not
changed (M = 4.65, SD = 0.7), #(92) = 10.84, p < .001, d = 1.12, BF19 = 5.47 x 10'*. Note that
two participants were removed from this analysis for never having changed an answer from their
first response to their second. Item characteristics once again predictably impact FOR judgments,
as FORs were higher when syllogisms were valid (M = 4.60, SD = 1.01) as opposed to invalid
(M=4.29,5D=0.99), #(94)=5.92, p<.001,d=0.61, BF0 = 149,586. They were higher for
syllogisms that were conditional (M = 4.52, SD = 1.03) than syllogisms that were categorical (M
=4.37,8D =0.98), #(94) =2.70, p=.008, d=0.28, BFi9o = 5.46. A Premise Believability x
Conclusion Believability ANOVA revealed that both Premise Believability, F(1, 94) =37.35, p <
001, 7°s=.028, BF10 = 2.46 x 10° and Conclusion Believability, F(1, 94) = 10.10, p < .001, 5’ =
.008, BF10 = 13.60 impacted FORs such that believable premises and conclusions were
associated with higher FORs. This time, the Premise x Conclusion Believability interaction was
statistically significant, F(1, 94) = 15.23, p <.001, n°; = .009, BF o = 52.18, such that the effect

was stronger when both premises and conclusions were believable.

2.5.3 Discussion

In Experiment 2b, I provide conclusive evidence that a delay manipulation targeting
deliberation does not bleed into FOR judgments. This is strong evidence that, if there is a causal
link between confidence and deliberation, it is specifically confidence that is the cause and

deliberation that is the effect. In other words, these data rule out alternative models wherein the
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processes underlying confidence and deliberation bidirectionally affect one another. Because the
manipulation in Experiment 2a and 2b is similar in nature to the one in Experiments 1a and 1b, it
is also unlikely that the process in Experiments 2a and 2b are qualitatively distinct from those in
prior experiments. The most parsimonious explanation of the results of the four enclosed
experiments largely aligns with the most face-valid interpretation of meta-reasoning processes to
date: individuals monitor reasoning processes for cues informative to the extent that an item has
been solved correctly, and they use the resulting sense of confidence to drive the relevant

behaviour, in this case deliberation.

2.6 Chapter Review and Discussion

In the above four experiments, I provide perhaps the strongest evidence to date that the
meta-reasoning process is causal in nature. This is a conclusion that has been widely presupposed
by those studying metacognitive processes in reasoning; indeed, it is by far the simplest account
of the relationship between confidence and deliberation. However, evidence of causality has been
elusive, in part because of the nature of reasoning as a complex, higher-order process. In other
domains, like perceptual decision-making, theoretical ground has been covered by neuroimaging
(Boldt & Gilbert, 2022; Botvinick et al., 2001) and/or computational modelling (Alexander &
Brown, 2010; Holroyd et al., 2005; Steinhauser et al., 2008) of the processes that perceive and
translate visual information into a format that is useable by a control system. These models often
contain causal components, explicitly or implicitly. This type of investigation is difficult to
translate into fields like reasoning because of the increase in complexity and the decrease in
ability to experimentally control individuals’ processing of target stimuli. As such, I sought to

address a specific set of what I consider the most plausible non-causal models in reasoning: those
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where characteristics of object-level representations give rise to both confidence and

deliberation.

Deliberation, however, can be strange to operationalize. Some view a lack of deliberation
as the most consequential inter-individual failure of decision-making (Pennycook, 2023). In the
current paradigm, deliberation is usually operationalized as Rethinking Time and Answer
Change. However, in several places in the current set of experiments, these two variables do not
align with respect to the effects of the chosen manipulations. In Experiment 1b, for example,
there is a statistically significant effect observed on Rethinking Time but not on Answer Change.
Why might that be? One reason might be the dichotomous nature of Answer Change as
compared to the continuous nature of Rethinking Time. It is hard to argue that a tendency to
spend more time thinking about a problem does not involve deliberation, but does every instance
of answer change? Are there instances where deliberation is activated that do noft result in answer
change? To that question, the answer seems a definitive ‘yes.” Many models allow for the
possibility of the activation of effortful thinking resulting in rationalization of intuitive responses
(Handley & Trippas, 2015; Pennycook, Fugelsang, & Koheler, 2015). As such, I conceptualize
deliberation as a necessary but not sufficient condition for answer change; one cannot intuitively
override an intuitive response, but one can deliberatively affirm an intuitive response. For this
reason, trials on which responses were changed involve deliberative thinking and some trials
where answers do not change involve deliberative thinking. For my purposes, this indicates that

analyses of answer change likely underestimate effects on deliberation.

The pattern of results observed on deliberation is generally consistent with causal models
and inconsistent with the specific class of alternative models described above. Manipulations of

confidence produced (directionally opposite, because they are negatively related) approximately
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equal effects on deliberation. That is, one component hypothesis of a causal model would be that
it is possible to manipulate the causal variable and observe an effect on the outcome variable.
This is clearly the case in Experiments 1a and 1b. Another component hypothesis is that a similar
manipulation of deliberation does not produce an effect on confidence — if it is indeed the case
that deliberation can be causally attributed to confidence. This is clearly consistent with the
pattern of results shown in Experiments 2a and 2b. Most noncausal models are directly
contradictory to this evidence, but not all of them. There remains at least one case where
confidence and reflection both arise from characteristics of object-level processing. Imagine that
some combination of feature characteristics inform both confidence and deliberation, but that
deliberation is also based on a combination of processing factors (speed, etc.). It may be the case
that the manipulations in Experiments 1a and 1b tapped into the shared space, and the
manipulation in Experiment 2a and 2b tapped into the space uniquely predictive of deliberation.
In that case, there is no causality necessary and the results could exactly mirror what I have
observed. However, a model like this is made less likely by the fact that the manipulation across
all four experiments was very similar. In other words, there are possible noncausal models
remaining that can explain meta-reasoning processes and the results of the current four
experiments, but they are very narrow. I can make no other reasonable conclusion: confidence

causes deliberation.
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Chapter 3: Refining an Item-Based Model of Confidence in Reasoning

3.1 Introduction

In Chapter 2, | provided the strongest evidence to date that monitoring and control
processes in reasoning are causally linked. Particularly, control processes arise because of
characteristics of the output of monitoring processes. With this in mind, one way empirical
investigations of meta-reasoning can establish effects on control processes is through monitoring
processes. That is, it supports the possibility that efforts to debias or otherwise improve
reasoning by increasing the amount or effectiveness of deliberation might do so by manipulating
the reasoning environment such that confidence is either globally reduced (e.g., Meyers et al.,
2023), or better calibrated with performance (e.g., de Bruin et al., 2017; Prowse Turner &
Thompson, 2009; Rawson et al., 2011; Sidi et al., 2017). Similar efforts have been made in
reasoning, though usually with the intention of manipulating fluency (Alter, 2013; Alter et al.,
2013; Alter et al., 2007, but see Meyer et al., 2015, and Thompson et al., 2013) for the purpose
of reducing confidence and thus promoting deliberative processing. However, fluency is but one
of the predictors of confidence and thus but one of the plausible targets for impacting confidence.

Recent focus, for example, has been on understanding the dynamic relationship between
item characteristics and confidence. Obviously, the nature of any given task constrains the
characteristics items can have, and thus the relationship between items’ characteristics and
confidence. Possibly task-general, however, is the way that cues are integrated to form a sense of
confidence, a topic that has been long studied. Original demonstrations of cue integration in
metacognition can be attributed to Koriat’s (2012) Self-Consistency Model, which holds that
subjective confidence is a product of the agreement of the corpus of cues in a problem with each
other. Tasks where the cues for a given response are in general alignment will be associated with

high subjective confidence; those where the cues generally diverge will be associated with low
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confidence. Crucially, this paradigm provides insight into why some problems will be solved
incorrectly with high confidence: cues generally align in cuing the incorrect response (Koriat,
2012). Koriat demonstrated that this pattern holds across a number of tasks, including word
matching (Koriat, 1976), general knowledge questions (Koriat, 2008), perceptual judgments,
social judgments, and categorization judgments (Koriat, 2012).

More recently, some researchers have utilised this approach to understand monitoring
processes in reasoning. For example, BajSanski and colleagues (2019) demonstrated that
syllogistic reasoning follows a similar pattern: consensually correct and consensually incorrect
syllogisms are both associated with high subjective confidence judgments, while low confidence
is reserved for those items with lower consensus (the proportion of respondents who provide the
same response to that item). The given account for this pattern is that problems whose cues
generally align are those that are likeliest to have a large relative difference in evidence for each
potential option at the time of response. Regardless of the speed or order in which one processes
the available cues, the dominant response will be preferred more often and by a wider margin
than the weak response. Kosourikhina and Handley (2024) provided further evidence for this
account by adding cues in favour of the weak response in high-consensus problems, and
observing a resultant decrease in confidence; the evidence available for each possible response
was closer with the provision of evidence for the weak response. These investigations suggest
that not only are item characteristics a substantial driver of confidence, but the totality of item
characteristics interact to form a cue base that collectively impact subjective confidence
judgments.

These accounts of reasoning are reminiscent of a class of models in two alternative forced

choice tasks called Evidence Accumulation Models (EAMSs). EAMs of decision-making are
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(normally computational) cognitive models that describe how decision processes unfold over
time (see Evans & Wagenmakers, 2019, and Ratcliff et al., 2016 for reviews). Much of the
discussion in the EAM domain is with the intention of arbitrating between them for broad or
specific classes of cognitive process. That is not the intention here. However, there are insights
provided by the common characteristics of these models which may be informative as we think
about evidence accumulations as an example process behind reasoning and monitoring
reasoning. For example, a tenet of EAMS is that evidence is accumulated until some evidentiary
threshold is met, at which time a response will be issued (Desender et al., 2021; Usher &
McLelland, 2001). Desender and colleagues (2021) also provided evidence that confidence
judgments, at least in a perceptual decision-making task, are reflective of evidence accumulated
at the time of a response (consistent with the cue consensus work listed above and my
characterization of De Neys’s (2023) model). Another interesting consideration vis-a-vis
reasoning is the nature of the stopping rule. One class of models contain relative stopping rules;
the response threshold is determined by the relative evidence for two options (e.g., Busemeyer &
Townsend, 1993). Should one option outweigh another by some amount, that option will be
chosen.

An interesting implication of applying this type of evidence accumulation framework to
cue utilization accounts of metacognition is that items whose cues generally align should not
only produce consensual responses across participants, but they should also be responded to
more quickly across participants. This is consistent with anecdotal evidence from my own work,
where an item’s average response time is often the strongest predictor of confidence on a given
trial. Indeed, an item’s average response time across participants might be a more faithful

indicator of within-item cue alignment than even that item’s response consensus. Imagine the
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following scenarios: a participant is evaluating a syllogism and all the evidence suggests the
response should be “valid,” but when they submit their response, they mis-click and choose
“invalid.” This will skew that item’s response consensus but not its average response time.
Likewise, imagine a syllogism contains approximately ambivalent cues, equally supporting each
response. Participants might, en masse, exhaustively process that items cues and be relegated to a
guess. However, it might be the case that guessing behaviour reduces the item to one chosen cue,
or even that there is a random bias across participants toward one response or the other. In these
cases, that item’s average response time, but not its response consensus, will most closely track
cue alignment. In this chapter, | integrate theory about evidence accumulation in refining a
model of the impact of item characteristics on confidence in reasoning. Namely, | test the extent
to which items’ response consensus and also their average response time, in combination with

known individual processing and item characteristics, predict confidence in reasoning.

3.2 Experiment 3

In Experiment 3, | try to refine an item-based model of confidence in decision-making.
Specifically, | test a simple model that | intend to capture the degree to which item-based cues as
a whole impact confidence judgments in the same reasoning task employed in Experiments 1 and
2. To this end, I test how predictive of confidence are two variables: response consensus and
average RT for each item. | aim to answer three specific questions: i) are consensus and RT,
while conceptually similar, discernable with respect to confidence, ii) can RT, when added to the
existing model, increase the model’s ability to predict confidence, and iii) does that model
require both predictors, or can consensus be dropped? The end goal is to establish a small set of
predictors that capture a reasonable amount of inter-item variance in confidence judgments and

can be used in an experimental context to test whether there is a difference in item-cue use across
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experimental conditions. To address these goals, analyses are conducted at two levels: the item
level, to assess the degree to which my chosen predictors predict variations in average
confidence for each item, and at the trial level, to establish their promise for use in a multi-trial

experimental design.

3.2.1 Method

Participants. Forty undergraduate students from the University of Waterloo (82.5%
female self-identified, Mage = 20.1) participated in exchange for partial course credit. This
sample size was preregistered and is based on a simulation-based power analysis in the R
package mixedpower (Kumle et al., 2021), using previously collected data, including the four
experiments in Chapter 2 and two from published work (Stewart et al., 2023). This sample size
allows us .967 power to detect the increase in model fit when adding average RT to a model
already including response consensus for predicting confidence at the trial level (i.e., with a
mixed-effects analysis). This was done with the aim of achieving .95 power after some number
of trials were excluded.

Design. There are no manipulated independent variables in the present experiment
(beyond the manipulations of syllogism type, believability and validity noted below). Rather,
both predictor variables arise organically. They are: (1) response consensus and (2) average RT.
The dependent variable is confidence, given on a 100-point slider scale. The predictor variables
are both aggregated at the item level; that is, they are aggregated across the forty participants for
each syllogism. Each syllogism will then have one value for each of the variables. Response
consensus is defined as the absolute value of the difference between the average response given
(a value between zero and one) and the midpoint (i.e., 0.5). Items where most responses are the

same across participants have high consensus, and those where responses are highly variable
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across participants have low consensus. Average RT is simply the average time with which
participants responded to each individual syllogism.

Stimuli and Apparatus. Stimulus presentation and response recording was controlled by
Qualtrics online survey software. The stimuli consisted of 48 individual syllogisms, which varied
systematically in terms of their type (categorical vs. conditional), validity, and believability of
their premises and conclusions. These stimuli have associated values that capture the degree to
which their premises and conclusions are believable. The stimuli are the same as those in
Chapter 2, taken from Solcz (2011; Appendix A).

Procedure. Participants were recruited through the University of Waterloo participant
pool and redirected to Qualtrics to complete the experiment. Participants began by reading the
consent and information form and indicating their desire to participate. They then began the trial
phase. During the trial phase, participants saw a series of syllogisms in a randomly-presented
order, to which they were to respond in either the affirmative (i.e., “yes, this syllogism is
logically valid”) or in the negative (i.e., “no, this syllogism is not logically valid”’). The order of
the response options “yes” and “no” (i.e., which of them appeared first in a vertical list) was
randomized for each individual trial. Participant selected their preferred option with the mouse
and, after making their selection, clicked a button below the response options to submit their
response. There were no restrictions placed on the number of clicks participants could make
before submitting their response. After solving each syllogism, participants indicated their level
of confidence with regard to how likely they think it is that they answered the problem correctly.
Participants did this for each of the 48 syllogisms. They then indicated their age and biological

sex to complete participation.

64



3.2.2 Results

All data analysis and visualization was completed in the R programming language (R
Core Team, 2017) with the assistance of add-on packages (see: data.table [Barrett et al., 2024];
Ime4 [Bates et al., 2015], plyr [Wickham, 2011], sjPlot [Lidecke, 2024]; stats [R Core Team,
2017], tidyverse [Wickham et al., 2018]). All analyses were carried out with an o of .05. Outliers
were addressed at the individual and at the overall level. That is, each individual participant’s
trials with an RT Z-score of greater than 3 compared with that participant’s other trials were
removed from analysis, and individuals whose RT was a Z-score greater than three from the
overall participant mean were also removed from analysis. This resulted in the removal of 37
trials (1.98% of trials), and two participants from analysis. All reported analyses are based on the
resultant 38 participants.

Preregistered Analyses. The first set of preregistered analyses are conducted at the item
level. As such, there are 48 observations for this set of analyses because that is the number of
items in my set. These analyses are designed to test the degree to which response consensus and
average RT reflect the totality of the cues in each syllogism by analyzing the degree to which
they predict confidence. For the purposes of my main analyses, RT refers to the first click a
participant makes when presented with a syllogism. Although not all trials involve only one
click, and thus the first click used in the analyses may not actually correspond to the participant’s
answer per se, | have found in past work that first clicks usually perform best in analysis. For
completeness and robustness, the analyses are reproduced using the other available timing
mechanisms: last clicks and page submit times.

First, a model including both consensus and RT was compared to a model containing
only a linear combination of the two variables to test the consensus-RT predictor subspace (i.e.,

the extent to which these predictors represent distinguishable predictors of confidence). The
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model with each variable entered on its own was a better predictor of confidence than the model
containing only a linear combination of the two variables, F(2, 45) = 23.68, p < .001. This
suggests that, vis-a-vis confidence, these two variables predict non-fully-overlapping variance
and therefore should be treated separately. Second, | compare a model with only consensus as a
predictor to a model with both consensus and RT as predictors. The addition of RT significantly
improves the model fit, F(2, 45) = 8.77, p = .005. This analysis also indicates that consensus
must be retained as a predictor in the model, but | test this hypothesis directly by comparing a
model with only RT as a predictor to a model with RT and consensus as predictors. Adding
consensus significantly increases the model fit, F(2, 45) = 21.31, p < .001. The second of these
analyses is the major contribution of the present study to the existing literature at the item level
(i.e., I have added aggregate RT to past work already predicting confidence with consensus). The
ultimate model I settle on, one with both consensus (5 = 0.53, 95% CI [0.30, 0.76]) and
aggregate RT (8 = -0.34, 95% CI [-0.57, -0.11]), accounts for approximately 39% of the item-
level variance in confidence ratings (Adjusted R? = 0.392).

The item-level analysis suggests that item-average RT and response consensus combine
to form a good model of consensus and aggregate RT predicting confidence. Because there are a
limited number of stimuli available, there are potential power concerns with these analyses. For
example, if the effect of adding aggregate RT on model performance were smaller than could be
reliably detected per my sensitivity analysis, there are no additional items that can be added.
Conceptually, the cues present within a problem should be predictive of confidence at the
aggregate level, but this should also be true at the trial level. Indeed, the logic behind item-
aggregate confidence being a product of variables that capture cues as a unit operates through

individual trials; as one is attempting to solve a syllogistic reasoning problem, one’s confidence
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on that problem should be sensitive to the cues present. If this is true in the aggregate, we will
see item-level effects. However, perhaps the better test of the influence of aggregate cues on
confidence is at the trial level, for this reason.

To solve the conceptual problem and the potential power problem, | repeat the above
analyses using linear mixed effects models containing random intercepts nested within
participants. This allows me to estimate each model with trial-level granularity. RT and
consensus in the following analyses still refer to the item-aggregate values as the intention is for
them to encapsulate the degree of agreement within the cues present in each item. As above, the
model with each of the predictor variables achieved significantly better fit than the model with a
linear combination of the two variables, y? (1) = 39.20, p < 0.001, confirming that the two
variables cannot be combined and must be treated separately. Also, like above, a model with
consensus and RT entered as predictor variables was a significantly better fit than a model with
consensus alone, ¥ (1) = 13.81, p = < .001. Finally, a model with consensus and RT entered as
predictor variables was compared to a model with only RT as a predictor. That model
comparison was statistically significant, y? (1) = 34.43, p = < .001. That is, consensus is required
to be retained as a predictor in the model predicting confidence. The full mixed-effects model,
like the item-level model above, performs reasonably well, explaining approximately 43% of the
variance in confidence judgments at the trial level (Conditional R? = .425), however the fixed
effects explain much less of the total variance than in the previous analysis (Marginal R? = .017).
Once again, the analysis suggests consensus (5 = 0.11, 95% CI [0.07, 0.14]) is a more important
predictor than aggregate RT (5 =-0.07, 95% CI [-0.10, -0.03]) in predicting confidence.

Exploratory Analyses. The above preregistered analyses expose a reasonable model

containing two predictors I have chosen that allegedly capture items’ composite cues, but no part
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of the above analysis confirms that as true. That is, even if one accepts that these variables in
tandem predict confidence to a reasonable degree, the process by which they do so remains
unclear. One of two predictor variables has been established in the literature as a measure of an
item’s body of cues, and the other I argue is a product of the same process. To this end, the
variables should be correlated with one another. There is no statistically significant correlation
between an item’s average response time and response consensus, r(46) = -.074, p = .616. This
suggests perhaps these variables are not indicative of a similar process, but there are other
potential reasons for this. Perhaps there is enough noise introduced in RTs by having participants
respond over the internet via Qualtrics that this correlation is diminished. Experiment 4 in part
addresses this possibility. Another possibility is that the mechanistic process behind the relations
between aggregate RT, consensus, and confidence are more complex than proposed. I test this
possibility by fitting a model including both i) the above predictors of confidence, and ii) the
other characteristics of the items that correspond to cues individuals might use to inform their
confidence judgments, namely Validity of the syllogism (i.e., whether it is logically valid),
Believability of the syllogism (i.e., whether the syllogism is seen as true in reality), and
syllogism Type (conditional or categorical). Notably, I do not include accuracy, as accuracy
represents mostly a shift between an item’s cues (specifically, toward Validity).

One prominent cue that impacts confidence (and accuracy) is Conflict between
Believability and Validity, and as such I include the interaction between Validity and both
premise and conclusion Believability. I also include all other second-order interactions for

completeness. Table 1 shows the full model.
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Table 1. Confidence predicted by item characteristics, Experiment 3 (unstandardized estimates).

Predictors Estimates Cl p
(Intercept) 77.67 40.03 -115.31 <.001
Consensus -4.81 -138.08 — 128.45 .944
RT -1.10 -5.50 - 3.29 623
Premise Believability 2.85 -8.11-13.81 .610
Conclusion Believability -4.44 -11.60-2.73 225
Validity [1] 10.92 -11.94 -33.78 349
Type [Conditional] -24.07 -45.51 - -2.63 .028
Consensus x RT 271 -9.80 - 15.23 671
Consensus x Premise Believability -0.60 -13.30-12.10 .926
Consensus x Conclusion Believability 1.44 -13.58 - 16.46 .851
Consensus x Validity [1] 16.65 -23.82-57.11 420
Consensus x Type [Conditional] -34.33 -68.67 —0.02 .050
RT x Premise Believability -0.61 -1.99-0.77 .387
RT x Conclusion Believability 0.13 -0.71-0.97 761
RT x Validity [1] -1.48 -3.89-0.93 228
RT x Type [Conditional] 2.59 -0.00-5.18 .050
Premise Believability x Conclusion Believability 0.81 -0.27-1.89 .143
Premise Believability x Validity [1] -0.87 -3.24-1.50 470
Premise Believability x Type [Conditional] 3.25 0.68 —5.82 .013
Conclusion Believability x Validity [1] 0.86 -1.31-3.03 437
Conclusion Believability x Type 0.76 -1.68-3.20 541
[Conditional]

Validity [1] x Type 1.73 -4.85-8.31 .606
[Conditional]

Random Effects

c? 428.81

T00 ID 310.00
ICC 0.42
Observations 1780
Marginal R? / Conditional R? .032/.438
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There are two main pieces of evidence that suggest aggregate RT and consensus are
capturing an item’s cues. First, the addition of numerous individual cues to a model already
including aggregate RT and consensus provides minimal improvement of the model’s prediction
of confidence (Conditional R? = .425 vs. Conditional R? = .438 with the addition of four new
predictors and all second-order terms). Second, neither consensus and aggregate RT nor any of
the added predictors (most of which normally predict confidence) are significant predictors in the
full model. The latter piece is likely not because | no longer have the power to detect such
relationships with the creation of a much more complex model, given there are significant effects
of syllogism Type. Additionally, the estimate for Consensus predicting confidence becomes
negative, suggesting substantial competition between it and the added predictors. As such, the
conclusion I derive from this analysis is that consensus and aggregate RT are competing for
variance with items’ other characteristics, further evidence that they capture items’ cues in the
aggregate.

As mentioned above, | made the choice to treat the first click made by participants as
their response time, but the data almost certainly includes some trials where participants
subsequently switch their response. It is therefore likely the case that, at least on some trials, the
operationalization of a response is imprecise. To test the extent to which this matters, | reproduce
the preregistered item-level analyses here with response operationalized as last clicks (i.e., the
final click made per response) and page submit times (i.e., participants submitting their response
after having made their final choice). As long as i) the pattern generally holds, and ii) these
models do not substantially outperform the above models, the choice of first clicks is justified.
Using last clicks, the model with consensus and average RT was a better predictor of confidence

than the model containing a linear combination of the two variables, F(2, 45) = 21.85, p <.001.

70



The addition of average RT as a predictor to a model containing only consensus significantly
improves the model fit, F(2, 45) = 7.79, p = .007. Adding consensus as a predictor to a model
containing only average RT also significantly increases the model fit, F(2, 45) = 19.88, p <.001.
The final model with both consensus and average RT accounts for approximately 38% of the
item-level variance in confidence ratings (Adjusted R? = .385), slightly worse than the original
analysis. Using page submit times, the results are very similar; the model with consensus and
average RT was a better predictor of confidence than the model containing a linear combination
of the two variables, F(2, 45) = 21.44, p < .001. The addition of average RT as a predictor to a
model containing only consensus significantly improves the model fit, F(2, 45) = 8.07, p = .007.
Adding consensus as a predictor to a model containing only average RT also significantly
increases the model fit, F(2, 45) = 19.53, p <.001. The final model with both consensus and
average RT accounts for approximately 38% of the item-level variance in confidence ratings

(Adjusted R? = .384).

3.2.3 Discussion

In Experiment 3, analyses revealed that i) response consensus and item-average RT have
enough unique variance with respect to confidence that they need to be treated separately, ii)
adding RT to a model already including consensus improves the fit of that model, and iii)
consensus is still required to be retained as a predictor in said model. These two predictors
predict a substantial amount of the variance in confidence judgments. That is, with a relatively
simple model of two predictors and no higher-order terms, a reasonably strong predictive model
can be created. Both standard linear modelling and linear mixed effects modelling were
conducted and yielded identical results, establishing that processes shown to be at work at the

item level translate to the trial level. However, these fixed effects explain noticeably less of the
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variance in the mixed-effects analyses than in the item-level analyses, which is to be expected
because the mixed-effects analyses include inter- and intra-individual variance that the item-level
analyses do not. | also show that consensus and item-average RT absorb variance from a series
of variables one could reasonably expect to predict confidence. This is evidence that the
mechanism by which these two predictor variables predict confidence is by capturing individual
cues in the aggregate. Exploratorily, | analyzed multiple different operationalizations of a
response; the first click made, the last click made, and the page submit time. The evidence
suggests the chosen timing mechanism, first clicks, provides the best approximation of a
response in the given paradigm. However, there are almost certainly trials for which this is not
the case. In addition, the order of the response options changed on a per-trial basis. This is by
design to reduce the likelihood of participants responding randomly, but almost certainly
introduces some degree of noise with respect to RTs. For these, in Experiment 4 | reproduce the
experiment in an in-person setting in order to ensure that the timing of each response is precisely

operationalized.

3.3 Experiment 4

Experiment 4 is largely an extension of Experiment 3, toward refining an item-based
model of confidence in decision-making. Experiment 3 paints a relatively clear picture of i) the
contributions of two identified predictors, namely item-aggregated response time and response
consensus to each item, to reported confidence, and ii) the situation of those predictors within the
broader process (i.e., that they are aggregating variance normally attributable to the individual
characteristics of items). The results of Experiment 3 suggest that one could measure cue use as a
whole by predicting confidence judgments with a relatively small set of predictors that I have

identified. However, there are some reasons for caution in interpreting the results of Experiment
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3. For example, | construe the first click a participant makes as the moment they decide, even
though a fair number of trials involve more than one click. It is therefore plausible that the RT
used for analysis does not always correspond to the moment a choice is made by a participant.
Additionally, there remains the possibility that imprecision in response times introduced by
online participation affects the results. Both of these issues can be solved by having participants

complete the study in-person with a button-click response, which I do in Experiment 4.

3.3.1 Method

Participants. Forty-two undergraduate students from the University of Waterloo (63.2%
female self-identified, Mage = 19.9) participated in exchange for partial course credit. A sample
size of 40 was preregistered and is based on the same simulation-based power analysis as
Experiment 3. Two or more participants will be excluded based on my exclusion criteria or at
random to get to the preregistered sample size.

Design. There are once again no manipulated independent variables in the present
experiment (beyond the variables associated with the syllogisms). The independent variables are
response consensus and average RT, measured identically to Experiment 3. The dependent
variable is confidence, given on a continuous slider scale with bounds 0 and 100. The predictor
variables are both aggregated at the item level; that is, they are aggregated across all of the
participants for each syllogism.

Stimuli and Apparatus. Stimulus presentation and response recording was conducted in
Octave using Psychophysics Toolbox 3.0.15 (Brainard, 1997; Kleiner et al., 2007). The stimuli
consisted of the same 48 syllogisms as in Chapter 2 and Experiment 3, taken from Solcz (2011).

Procedure. Participants were recruited through the University of Waterloo participant

pool and completed the study in-person. Participants began by reading the consent and
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information form and indicating their desire to participate. They then began the trial phase.
During the trial phase, participants saw a series of syllogisms in a randomly-presented order, to
which they were to respond in either the affirmative (i.e., “yes, this syllogism is logically valid”)
or in the negative (i.e., “no, this syllogism is not logically valid”). These responses were given by
pressing either the “1” key or the “3” key. The order of the response options (i.e., “yes” and
“no”) was counterbalanced across participants such that each button corresponded equiprobably
with each response option. After solving each syllogism, participants indicated their level of
confidence with regard to how likely they think it is that they answered the problem correctly.
Participants did this for each of the 48 syllogisms. They then indicated their age and biological

sex to complete participation.

3.3.2 Results

All data analysis and visualization was once again completed in the R programming
language with the assistance off add-on packages (see: data.table [Barrett et al., 2024]; Ime4
[Bates et al., 2015], plyr [Wickham, 2011], sjPlot [Lidecke, 2024]; stats [R Core Team, 2017],
tidyverse [Wickham et al., 2018]). All analyses were carried out with an a of .05. Outliers were
addressed at the individual and at the overall level by removing each individual participant’s
trials with an RT Z-score of greater than 3 compared with that participant’s other trials, and
individuals whose RT was a Z-score greater than three from the overall participant mean were
also removed from analysis. This resulted in the removal of 32 trials (1.62% of trials), and one
full participant from analysis. This leaves 42 participants, which is still more than the
preregistered 40. Two more participants (those with the fewest number of trials with a response)

were removed from analysis. All reported analyses are based on the resultant 40 participants.
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Preregistered Analyses. Once again, the first set of analyses are conducted at the item
level. Once again, these analyses are intended to assess the extent to which Consensus and
average RT are 1) distinct from one another and 2) predictive of confidence. The model with
consensus and average RT was a better predictor of confidence than the model containing only a
linear combination of the two variables, F(2, 45) = 15.97, p < .001. The addition of average RT
as a predictor to a model containing only consensus significantly improves the model fit, F(2,
45) = 31.20, p < .001. Adding consensus as a predictor to a model containing only average RT
also significantly increases the model fit, F(2, 45) = 13.28, p <.001. The final model with both
consensus (# = 0.37, 95% CI [0.17, 0.58]) and average RT (5 = -0.57, 95% CI [-0.78, -0.36]),
accounts for approximately 53% of the item-level variance in confidence ratings (Adjusted R? =
.529). There are two apparent differences between the results of these analyses and the mirroring
results in Experiment 3. First, the relative importance of the two predictors has switched; the
stronger predictor is now average RT rather than consensus. Second, the model predicts
noticeably more of the variance in confidence than it did in Experiment 3. These differences can
both be explained by an overall decrease in noise (particularly in RTs) by having participants
complete the study in-person as opposed to online.

As in Experiment 3, the item-level analyses are matched by multilevel analyses. As
above, the model with each of the predictor variables achieved significantly better fit than the
model with a linear combination of the two variables, y* (1) = 20.24, p < 0.001, confirming that
the two predictors must be treated separately. A model with consensus and RT entered as
predictor variables was a significantly better fit than a model with consensus alone, y? (1) =
39.76, p = <.001. Finally, a model with consensus and RT entered as predictors outperformed a

model with only RT, »? (1) = 16.85, p = <.001. That is, consensus is required to be retained as a
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predictor in the model predicting confidence. The full mixed-effects model, like the item-level
model above, performs reasonably well, explaining approximately 43% of the variance in
confidence judgments at the trial level (Conditional R? = .425), however the fixed effects
perform much worse than in the previous analysis (Marginal R? = .017). Like the item-level
analysis, this analysis suggests RT (8 =-0.12, 95% CI [-0.16, -0.08]) is a more important
predictor than consensus (5 = 0.08, 95% CI [0.04, 0.12]).

Exploratory Analyses. Replicating the findings in Experiment 3, there is no statistically
significant correlation between average RT and consensus, r(46) = -.20, p = .177, although it is
descriptively larger than the correlation present in Experiment 3. Because this analysis occurs at
the item, there are power concerns related to the limited nature of the item set | chose. That is,
one could conceptually increase the number of observations enough to detect a correlation of that
size, but it would require creating new items and re-piloting the set. A mixed-effects model with
all available item characteristics — Validity, Premise Believability, Conclusion Believability, and
Type — along with all available second-order interaction terms, predicting confidence was fit on
the data. The results are shown in Table 2. Only average RT is retained as a significant predictor
of confidence; consensus is eliminated as a significant predictor by the addition of various item
characteristics. Characteristics that would normally be significantly predictive of confidence are
erased via the inclusion of average RT and consensus. The addition of these characteristics to the
model provides minimal benefit in terms of the proportion of variance in confidence judgments
explained (an increase from Conditional R? = .356 to R? = .364). These results provide further

evidence that consensus and RT are absorbing variance from these item characteristics.
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Table 2. Confidence predicted by item characteristics, Experiment 4 (unstandardized estimates).

Predictors Estimates Cl p
(Intercept) 125.16 81.84 — 168.49 <.001
Consensus 68.62 -137.26 — 27451 513
RT -5.25 -9.45--1.04 .014
Premise Believability -5.02 -14.68 - 4.64 .308
Conclusion Believability -6.61 -19.06 - 5.85 .298
Validity [1] -20.99 -53.36 — 11.39 204
Type [Conditional] -1.13 -25.72 - 23.45 .928
Consensus x RT -5.43 -20.59-9.74 483
Consensus x Premise Believability 2.24 -10.91-15.38 739
Consensus x Conclusion Believability -4.96 -21.32-11.40 .552
Consensus x Validity [1] 25.37 -17.91 - 68.66 .250
Consensus x Type [Conditional] 15.79 -24.73 - 56.32 445
RT x Premise Believability 0.35 -0.45-1.15 .395
RT x Conclusion Believability 0.65 -0.46 — 1.76 .251
RT x Validity [1] 1.63 -1.21 - 4.47 260
RT x Type [Conditional] 0.88 -1.13-2.88 391
Premise Believability x Conclusion Believability 0.44 -0.58 - 1.47 .396
Premise Believability x Validity [1] -0.40 -2.75-1.95 .739
Premise Believability x Type [Conditional] 0.29 -2.07 - 2.64 811
Conclusion Believability x Validity [1] 0.23 -2.65-3.10 .878
Conclusion Believability x Type -2.16 -4.54-0.21 .074
[Conditional]

Validity [1] x Type -1.40 -8.42-5.62 695
[Conditional]

Random Effects

c? 416.22

T00 ID 215.72

ICC 0.34
Observations 1799
Marginal R? / Conditional R? 0.035/0.364
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3.3.3 Discussion

The results of Experiment 4 largely match the results of Experiment 3. Response
consensus and item-average RT are both required to be entered separately into a model that
predicts a substantial amount of variance in confidence judgments. These two predictors account
for noticeably more of the variance in confidence judgments than in Experiment 3, which can
probably be attributed to an overall reduction in noise — especially vis-a-vis RT — via participants
completing the task in-person. This is true at the item level and using a mixed-effects analysis
capturing data at the trial level. Experiment 4 also provides confirmatory evidence to the nature
of the relationship between consensus and average RT and confidence, namely that they collide
enough with the other individual cues present in a syllogism to render them no longer significant
in a full model. One change from Experiment 3 is that average RT remains a significant predictor
of confidence in this omnibus model in Experiment 4. Perhaps the simplest explanation for this is
that the reduction in RT noise yields predicted variance over and above that which is shared with

the other item characteristics.

3.4 Chapter Review and Discussion

There is tremendous potential benefit to our understanding of the metacognitive
processes arising from decision-making and other cognitive processes from being able to study
the corpus of cues present in a problem. Unfortunately, building a model of confidence from all
known individual cues themselves is difficult because there can be, depending on the chosen
task, many that it may require very large data sets to appropriately model them. Experimental
restriction of the number of possible cues, oppositely, might yield particularly anti-ecological
tasks. Not only is it difficult to model all known cues, but also there are an unknown number of

unknown or potentially immeasurable cues at work as well that cannot appear as variables from
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which to predict confidence. Recent work has tackled this problem head-on. Bajsanski and
colleagues (2019), for example, offered an account that attached the response consensus present
for an item to the consensus of the cues therein.

Here | forward the conclusion that, in addition to consensus, there is additional variance
from the corpus of an item’s cues that can be captured by adding the item’s average response
time which, when combined with consensus, form a relatively simple predictive model of
confidence. The simple model on which | settle on predicts a substantial amount, especially
given its simplicity, of the variance in confidence judgments at the item level. In an in-person
study, it predicted over 40% of the inter-item variance in confidence using only two predictors.
Much less, but still a statistically significant amount, of the variance in trial-to-trial confidence
was explained by the model. However, the current investigation i) establishes that such a pattern
detectably exists in trial-level granular data, and ii) establishes the relative size of that relational
pattern. That is, these effects are large at the item-level, and detectable but small at the trial level.
| also establish, at the trial level, that the addition of various known item characteristics does not
improve upon the simple model | forward. A convenient prediction therefrom is that, even if
some of the unknown characteristics of items that drive confidence were to become measurable,
this simple model may already capture the variance attributable to those characteristics. That is,
because this model containing second-order characteristics already encapsulates known first-
order characteristics, it is a straightforward extension to assume that it captures other first-order
characteristics as well.

The link between second-order characteristics and confidence judgments may be
interesting and/or fruitful, but it is far from new. Treatment of confidence as a second-order

judgment (i.e., as behaviour about behaviour) is a facet of many modern theories of
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metacognition outside of the reasoning literature (e.g., Fleming, Dolan, et al., 2012), and there
are interesting parallels between the current set of experiments and this literature. For example, I
interpret my results as a suggestion that confidence is based largely on factors related to second-
order characteristics of items. Unclear and unaddressed in this current line of work is whether
these relationships are because confidence arises from second-order characteristics of
metacognitive cues themselves (i.e., consensus and average RT), or because both second-order
characteristics and confidence arise through some process from the first-order characteristics
(e.g., believability, validity, etc.). However, it is at least plausible that confidence arises from
first-order characteristics (Kepecs & Mainen, 2012). Unknown is the extent to which this extends
to reasoning, but my results are consistent with a process that begins with some form of evidence
accumulation, from which both second-order characteristics and confidence judgments arise. As
| showed in Chapter 2, it is likely from these confidence judgments that deliberation arises (i.e.,
we can think of deliberation as a plausibly third-order behaviour).

One benefit of the current work is that it suggests one can study experimentally the extent
to which individuals are using items’ intrinsic cues when formulating their confidence judgments
as opposed, for example, to experience-based cues, at least to the extent that such cues are non-
overlapping. Currently, study of metacognitive monitoring in reasoning and decision-making is
fixated on shifts between cues. For example, those who attend less to the believability of
syllogisms are less prone to belief bias (Sa et al., 1999). Crucially, those who reliably detect
conflict between cues are less susceptible to many errors of thoughtlessness (De Neys, 2014,
Franssens & De Neys, 2009; Pennycook, Fugelsang, & Koehler, 2015). The current work
provides an avenue to analyze the extent to which an item’s totality of cues impact confidence.

This presupposes that total cue use is not zero-sum (i.e., that any change in the use of an
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individual cue is not matched by a commensurate and opposite shift in use of other cues), which
is not explicit in most theories of cue use. However, it has been established, at least, that there
are individual differences that predict the extent to which cues like validity — or item features
mimicking validity — are processed, and that those differences are not offset by differences in,
e.g., processing of believability (Bialek et al., 2020; Ghasemi et al., 2022). To conclude, it is
likely the case that one can assess the extent to which confidence is a product of item-intrinsic
cues by testing the extent to which consensus and item-aggregated RT are predictive of
confidence. From there, one can compare this relationship across conditions where there might a
priori be expected a difference in the extent to which confidence judgments are created from

item-based cues, as | do in Chapter 4.
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Chapter 4: On the Effects of Explicit Judgments of Confidence

4.1 Introduction

In Chapter 4, I address the focal point of the present thesis: what characteristics of the
reasoning process can be attributed to the standard use of explicit confidence judgments? I test
the effect of measuring confidence explicitly on monitoring and control processes in reasoning.
More specifically: does the standard method of assessing confidence by explicit report alter
monitoring and control processes involved in reasoning? This is, on its face, a tricky proposition:
how does one examine relations between confidence and other variables without measuring it?
Fortunately, researchers in the field of comparative cognition have studied metacognition in
nonhuman animals (for a review, see Beran et al., 2014). Studying comparative metacognition is
a similarly tricky proposition, in that nonhuman primates are incapable of giving explicit
confidence judgments. For many of the same reasons that the target research question of this
chapter requires behavioural operationalization of metacognition, comparative work in
nonhumans does as well (Smith et al., 2014). The most promising paradigm (Beran et al., 2015;
Smith et al., 2020), the “Go-When-You-Know” paradigm, has been used to examine confidence
in other apes. In this paradigm, the participant (e.g., a chimpanzee) completes a primary
cognitive task at one location and receives a reward at another. After each trial, preceding
feedback, the primate participants could move towards a reward dispenser or stay put. If they
didn't reach the dispenser in time, they would forfeit the reward. Moving early, before feedback,
ensured they were in place if a reward was earned. The optimal strategy is to move only when
correct, which requires some ability to assess one’s performance on the task. This pattern (i.e.,
one that assumes some degree of metacognitive monitoring) is observed in chimpanzees (Beran

et al., 2015) and, to a lesser degree, Capuchin Monkeys (Smith et al., 2020).
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4.2 Experiment 5

In Experiment 5, I adapt this paradigm for use in humans (a considerably easier
proposition) and compare it to a standard explicit condition to test monitoring and control effects
of explicitly measuring confidence. This adaptation requires the preservation of the critical
aspects of this paradigm that allow it to study metacognition, without a requirement for
participants to report their confidence. I estimate these to be: 1) instead of a confidence judgment,
a choice made by participants that allows them to optimize their reward, ii) that this choice ‘pays
off” based on their performance, and iii) so that always behaving as if one provided a correct
response is suboptimal, trials on which participants choose as if they were correct but were not
incur a cost (in this case, opportunity cost). The main hypothesis in this chapter is that at least
some of the controlled behaviour (herein, reflection) is driven by the explicit judgment, rather
than the underlying representation of confidence. It is unlikely to be the case that reflection is
driven entirely by the presence of an explicit judgment (a possibility initially ruled out by
Thompson et al., 2011). A prediction therefrom is that confidence and deliberation are less
closely-related in the adapted condition where no explicit judgment is made than in the normal,

explicit confidence condition.

4.2.1 Method

Participants. Ninety-five undergraduate students from the University of Waterloo (68.8%

female self-identified, Mage = 19.9) participated in exchange for partial course credit. A sample
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size of N = 80° was preregistered based on an a priori power analysis using the package
Superpower (Lakens & Caldwell, 2021). Sample data were simulated wherein the effect of
confidence on reflection in the normal condition was equivalent to d = 1.00 (a translation of the
observed effect in the experiments to this point) and the effect in the adapted condition was
equivalent to d = 0.25, in the same direction. A 2 x 2 mixed ANOVA with 40 participants per
between-subjects group and the prescribed effects yields approximately 90% power to detect an

effect.

Design. There are two independent variables in the present experiment. First, participants
were assigned to one of two experimental conditions (Explicit vs Implicit confidence judgments;
see Procedure below). Second, comparisons are made using confidence (High vs. Low) as an
independent variable. In the Implicit condition, this is given as a dichotomous variable, whereas
in the Explicit condition, it is given via Likert scale and converted to a dichotomous variable.
This is not ideal but is necessary to maintain as few degrees of difference between the “Go-
When-You-Know” paradigm as used in animals and the one used here. The key dependent
variables were Confidence (also an Independent Variable as described above), Rethinking Time
(time to respond to the second iteration of each problem), and Answer Change (a binary variable
indicating whether an individual’s response changed from their first response to their second).

The latter two variables are designed to capture deliberation.

51t is now standard practice for me to oversample my preregistered sample size by about 10% so that, if exclusions
are warranted for any reason, it is unlikely that they will result in a sample that is smaller than preregistered (as is
the case in some of the earlier experiments in this thesis). Because this experiment contains multiple mechanisms by
which to reduce the number of valid trials recorded for each participant, it was oversampled by 10% (i.e., roughly 8
participants) per condition, hence the larger-than-normal difference between the collected sample and the analyzed
sample.
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Stimuli and Apparatus. Stimulus presentation and response recording was conducted in
Octave using Psychophysics Toolbox 3.0.15 (Brainard, 1997; Kleiner et al., 2007). The stimuli

consisted of the same 48 syllogisms as in Chapters 2 and 3, taken from Solcz (2011).

Procedure. Participants were recruited through the University of Waterloo participant
pool and completed the study in-person. Participants began by reading the consent and
information form and indicating their desire to participate. Participants were informed they
would be participating in exchange for entries into a raffle to win one of two $25 Amazon gift
cards, and that better performance would result in more entries into the raffle. Before beginning
the to-be-analyzed trials, participants completed three practice syllogisms. They then began the
trial phase. During the trial phase, participants saw a series of syllogisms in a randomly-
presented order, to which they were to respond in either the affirmative (i.e., “yes, this syllogism
is logically valid”) or in the negative (i.e., “no, this syllogism is not logically valid”). These
responses were given by pressing either the “1” key or the “3” key. Each trial involved
responding to each syllogism twice, as in Chapter 2. The order of the response options (i.e.,
“yes” and “no”’) was counterbalanced across participants such that each button corresponded
equiprobably with each response option. A counter was displayed at the top of the screen
indicating the number of remaining trials. In this experiment, unlike previous experiments,
participants were only given six seconds to respond to the first iteration of each syllogism, which
was normally worth one raffle entry if answered correctly. This forced speeding is to prevent
increased deliberation during the first response to each syllogism given the potentially increased
motivation — to maximize their reward — of participants relative to prior experiments. After
solving each syllogism, participants indicated their level of confidence regarding how likely they

think it is that they answered the problem correctly. It is this confidence judgment that differed
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across conditions. In the Explicit condition, participants were prompted with an adapted FOR
judgment on a six-point Likert scale (Appendix C). In the Implicit condition, I tried to reproduce
the “Go-When-You-Know” paradigm above for human participants. Participants indicated
whether they would like the response they had just given (i.e., their first response to each
syllogism) to be worth one raffle entry or five raffle entries if answered correctly. If they
answered “five,” they forfeited a future trial. In essence, optimal responding for the purpose of
maximizing raffle entries requires one to “spend” a future trial when they are relatively certain
they have answered a syllogism correct on the first iteration. This approximates the “Go-When-
You-Know” paradigm because 1) participants must strategically wager when they are correct in
order to maximize raffle entries, ii) the success of this strategy depends on their performance,
and iii) never wagering reduces individuals’ entry accumulation potential. Entry maximization
requires one to wager past some threshold of certainty’ that one has answered correctly. In the
Implicit condition, second responses were always worth five entries to incentivize participants to

take their time to ensure they are correct, as was instructed in past experiments.

4.2.2 Results

All data analysis and visualization was completed in the R programming language with
the assistance of add-on packages (see: BayesFactor [Morey & Rouder, 2024]; gghalves
[Tiedemann, 2022]; Ime4 [Bates et al., 2015]; ImerTest [Kuznetsova et al., 2017]; Isr [Navarro,
2015]; plyr [Wickham, 2011]; psych [Revelle, 2024]; sjPlot [Liidecke, 2024]; tidyverse

[Wickham et al., 2019]), and with data visualization guidance from van Langen (2020). All

7Tt is difficult to calculate optimal behaviour numerically here, as it depends on i) one’s likelihood of answering the
current trial correctly (for our purposes, confidence), but also ii) their likelihood of answering a future trial correctly,
and iii) their then estimation that they will have answered that future problem correctly. In any case, thank you to an
unnamed participant in the experiment, after whose participation we engaged in a lengthy discussion about this
topic, concluding that there is some threshold of confidence past which it is optimal to wager a future trial to
increase the value of the current one.
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analyses were carried out with an o of .05. Outliers were addressed at the individual level by
removing each individual participant’s trials with a Rethinking Time Z-score of greater than 3
compared with that participant’s other trials. Response Time (for the first response) is not
similarly trimmed because it is perfectly bounded between zero and six seconds. This resulted in
the removal of 48 trials (1.44% of trials). There are two mechanisms in the present experiment
that can reduce a participant’s number of trials: 1) failing to provide a response before six seconds
has elapsed, and ii1) spending a future trial (in the Implicit condition only). As a result, there are
variable numbers of trials per participant and considerably fewer overall trials in the Implicit
condition. Because the preregistered analyses are aggregated at the individual level, it is likely
the case that there will be substantial variance in the number of trials represented in each
participant’s data. To combat the noise that potentially arises from this, and to reduce the sample
to be consistent with the preregistration, I excluded the participants from each condition with the
fewest number of observations (eight participants from the Implicit condition and seven from the
Explicit condition until there are n = 40 per between-subjects group). This approach is non-
random because participants who almost always or almost never wager will be excluded, a

problem that is addressed in part by the next experiment.

Preregistered Analyses. The first analyses test whether the explication of confidence
affects the extent to which deliberation is a product of confidence. Because of the way
confidence has been operationalized in this experiment (i.e., in both conditions as High
Confidence and Low Confidence), the main tests of this hypothesis are 2 (Condition: Explicit vs.
Implicit) x 2 (Confidence: High vs. Low) mixed ANOVAs with each of our measures of
deliberation. On Rethinking Time (Figure 15), there was a statistically significant main effect of

Confidence, F(1, 78) = 69.02, p < .001, 5, = .108, BF 9 = 3.28 x 10, such that Rethinking Time
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was greater for Low Confidence trials than High Confidence Trials. There was, however, no
statistically significant main effect of Condition, F(1, 78) = 0.20, p = .654, #°s = .002, BFo; =
4.30, nor a statistically significant interaction, F(1, 78) = 0.06, p = .814, #°s = .002, BF¢; = 4.93.
On Answer Change (Figure 16), there was an identical pattern: a statistically significant main
effect of Confidence, F(1, 78) = 69.64, p < .001, n°s = .277, BF1o = 5.49 x 10!}, but no
statistically significant main effect of Condition, F(1, 78) = 0.56, p = .457, #°s = .004, BFo; =
5.93, nor a statistically significant interaction, F(1, 78) = 0.02, p = .874, °¢ < .001, BF¢; = 5.96.
The results of these analyses suggest that i) the manipulation of confidence judgment type is
having no effect on the relationship between confidence and deliberation, and i1) that
dichotomizing confidence does not necessarily obscure real effects (given the clearly-detected
effect of confidence on reflection). Another way to assess differences in the relationship between
confidence and reflection (that does not require one to artificially dichotomize a scalar variable)
is to compute within-person correlations between confidence and reflection and compare them
across conditions. Here, there was no statistically significant difference in the correlation
between confidence and Rethinking Time between the Explicit (» = -.32) and Implicit (» = -.28)

conditions, #78) =0.74, p =.460,d =0.17, BFo; = 3.39.
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Figure 15. Rethinking Time by Condition and confidence level. Each connected pair of points
represents an individual participant. Box plots display the mean and the first and third quartiles,
and the whiskers extend 1.5 times the interquartile range beyond the first and third quartiles.
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Figure 16. Answer Change by Condition and confidence level. Each connected pair of points
represents an individual participant. Box plots display the mean and the first and third quartiles,
and the whiskers extend 1.5 times the interquartile range beyond the first and third quartiles.

Exploratory Analyses. The main preregistered analysis aggregates data at the individual
level, and as such, ignores noticeably different numbers of trials across participants. This leaves
the possibility that noise, in participants with relatively few trials, drives results, especially given
there are asymmetrically few trials in the Implicit condition. To combat this possibility, the
analyses are mirrored with mixed-effects regressions with random intercepts nested within each
participant. Unlike Chapter 3, these are not comparisons between nested models but rather a
computation of the full model and interpretation of the individual estimates to best mirror the
ANOVAs above. On Rethinking Time, there was once again a statistically significant main effect
of Confidence, b =-5.49, t = 6.72, p < .001, but no statistically significant main effect of
Condition, b =-0.35, t = 0.22, p = .824, nor a statistically significant Confidence x Condition
interaction, b = -0.15, = 0.15, p = .885. On Answer Change (because Answer Change is a binary

variable, these are mixed-effects logistic regressions), there was a statistically significant main
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effect of Confidence, b =-1.13,z="7.17, p <.001, but no statistically significant main effect of
Condition, b =0.05, z=0.29, p =.775, nor a statistically significant Confidence x Condition
interaction, b =-0.07, z = 0.34, p = .736. The above analyses all confirm that the experimental
manipulation of measuring confidence explicitly as normal or implicitly as adapted from primate
research has 1) no effect on deliberation overall, and more importantly, ii) no impact on the

relationship between confidence and deliberation.

One conundrum in syllogisms and other reasoning tasks, however, is that it is often the
case that deliberation is puzzlingly unrelated to accuracy, despite both accuracy and deliberation
being touted as target behaviours (Stanovich & West, 2008; Thompson et al., 2011; Toplak et al.,
2014; Evans, 2019). It is also the case that explicit prospective confidence judgments across
other domains can alter or improve performance (e.g., JOL reactivity; Soderstrom et al., 2015;
Double et al., 2018; Myers et al., 2020; but see Undorf et al., 2024 for a review). As such, |
compare second response accuracy across conditions to test whether, even in the absence of an
effect on deliberation, syllogism performance was affected by explicit confidence judgments
(i.e., was explicit-judgment-reactive). There was no statistically significant difference in second
response accuracy between the Explicit (M = 64.99%, SD = 14.89%) and Implicit (M = 62.58%,
SD = 15.57%) conditions, #78) = 0.71, p =.481, d=0.16, BF¢ = 3.46. Because the confidence
judgment manipulation is between-subjects (i.e., participants only ever provide confidence
judgments of one type), it could also theoretically be the case that participants anticipate the need
to evaluate their initial response in order to give an explicit judgment and therefore any
processing differences may take place during the initial response. There was, however, no
statistically significant difference in accuracy for the first response (Mexplicit = 55.82%, SDExplicit =

13.05%; Mimpiicit = 58.21%, SDimplicit = 14.26%), #(78) = 0.78, p =.437,d =0.17, BFo1 = 3.30.

91



The above preregistered and exploratory results provide relatively conclusive evidence that the
difference in the requirement to explicitly report confidence does not produce any differences in
controlled processing (i.e., deploying deliberative processing based on the assessed likelihood of

being correct) nor overall deliberation.

Although the main preregistered analyses were designed to assess controlled processing
(herein operationalized as deliberation), there remains the possibility, although less specific, that
explicit confidence judgments may change monitoring processes, as opposed to controlled
processes. That is, while I hypothesized that at least part of the relation between confidence and
deliberation was due to the judgment itself (i.e., I just said I was very confident, why would I
expend more effort here?”), it is also plausible that confidence itself is produced differentially
depending on what it is being produced for (e.g., to optimize one’s own behaviour as in the
Implicit condition, or to provide an explicit judgment). To test this possibility, I combine
Condition with various predictors of confidence (many of which I established or verified in
Chapter 3) to assess whether explicitly reporting confidence changes the extent to which certain
item characteristics and/or processing factors impact confidence. Rather than compute a large,
omnibus model, I break this analysis into coherent parts to address individual exploratory
hypotheses. Every analysis below contains binary confidence (organically in the Implicit
condition and converted in the Explicit condition) as the dependent variable. All are computed
again with a random effects structure of only random intercepts by participant ID. To aid in
model convergence, all continuous variables are standardized at the aggregate level (i.e., across

both experimental conditions).

First, I compare a model with all item characteristics (Premise Believability, Conclusion

Believability, Validity, and Type) entered as first-order terms to a model with all item
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characteristics as well as a first-order term of Condition and interaction terms between Condition
and all item characteristics. This analysis is designed to reveal the extent to which the differences
in confidence type causes a shift in weight between these item-level characteristics in
individuals’ generation of confidence. The addition of Condition (and its associated interaction
terms) does not significantly improve the model fit, °(5) = 0.93, p = .968. In addition, Condition
did not significantly interact with any of the item characteristics, all ps > .603. In other words,
the manipulation of confidence judgment type does not impact the relative translation of

individual item cues into confidence.

Another plausible hypothesis is that the experimental manipulation alters the degree to
which individuals use item-based or fluency-based cues as a whole. To test this possibility, I
combine Condition with the aggregate-level cues identified in Chapter 3 (item consensus as well
as item-average Response Time) as well as trial-level Response Time to examine the extent to
which the requirement to give an explicit confidence judgment alters the makeup of confidence
with respect to cues as a whole. There are statistically significant main effects of consensus, b =
0.36,z=4.81, p <.001, and trial-level response time, b =-0.40, z = 4.42, p <.001, but not of
item-average response time, b =-0.01, z = 0.07, p = .942. The addition of Condition (and its
associated interaction terms) does not significantly improve the model fit, y°(4) = 2.56, p = .635.
Condition did not significantly interact with consensus, b = 0.06, z = 0.61, p = .542, item-average
response time, b =-0.01, z=0.11, p = .910, nor trial-level response time, b =0.14,z=1.23,p =

.219.

Finally, I combine accuracy — for the first response — with Condition in a model
predicting confidence to test whether explicit confidence judgments produce better- or worse-

calibrated confidence judgments. The addition of Confidence (as a main effect and its interaction
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with accuracy) does not significantly improve model fit, y°(2) = 4.20, p = .122, and it does not
significantly interact with accuracy, b =0.34, z = 1.91, p = .057. However, there is a hint of an
informative pattern of results here because 1) the two above tests (especially the latter) approach
statistical significance and ii) prior to the addition of Condition, accuracy is a strong predictor of
confidence, b = 0.41, z =4.64, p <.001, while the addition of Condition (and the interaction
between accuracy and Condition) renders it not a statistically significant predictor of confidence,
b=0.21,z=1.51, p=.130. Even though there is no statistically significant interaction between
accuracy and Condition, this pattern of results is generally consistent with the existence of a
relation between those two predictors. An examination of the predicted probabilities of a high
confidence judgment (or a wager, in the Implicit condition) confirms that explicit confidence
judgments are descriptively more sensitive to accuracy than wager decisions (Figure 17). These
results, unlike the above results vis-a-vis controlled processing, paint a less-clear picture of
effects of the experimental manipulation on monitoring. It is descriptively the case that the
experimental manipulation impacts the degree to which individuals’ confidence judgments are

calibrated with their performance.
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Figure 17. Predicted probabilities of a high confidence response by condition and
accuracy. Error bars represent 95% confidence intervals.

4.2.3 Discussion

In Experiment 5, I provided a first test of the hypothesis that explicit confidence
judgments, as often used in the literature, affect the metacognitive processes active in reasoning.
Specifically, I hypothesized that at least part of the relationship between confidence and
controlled behaviour, commonly operationalized as deliberative processing, is due to the
requirement to give an explicit confidence judgment. In Experiment 5, I provide evidence against
that hypothesis. In both a traditional group comparison and a mixed-effects regression analysis,
confidence equally predicts deliberation across experimental conditions. That is, deliberation is
presumptively caused by confidence as an underlying construct rather than some combination of

confidence and the explicit judgment common in meta-reasoning investigations.
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There is, however, another candidate mechanism by which requirements to explicitly
represent confidence may alter meta-reasoning processes. One might hypothesize that
individuals generate confidence differently depending on the ultimate purpose of the monitoring
process, be that for the purpose of external report or in order to optimize one’s own behaviour.
There are a number of ways one can operationalize this hypothesis, but three possible
conceptualizations are tested above: regarding confidence, it could plausibly be the case that
response requirements alter 1) the extent to which confidence is made up by individual cues, i)
the extent to which confidence is based on an overall sense of processing ease or difficulty, or iii)
the extent to which confidence judgments align with actual performance. I find mixed evidence
with respect to these hypotheses. There appears to be no shift in individual cue use between
conditions, and neither does there appear to be a difference in use of overall processing cues (as
measured by item response consensus, item-average RT, and trial-level RT). However, evidence
for a difference in calibration as a function of condition is mixed. It may be the case that
individuals’ confidence responses — defined differently across conditions — are more sensitive to
whether they responded correctly when those responses are explicit confidence judgments.
Viewing Figure 17, it is clear that this pattern is driven by more frequent high confidence
responses (i.e., wagers) in the Implicit condition. One possibility is that there is a real effect here
that I do not have the statistical power to detect. Another possibility is that this pattern appears
because of the treatment of the scalar outcome variable in the Explicit condition. Imagine, in a
simple example, that the hypothetical wagering threshold for participants allocated to the
Explicit condition would have been between ‘5’ and ‘6’ on the judgment scale. As long as there
are some incorrect trials given ‘4’ and ‘5’ confidence ratings, bifurcation of their scalar judgment

necessarily groups some hypothetical incorrectly-answered trials into the high confidence bin,
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despite the fact they would not have resulted in a wager. Enough occurrences of this could
produce the pattern seen in Figure 17 without a true difference (i.e., with only the differences in
scale). Experiment 5 was designed with full awareness that the different response scales may be
problematic, a limitation that I saw as necessary to adapt the paradigm with as few differences as
possible from that used in nonhuman primates. Experiment 6 adapts one step further to allow for

equality in response scale between the two experimental conditions.

4.3 Experiment 6

Experiment 6 is aimed toward answering the same hypotheses put forward in Experiment
5, but I adapt the design to solve some of the issues created by the design of Experiment 5.
Specifically, the implicit confidence judgment (i.e., wagering) will no longer be a binary
judgment, but rather will be made on a scale equivalent to that of the confidence judgment in the
Explicit condition. This necessarily requires the design to move one step further away from the
“Go-When-You-Know” paradigm introduced above. To ensure that the design of Experiment 6
allows conclusions about the same hypotheses as Experiment 5, it must meet the same three
criteria set above, that the Implicit condition require 1) a judgment made by participants to
optimize their reward, ii) that this choice ‘pays oft” based on their performance, and iii) a cost
incurred by not wagering when one responded correctly. To these ends, I replace the
dichotomous option for participants to wager a future trial with a wager system that provides
participants with seven raffle entries on each trial. They then have the option to bank those
entries or wager them on their just-made response to a syllogism. In the case that they wager on a

correct response, entries will multiply by five.
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4.3.1 Method

Participants. Participants were 172 undergraduate students from the University of
Waterloo (78.3% female self-identified, Mage = 19.7) who participated in exchange for partial
course credit. A sample size of N = 150 was preregistered based on an a priori sensitivity
analysis. Because no interaction between Condition and Confidence was detected with respect to
deliberation, this effect, should it exist is likely very small. As a result, sample data were
simulated wherein the effect of confidence on reflection in the normal condition was equivalent
to d = 1.00 (approximately equivalent to all heretofore experiments) and the effect in the adapted
condition was equivalent to d = 0.8 in the same direction (i.e., the difference in effect sizes
between conditions is small, equivalent to d = 0.2). From there, the simulated data were
resampled using the mixedpower (Kumle et al., 2018) R package, where it was determined for
the simulated effect size that a sample size of N = 150 yielded 95% power in a mixed-effects
regression analysis with random intercepts nested within participants to detect the interaction

between confidence and condition.

Design. There are again two independent variables in the present experiment. First,
participants were assigned to one of two experimental conditions (Explicit vs Implicit confidence
judgments; see Procedure below). Second, confidence was assessed using — in both conditions —
a seven-point scale. The key dependent variables were Confidence (also an Independent Variable
as described above for some of the following analyses), Rethinking Time (time to respond to the
second iteration of each problem), and Answer Change (a binary variable indicating whether an
individual’s response changed from their first response to their second). The latter two variables

are designed to capture reflection.
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Stimuli and Apparatus. Stimulus presentation and response recording was conducted in
Octave using Psychophysics Toolbox 3.0.15 (Brainard, 1997; Kleiner et al., 2007). The stimuli
consisted of the same 48 syllogisms as in Chapters 2 and 3 as well as the previous experiment,

taken from Solcz (2011).

Procedure. Participants were recruited through the University of Waterloo participant
pool and completed the study in-person. Participants began by reading the consent and
information form and indicating their desire to participate. Participants were informed they
would be participating in exchange for entries into a raffle to win one of two $25 Amazon gift
cards, and that better performance would result in more entries into the raffle. Before beginning
the to-be-analyzed trials, participants completed three practice syllogisms. They then began the
trial phase. During the trial phase, participants saw a series of syllogisms in a randomly-
presented order, to which they were to respond in either the affirmative (i.e., “yes, this syllogism
is logically valid”) or in the negative (i.e., “no, this syllogism is not logically valid”). These
responses were given by pressing either the “1” key or the “3” key. Each trial involved
responding to each syllogism twice, as in Chapter 2 and Experiment 5. The order of the response
options (i.e., “yes” and “no”) was counterbalanced across participants such that each button
corresponded equiprobably with each response option. A counter was displayed at the top of the
screen indicating the number of remaining trials. Again, participants were only given six seconds
to respond to the first iteration of each syllogism, which was always (i.e., across both
experimental conditions) worth one raffle entry if answered correctly. This forced speeding is to
prevent increased deliberation during the first response to each syllogism given the potentially
increased motivation of participants relative to prior experiments. Unlike Experiment 5, the

counter always decreased by one per trial — as long as a response was provided within six
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seconds — as there is no mechanism by which participants can reduce the number of future trials
by wagering a future trial. After solving each syllogism, participants gave a judgment that was
used to approximate confidence. This judgment varied across conditions. In the Explicit
condition, participants were always awarded five raffle entries for each of their first and second
responses to each syllogism. Their confidence judgment was unrelated to the number of raffle
entries accrued and only reflected the extent to which they felt like their first response was
correct. In the Implicit condition, participants were given seven raffle entries on every trial. They
had the option to ‘bank’ these entries or wager between one and seven of them. Any banked
entries would count as one entry at the end of the experiment, and any wagered entries would
multiply by five if their initial response was correct, or zero if their initial response was incorrect.
Once again, optimal responding for the purpose of maximizing one’s number of raffle entries
requires one to bank their entries when they responded incorrectly and wager their entries when
they responded correctly. Despite changing the response scale from Experiment 5, this implicit
confidence response retains the critical components because 1) participants must strategically
wager when they are correct in order to maximize raffle entries, ii) the success of this strategy
depends on their performance, and iii) never wagering reduces individuals’ entry accumulation
potential. In the Implicit condition, second responses were once again always worth five entries
to incentivize participants to take their time to ensure they are correct, as was instructed in past

experiments.

4.3.2 Results

All data analysis and visualization was completed in the R programming language with
the assistance of add-on packages (see: BayesFactor [Morey & Rouder, 2024]; gghalves

[Tiedemann, 2022]; lme4 [Bates et al., 2015]; ImerTest [Kuznetsova et al., 2017]; Isr [Navarro,
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2015]; plyr [Wickham, 2011]; psych [Revelle, 2024]; sjPlot [Liidecke, 2024]; tidyverse
[Wickham et al., 2019]), and with data visualization guidance from van Langen (2020). All
analyses were carried out with an a of .05. Twenty-two participants (eleven from each
experimental condition) were removed from analysis at random to reach the preregistered sample
size of N =150. Outliers were addressed at the individual level by removing each individual
participant’s trials with a Rethinking Time Z-score of greater than 3 compared with that
participant’s other trials. Response Time (for the first response) is not similarly trimmed because

it is perfectly bounded between zero and six seconds. This resulted in the removal of 97 trials

(1.56% of trials).

Preregistered Analyses. The main preregistered analyses are tests of the interaction
between Condition and confidence predicting deliberation. Recall that I operationalize
deliberation in two separate ways: Rethinking Time and Answer Change. These mixed-effects
models are computed with a random-effect structure containing only random intercepts by
participant. On Rethinking Time (Figure 18), there was a (at this point well-established)
statistically significant main effect of Confidence, b =-1.11, = 12.23, p <.001, but no
statistically significant main effect of Condition, » =-0.14, 1 = 0.13, p = .901, nor a statistically
significant Confidence x Condition interaction, b =-0.13, #=1.02, p = .310. On Answer Change
(Figure 19; a mixed-effects logistic regression because of the dichotomous nature of Answer
Change), there was a statistically significant main effect of Confidence, b =-0.28,z=10.83, p <
.001, and this time both a statistically significant main effect of Condition, b =0.52,z=3.29,p =
.001, and a statistically significant Confidence x Condition interaction, b =-0.09, t =2.48, p =
.013. Inspection of Figure 19 suggests this is due to a decrease in the tendency to change one’s

answers at the lowest confidence levels in the Implicit condition.
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Figure 18. Predicted values of Rethinking Time by Condition and Confidence. Lines indicate
predicted values, and shaded areas represent 95% confidence intervals.
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Figure 19. Predicted probabilities of Answer Change by Condition and Confidence. Lines
indicate predicted values, and shaded areas represent 95% confidence intervals.
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Further to analyse the extent to which the experimental manipulation of confidence
judgment type influences control processes, analyses mirroring those of Experiment 5 were
conducted to assess effects of the manipulation on monitoring processes. That is, does
confidence judgment type influence the way(s) in which individuals generate a sense of
confidence? There are many ways one can operationalize this umbrella hypothesis, but consistent
with Experiment 5, I aim to assess the extent to which confidence judgments are based on 1)
individual cues, i1) an overall sense of processing ease or difficulty, and iii) the extent to which

they align with actual performance.

First, item characteristics (Premise Believability, Conclusion Believability, Validity, and
Type) were entered into a mixed-effects model in combination with Condition. The addition of
Condition (and its associated interaction terms), like Experiment 5, does not significantly
improve the model fit, y°(5) = 1.80, p = .876. Condition did not significantly interact with any of
the item characteristics, all ps > .659. Once again, Condition did not alter the extent to which
confidence judgments — differently defined — arise from the individual cues present in the items I
use. Second, I combine Condition with aggregate-level cues (item consensus as well as item-
average Response Time) as well as trial-level Response Time to examine the extent to which the
requirement to give an explicit confidence judgment alters the makeup of confidence with
respect to overall processing cues. There were statistically significant main effects of consensus,
b=0.24,t=17.87, p <.001, trial-level response time, b =-0.21, t = 5.25, p <.001, and (unlike
Experiment 5) item-average response time, b =-0.17, t = 3.78, p <.001. Also unlike Experiment
5, the addition of Condition and its associated interaction terms significantly improved model fit,
£(4)=29.14, p < .001. Additionally, there was a statistically significant interaction between

Condition and trial-level response time, b = 0.29, t = 5.25, p <.001 (Figure 20), such that the
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relationship between RT and confidence is more strongly negative in the Implicit condition as
compared to the Explicit condition (where it is noticeably positive). Finally, a model with both
accuracy and Condition was fit predicting confidence judgments. The addition of Confidence
does not significantly improve model fit, y°(2) = 2.41, p = .300, and nor does it significantly

interact with accuracy, b =-0.09, = 0.98, p = .329 (Figure 21).
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Figure 20. Predicted confidence judgments by condition and Response Time. Lines indicate
predicted values, and shaded areas represent 95% confidence intervals.
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Figure 21. Predicted confidence judgment by condition and accuracy. Error bars represent 95%
confidence intervals.

4.3.3 Discussion

In Experiment 6, I test the same set of hypotheses as in Experiment 5, but I do so in an
experimental design that escapes the major problem(s) present in Experiment 5. The scale used
in the Implicit condition in Experiment 6 is much more like the FOR scale to which it is
compared than in Experiment 5. However, one could argue that it is inappropriate that it is
treated equally to the FOR scale; this is a fair point. Is it reasonable to expect individuals to
respond to a Likert-type scale in the same way they respond to a decision to wager some number
of tokens? Probably not, but there is substantial evidence provided in Experiment 6 that they do.
For example, many factors that have been demonstrated to predict confidence (normally on a
similar scale to the one used here), do so equally to wager decisions. Whether or not wager
decisions correspond to confidence, they are produced similarly. Perhaps the best evidence that
wagering decisions are representative of something similar to confidence judgments is their

relation to deliberation; each is approximately equally predictive of deliberation. In any case, it
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must be that each measure is approximating similar constructs in similar ways, though I cannot
rule out the possibility that the scales are used differently by participants. Relative to Experiment
5, however, the Implicit condition in Experiment 6 nevertheless allows cleaner conclusions vis-a-
vis the effects that explicitly registering confidence has on monitoring and control processes in
reasoning. I hypothesized that at least some of the relationship between confidence and
controlled behaviour (herein defined as deliberative processing) was due to the confidence
judgment itself. I mostly find evidence against this hypothesis. Confidence predicts Rethinking
Time equally across experimental conditions; however, there are differences across conditions
with respect to Answer Change, driven by a difference in deliberation at the lowest levels of
confidence (Figure 19). Specifically, low confidence predicts increased Answer Change in the
Explicit condition relative to the Implicit condition. There is no such pattern on Rethinking Time.
There are three possibilities consistent with this pattern of data: i) there are real, small effects on
controlled processing based on the requirement to evaluate confidence explicitly, ii) the analysis
of Rethinking Time is detecting a true non-effect and the decrease in Answer Change for low-
confidence Implicit trials is due to something other than decreased deliberation, or iii) as
mentioned above, participants use these scales differently, to the extent perhaps that low
responses in the Implicit condition do not exactly correspond to low FOR responses.
Theoretically, Rethinking Time should be a more sensitive metric with respect to deliberation
than Answer Change (even in circumstances where one deliberates, one will in at least some
instances harness this deliberation to rationalize their intuitive response; Pennycook, Fugelsang,
& Koheler, 2015; Wason & Evans, 1975). As such, it is unlikely to be the case that the Answer

Change Analysis is capturing deliberation missed by the Rethinking Time analysis. In any case,
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there is at most a very small effect of the experimental manipulation on control processes in

Experiment 6.

In the other theoretical half of the presented analyses, I test the extent to which
monitoring processes differ based on the ultimate judgment requirement (either a confidence
judgment or a wager on one’s performance). The pattern of effects here is somewhat clearer in
that tests within the same hypothetical family are internally consistent. The experimental
manipulation of judgment type evidently had no effect on the degree to which confidence
responses were based on individual item characteristics such as item type, believability of the
premises and conclusions, and validity, despite these characteristics being demonstrated to
nominally affect confidence. Similarly, there was no effect on metacognitive calibration;
participants’ confidence responses equally discriminate correct from incorrect responses
irrespective of the requirements of that confidence response. However, an interesting pattern
arises in analysis of the relationship between confidence and variables designed to capture
overall processing. Whilst the experimental manipulation of confidence judgment type did not
impact the relation between an item’s aggregate consensus response nor its average RT, trial-
level Response Time was a significantly better predictor of wagering decisions than it was of
confidence judgments. That is, an individual’s ease or difficulty of processing an item informs
wagering decisions to a greater extent than it does confidence judgments. Crucially, this cannot
be attributed to the sense of certainty or uncertainty driven by the alignment or misalignment of
the individual cues present within an item. That is, wagering on one’s performance — as
compared to providing explicit confidence judgments — seems to increase the extent to which the

judgment relies on experiential (i.e., fluency-based) cues.
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4.4 Chapter Review and Discussion

In Chapter 4, I tested the hypothesis that at least some of relationship between confidence
and controlled behaviour in reasoning is driven by the requirement for participants to make an
explicit judgment reflective of confidence itself. Experimental investigations regarding
metacognition in reasoning normally include such a judgment, unlike how they might respond in
the real world, to which this work is usually meant to extend. Rather, while real-world cognition
may involve the evaluation of one’s performance for the purpose of optimizing one’s own
behaviour, I contend it rarely if ever involves an explicit evaluation of one’s confidence. To what
extent, then, does the addition of such a judgment alter the metacognitive processes underlying
reasoning? To provide an answer to this question, I adapted a paradigm from studies of
metacognition in nonhuman primates to operationalize confidence implicitly for comparison

against an explicit condition.

There was mixed evidence of an effect of explicit confidence judgments on the
relationship between confidence and controlled processing (herein defined as deliberation and
measured by Answer Change and Rethinking Time). In Experiment 5, confidence influenced
deliberation — in each metric — equally across conditions; in Experiment 6, deliberation for low-
confidence trials differed across condition. This difference is directionally similar, though not
statistically significant, with respect to Rethinking Time. There are two implications from this
finding. First, it is probably the case that wagering decisions approximate confidence to a
reasonably similar degree that explicit confidence judgments approximate confidence. If
wagering decisions were a poor proxy for confidence, one would not expect it to predict future
behaviour to the same degree as direct judgments of confidence. Subsequently, this pattern of

results supports the notion presented in past work (e.g., Thompson et al., 2011; Ackerman &
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Thompson, 2017), and in Chapter 2, that it is confidence specifically driving controlled
behaviour. In some ways, there is remarkable cohesion in the degree to which each
operationalization of confidence predicts behaviour. On its face, deliberation on the basis of
confidence is inherently rational; individuals can strategically allocate their limited cognitive
resources where they are likely to pay dividends. Deliberation based on a wager vis-a-vis an item
is considerably less rational, unless that wager corresponds roughly to one’s confidence in
responding correctly. The present results with respect to controlled behaviour are coherent with
an account wherein wagering decisions are approximately analogous to confidence judgments,
but either 1) with a small amount of error on low confidence trials, or 2) with the addition of a

small number of non-metacognitive considerations in low-confidence trials.

It is worth considering what might drive a small decrease in deliberation for low
confidence items in the Implicit condition. One pre-analysis concern was that deliberation in the
Implicit condition might be impacted by extraneous factors such as risk aversion (Schneider &
Lopes, 1986), ambiguity aversion for uncertain trials (Heath & Tversky, 1991), or other non-
metacognitive, heuristic wagering strategies. For example, one may reasonably have predicted an
increase in deliberation for low-confidence Implicit trials, whereby individuals effectively hedge
(e.g., Shin & Ariely, 2004) their responses for particularly uncertain trials (i.e., provide one of
each response to ensure they win at least some raffle entries when they are essentially guessing).
It is important to note that I observe nothing like this in these data; indeed, the cross-condition
equality of Rethinking Time in both experiments and Answer Change in Experiment 5 essentially
preclude this possibility. Based on the present data, I cannot conclusively rule out the possibility

that wagering decisions are a conceptually poor representation of confidence, but the difference
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with respect to our variables of interest would need to nearly perfectly offset this difference.

However unlikely, further research would be needed to conclusively rule out that possibility.

Likewise, the analyses of monitoring provide an account of wagering decisions as
approximately equal to confidence judgments per se. For example, individual item
characteristics such as Premise Believability, Conclusion Believability, Validity, and Type drive
confidence judgments and wagering decisions equally. Similarly, aggregates of the cues present
within an item, namely Consensus and Item-Average Response Time, are equally predictive of
both types of judgment. This is not necessarily surprising; all these factors have been shown here
and elsewhere (e.g., Stewart et al., 2023) to reliably impact confidence. Given wagering
decisions should theoretically map closely to confidence (Persaud et al., 2007), these factors
should relate equally to wager decisions as they do confidence. However, this is not true for all
variables of analysis: trial-level Response Time is a substantially stronger predictor of wagering
decisions than it is explicit confidence judgments. Perhaps unusually, however, it appears that
this is driven by an effect on the Explicit condition, wherein the relation between RT and explicit
confidence judgments is smaller (» = -.03) than even the same condition in Experiment 5 (» = -
.14), despite the fact there is no apparent methodological difference between the two. As such,
one might conclude that this is a random result, indicative of noise rather than some underlying
truth. I urge caution against this conclusion, for two main reasons: First, Experiment 6 is cleaner,
for the reasons outlaid above, and much more well-powered than Experiment 5. As such,
ignoring the background theoretical expectations, the evidentiary value of Experiment 6 is
greater than is Experiment 5. Second, the analysis supporting the conclusions made is not a raw
comparison of these correlations: rather, this conclusion is based on a predictive model

containing several variables. Illustratively, reference Figure 20: while the raw correlation
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between RT and confidence judgments is unusually low in magnitude, but still negative, the
isolated variance controlling for other variables suggests a positive predictive relationship
between RT and confidence judgments. As such, even if the raw correlation between these two
was of the expected magnitude, there would most likely still be an apparent difference on the
basis of experimental condition in Experiment 6. Thus, while the nature of the evidence for the
claim is not indisputable, I conclude that the adapted, Implicit condition increases the extent to

which metacognitive judgments are based on experiential factors.
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Chapter 5: General Discussion

5.1 Thesis Summary

Before I address the single most important conclusion of the present work, I will review
the findings from Chapters 2 and 3 that allow full comprehension of the thesis. In Chapter 2, I
provide the strongest evidence to date that metacognitive processes in reasoning are causal in
nature; specifically, control processes (normally, deliberative processing) arise because of
monitoring processes. To support this claim, I meet the standard set elsewhere: manipulations
that affect confidence also affect controlled behaviour, even in the absence of effects on
performance. I also go beyond this standard, by establishing that similar manipulations targeting
controlled behaviour do not produce countereffects on the outputs of monitoring. Specifically, a
delay in processing prior to a response inflates confidence and reduces deliberation, while a post-
response delay (i.e., more time to think) promotes deliberation while leaving confidence
unaffected. This, despite the fact that the delay comes before confidence judgments are made
(and thus they could theoretically be affected by the manipulation). This series of four
experiments aids in interpretation of both the present thesis as well as other investigations of
metacognitive processing in reasoning as it allows one to infer effects on target behaviour via
monitoring behaviour. Any effects of experimental manipulations, task instructions, individual
differences, or item characteristics on confidence should also result in effects on deliberative

processing, the primary instance of controlled processing in the field.

I also contribute to the study of these predictors of monitoring in Chapter 3, where [
further common models of item characteristics on confidence. In reasoning research, there has
been plenty of focus on characteristics of items and the effects they have on metacognition, and

thus, reasoning performance. Some of this work has characterized the effects of individual cues
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on metacognition (e.g., Brisson et al., 2018; Markovits et al., 2015; Stewart et al., 2023). Far
more work has focused on interactions between subsets of the total set of cues (e.g., belief-logic
conflict; De Neys et al., 2011; Pennycook et al., 2014; Thompson & Johnson, 2014). However,
very recent investigations of meta-reasoning have taken a new approach to measuring and
characterizing effects of the totality of cues within reasoning items. They have identified item-
level variables (e.g., response consensus) that seem to logically correspond to the degree to
which that item’s cues align or misalign (e.g., BajSanski et al., 2019; Kosourikhina & Handley,
2024), variables which predict a substantial amount of the variance in confidence judgments.
Cue alignment measures predict even more of the variance in confidence than the previous field-
level standard, conflict between logical validity and belief. I borrow from the logic of Evidence
Accumulation Models to add another variable (item-average response time) which predicts
unique variance in confidence judgments and substantially improves prediction of confidence

when added to response consensus, both at the item and trial level.

Despite being meaningful theoretical contributions of their own, the primary value of
Chapters 2 and 3, for the purpose of this thesis, is that they in tandem allow for far better
interpretation and analysis of monitoring processes in reasoning. I use this to my advantage in
Chapter 4 in order to address the main claim in the present thesis. In the two experiments in
Chapter 4, I tested the possibility that researchers requiring participants to explicitly report their
confidence in a reasoning task demonstrably alter the monitoring and control processes argued to
underlie reasoning. These processes are argued to operate both 1) in laboratory reasoning tasks
where participants do not explicitly report their confidence (e.g., De Neys & Glumicic, 2008),
and ii) in real-world settings where individuals almost certainly do not explicitly represent their

confidence. I assessed this by adapting a very promising paradigm from the study of
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metacognition in nonhuman primates, the “Go-When-You-Know” paradigm. This paradigm
requires participants to monitor their performance and exert control on the task environment to
maximize their rewards. In other words, it requires metacognition (Beran et al., 2015; Smith et
al., 2020). I adapted this task for use in syllogistic reasoning, by requiring participants in an
Implicit condition to retrospectively ‘wager’ on their performance, in lieu of explicit confidence
judgments. In Experiment 5, this wager is in the form of a binary: participants can “spend,” or
“wager” a future trial to increase the value of the just-completed one. In Experiment 6, this
wagering choice is changed to a continuous choice to wager up to seven “tokens” on each trial,
and thus approximates a post-decision wagering task, the argued gold standard in behavioural
operationalization of confidence (Kepecs & Mainen, 2012, but see Konstantinidis & Shanks,

2014).

In Chapter 4, I first demonstrate a small effect on controlled behaviour, wherein explicit
confidence judgments are more closely related to deliberation than are wager choices. This effect
appears only in Experiment 6, which has substantially better granularity, and while only
statistically significant with respect to Answer Change (one of two measures of deliberation), it
is directionally consistent across both measures. Specifically, answers are changed more for low-
confidence trials in the Explicit judgment condition. More noticeably, the standard negative
relationship between trial-level response time (when controlling for individual and aggregate
item characteristics) was substantially stronger in the Implicit, wagering condition. That is,
wagering decisions likely rely on experienced ease to a greater extent than do confidence
judgments. The simple model developed in Chapter 3 provides the blueprint for this analysis, and
the results of Chapter 2 suggest we can therefrom make inferences about deliberation. One

would predict, then, that slower, less fluent responses should be associated with lower

114



confidence, and thus more deliberation, in scenarios where monitoring and control operate for
the purpose of solely optimizing behaviour, rather than the provision of an explicit confidence

judgment.

5.2 Situating these Results within the Meta-reasoning Framework

A question one might ask is whether the presented results are problematic for meta-
reasoning accounts. After all, I justified the current set of studies by arguing that typical
investigations may be altering the processes they allege to measure, by virtue of the inclusion of
explicit confidence judgments. On the contrary, the tenets of meta-reasoning mostly hold firm.
Despite a small increase in reflection for low confidence judgments (relative to small wagers),
both conditions follow approximately the same pattern, supporting claims (e.g., Thompson et al.,
2011) that control behaviour in meta-reasoning is based on confidence and that it is unlikely to
be completely judgment-reactive. Likewise, item characteristics are translated equally into
explicit and implicit confidence. Even the instance where there is the strongest effect lends
support for standard claims: the finding that fluency predicts implicit confidence to a greater
degree than explicit confidence judgments actually suggests that current accounts based on
explicit judgments may be underestimating the size of the effects of fluency on confidence. In

all, I can provide essentially no evidence that challenges major accounts.

One potential incongruity between the present work and the meta-reasoning literature is
my characterization of confidence. Great care is commonly taken to differentiate between the
many distinct types of metacognitive judgment available. Here, not only have I intentionally
grouped them all together, but I directly equate Feeling of Rightness judgments with confidence.
It is critical to understand that, with respect to the major hypothesis tests conducted, this

difference is terminological rather than substantive. I do not mean that Feeling of Rightness

115



judgments as they appear in other investigations are tantamount to confidence judgments; rather,
they are an instance that has often been used in conjunction with syllogistic reasoning and
represents the body of judgment types I aimed to compare to an adapted condition. In essence,
use of the term confidence judgments is meant to refer to the wider body of explicit,
metacognitive evaluations of which FORs are simply a member. The thread between these
judgments is that they correspond to some explicit evaluation of one’s performance on some

task. For my purposes, the most reasonable umbrella is confidence.

Experiment 6 reveals a somewhat substantial effect on the relationship between fluency
and confidence as a result of the response requirement with regard to one’s confidence. However,
perhaps interestingly, there is no resultant difference in metacognitive calibration; despite relying
more on their sense of ease while processing the problem initially, participants in the Implicit
condition are no better at evaluating their performance. Is fluency a misleading cue for
performance? This would be counter to claims made by others (e.g., Thompson et al., 2011), and
yet consistent with demonstrations wherein fluency is experimentally manipulated independent
of performance on a given task (Besken & Mulligan, 2013, 2014). So, what is one to believe? It
is probably the case that in a standard experimental investigation, fluency is capturing multiple
processes, some of which are useful and some of which are not. This raises the question: did the
experimental manipulation here simply shift predictive weight vis-a-vis confidence onto only the
components of fluency that are not useful? Or perhaps, are the normally useful portions of
fluency instead captured by the novel way I modeled item characteristics? It is impossible to
know for sure, but it is a reasonable avenue for future work to continue to investigate the

complex relationships in metacognitive cue space. In any case, I characterize the manipulation as
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shifting the weight toward a cue that is nondiagnostic (but notably not anti-diagnostic) with

respect to performance.

The results of the current set of experiments provide both i) moderate evidence in favour
of past claims about meta-reasoning, and ii) suggestions about some changes to the reasoning
process as a result of the standard requirement for participants to evaluate their confidence
explicitly. These effects can be informative with respect to the meta-reasoning framework. For
example, they provide methodological suggestions about unintended effects the standard designs
may be having on participants’ reasoning. It may be a worthwhile endeavour to incorporate
behavioural measures of confidence in the breadth of meta-reasoning research, which some
researchers have already begun to do (e.g., Undorf et al., 2021). However, the implications go
beyond methodology. One of the stated aims of meta-reasoning work is to explore the possibility
of improving reasoning through metacognitive processes. The current work provides monitoring
and control suggestions to this effect. First, it suggests that explicitly evaluating confidence may
shift monitoring weight away from fluency or other experiential factors. As I have demonstrated,
there are a number of instances (usually in intentionally-designed experimental settings) wherein
fluency is at best nondiagnostic — and at worst misleading — regarding one’s performance. The
results of the present thesis (particularly Experiment 6) suggest that explicitly evaluating one’s
confidence may be a way to avoid such pitfalls. Second, the current work demonstrates small
effects on controlled behaviour. One common approach is to attempt to improve monitoring
accuracy, with the goal of allowing individuals to more efficiently allocate their resources (e.g.,
Batha & Carroll, 2007). A tandem to this kind of approach might be the strategic use of explicit
confidence evaluations for the purpose of more closely tying controlled behaviour to the output

of monitoring processes. For example, training or experimental manipulations that improve the
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accuracy of metacognitive representations of performance paired with explicit evaluation of that
performance may be doubly effective. This is especially true with evidence here and elsewhere

that the outputs of monitoring processes are causally related to controlled behaviours.

5.3 Evidence Accumulation and Dual Process Theories

The present work is deeply rooted in each of evidence accumulation and dual-process
accounts of reasoning and decision-making. Indeed, at times I link the two accounts to a degree
that even the foremost proponents of each may not. For that reason, I’ll briefly discuss how the
two accounts may be reconciled. Modern accounts of dual-process reasoning (e.g., De Neys,
2023; Pennycook, Fugelsang, & Koehler, 2015) posit that individuals, over time, generate
evidence in favour of two alternative choices. This position is shared with evidence accumulation
accounts of two alternative forced choice tasks (see Evans & Wagenmakers, 2019 for a review).
Modern accounts of dual-process reasoning also posit that one’s confidence (or at least a sense of
certainty or uncertainty), and thus controlled behaviour, arises from the relative difference in
evidence at the time of a decision. This is also shared with current theorizing about evidence
accumulation (e.g., Desender et al., 2021). In the present thesis, I have provided evidence that
this metacognitive process is sensitive to variables that correspond conceptually with general
evidence accumulation accounts. Specifically, items that are responded to faster on average and
with a greater degree of response consensus are associated with, on average, higher confidence
judgments. The account for these variables is that items whose cues align reach a decision
threshold faster and with less competition from the alternative response. This is consistent with

recent reasoning work.

One plausibly irreconcilable difference between dual-process models and EAMs is that at

least some EAMs presuppose evidence accumulation is a stochastic process; cues are processed
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essentially at random, or at least with large variability between individuals and/or across trials
(Evans & Wagenmakers, 2019). Conversely, a theoretical tenet of dual-process theories is that
some sources of evidence are processed faster or with the requirement of fewer resources. Refer
to Figure 1, for example. The model presented involves the initial evaluation of options, and in
conjunction with decades of dual-process theorizing, the intuitive option is advantaged early.
However, a qualitatively distinct type of processing intervenes, at which point the analytic option
is preferred. De Neys (2023) argues that modern dual-process theories are intractable; perhaps
thinking about reasoning through an evidence accumulation lens can aid in establishing a path
forward. The described pattern is argued to require the switch from one class of processing to
another, and the resultant switch in favouring of one response to the other is an argued
consequence. If such a pattern can be produced without the need for a qualitative shift in
processing to produce an evidentiary shift between two responses, these accounts may not be
best described by dual process frameworks. If, however, a qualitative shift in processing is
necessary to produce such a pattern, it may be a path for dual-process theories to succeed. Either
way, turning to a field where similar assumptions are made about individuals’ choices may be a

way to gain traction in the dual-process debate.

5.4 Limitations of Evidence and Generalizability

The present thesis suffers from a number of limitations, perhaps foremost of which is the
nature of the evidence provided. Either outcome is theoretically interesting: either reasoning
researchers have been systemically misestimating monitoring and control effects in reasoning by
virtue of their methods of elicitation, or reasoning is a special case where method of elicitation is
unimportant, unlike perceptual decision-making or memory. Given strong evidence in favour of

either conclusion, a clear and interesting conclusion could have been made. The evidence I am
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left with, however, is somewhat inconsistent. Variables that should be capturing similar
constructs do not always correspond (although this is decidedly not unique to the present work);
conditions in separate experiments that should be approximately equivalent are not. Though I
have made my conclusions based on what I think the most reasonable interpretation of the data,
these conclusions are made with less certainty than they otherwise might be. Perhaps future work
probing the kind of questions I have approached here would be best suited first confirming the

patterns I have identified.

Another possible limitation of the present work is the extent to which it is generalizable
across tasks and across samples. All experiments contained in this thesis used a basic, syllogistic
reasoning task. This task was particularly well-suited for the current purpose; the characteristics
of this task are particularly amenable to the evaluation of metacognitive monitoring and its
effects, and it is prominent in the literature for this reason. Also, there was an available set of
items for which I had granular data describing one of the main characteristics by which to assess
confidence. This allowed for the precise (or, at least, more precise than otherwise) modelling of
the effects of believability on confidence. However, this modelling was done in a way that
potentially limits is relevance beyond the current task and/or set of items. For example, all
mixed-effects analyses were fit with only random intercepts nested within participants. A
drawback of this kind of approach is that one is theoretically less able to draw broader
conclusions outside of the present item set and sample. It may seem that this choice was an
oversight or an error due to its limitation of generalizability, but it was actually made with
generalizability in mind. A simpler model was chosen to decrease the odds that, when translated
into an experimental setting, it would fail to converge or be otherwise mis-specified in one or

both experimental conditions. That is, a random effects structure was chosen with full knowledge
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that it is probably suboptimal, but because the focus of the present investigation was not
optimally modelling monitoring behaviour. The chosen model structure allows for direct
comparison of @ model of confidence across comparable conditions, although it may not be the
ideal model (the results of Chapter 3, however, suggest that this model is nevertheless pretty
good). That said, should other researchers be interested in that endeavour, the conclusions
presented herein may be useful. Further, the conclusions made in the present thesis, while mainly
in the reasoning domain, are intended to be at least somewhat general. However, any degree of
generality rests on the assumption that the processes observed in the present set of experiments
translate to other tasks and domains. This assumption is not baseless; the field of reasoning,
especially as it involves metacognitive processes, has a long history of adopting concepts and

theories from other domains, largely with success.

5.5 Mechanistic Considerations and Future Directions

I observed monitoring and control differences as a result of differences in the method of
measuring confidence, but nothing to suggest a reason or mechanism behind these effects. This
work was inspired in large part by other work that, in different terms, has investigated internal
versus external representations of confidence. For example, Shea and colleagues (2014) argue
that there are dual metacognitive systems; one for the purpose of broadcasting monitoring
outputs internally, and one for broadcasting them to others. In a similar vein, Bang and
colleagues (2020) demonstrated that there are context-dependent mappings of metacognitive
representations which facilitate social tuning of expressed metacognitive states. Either of these
accounts (or both in conjunction) can provide an explanation of control differences; perhaps the
outward registration of under-confidence prompts deliberation to a greater extent than does

private evaluation of the same under-confidence. This would be consistent with control
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differences found in Experiment 6. The observed monitoring effects, however, are more difficult
to place in this context. Imagine, purely speculatively, that there are indeed separate
metacognitive systems for broadcast internally versus externally. Might it be the case that the
external broadcast system differentially weighs input signals based on what might be a useful
signal to others? If that were true, a reasonable candidate to overweight might be one’s subjective
experience (i.e., the source of information to which one is solely privileged). This would be
consistent with the monitoring effect observed in Experiment 6 where implicit measures of
confidence were more sensitive to experienced ease or difficulty. Obviously, I have presented no
evidence to this affect and as such these suggestions are purely exploratory. However, given
metacognitive processes are operative in scenarios beyond simple syllogistic reasoning, such as
social decision-making and cooperation, future work might benefit from consideration of the

method of eliciting confidence.

5.6 Conclusions

Reasoning is ubiquitous in human life; from the earliest parts of your day, you are likely
reasoning. The local meteorologist suggests it may take longer to get to work today; should you
leave early? Your car is making an unusual noise; should you take it to the mechanic? Your uncle
suggests you should cease chemotherapy and instead try colloidal silver; what treatment do you
choose? Some instances of reasoning are (generally) inconsequential. Other instances have
dramatic and long-lasting effects. Decades of psychological research suggest that humans
process these types of situations by generating rapid intuitions, and only on some occasions
supplanting those intuitions with more effortful thinking. But how do we decide which occasions
to engage in deliberative thinking? Recent work suggests that this process may be a targeted

process of monitoring one’s intuitions and engaging in top-down, directed processing pending
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the outcome of that monitoring process. Critical, then, is the harnessing of this process to avoid

pitfalls in — at least — the most crucial decisions.

The work presented here suggests that explicit evaluation of one’s intuition not only
alters the basis of deliberative thinking, but also the basis on which a sense of certainty is
formed. Particularly uncertain explicit evaluations prompt more effortful processing than organic
feelings of uncertainty. In addition, explicit evaluations seem to alter the basis of evaluation in
the first place, undervaluing heuristic, undiagnostic, ease-based factors (silver just sounds better
than Cyclophosphamide, after all). The work presented here is not suggestive of judgment
reactivity as an intervention of any sort, but it does suggest some degree of previously
unidentified reactivity in human reasoning. At a minimum, there are underappreciated
methodological considerations in current investigations of human reasoning. Future work can
establish the range and severity of these. More suggestively, my work indicates that the explicit
evaluation of confidence causes predictable changes in the reasoning process that may be of
widespread significance. The current work represents an important step toward the precise

characterization of monitoring and control processes in reasoning.
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Appendix A: Items Used in All Experiments

Categorical Syllogisms

Syllogism Validity Average Conclusion
Premise Believability
Believability  (/5)
(/5)

No actresses are men Valid 4.545 4.44

Some singers are men

Therefore some singers are not actresses

All slacks are pants Valid 4.115 3.92

All pants are clothing

Therefore all slacks are clothing

No dogs are felines Valid 3.89 4.50

Some furry animals are felines

Therefore some furry animals are not dogs

No birds are salmon Valid 4.555 2.67

Some fish are salmon

Therefore some fish are not birds

All rats are pests Valid 2.095 1.00

All pests are insects

Therefore All rats are insects

No puppies are cobras Valid 4.585 2.87

Some snakes are cobras

Therefore some snakes are not puppies

No black animals are rodents Valid 1.69 4.02

Some cats are rodents

Therefore some cats are not black animals

No poisonous animals are insects Valid 1.475 4.76

Some snakes are insects

Therefore some snakes are not poisonous

All reptiles are rabbits Valid 1.56 4.19

All rabbits are cold-blooded
Therefore all reptiles are coldblooded
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Syllogism Validity Average Conclusion
Premise Believability
Believability  (/5)
(/5)

All cherries are tools

All tools are wooden things Valid 1.59 1.21

Therefore all cherries are wooden things

No animals are dogs Valid 1.23 1.16

Some lions are dogs

Therefore some lions are not animals

No flowers are daisies Valid 1.805 1.81

Some daffodils are daisies

Therefore some daffodils are not flowers

No grandparents are children Invalid 4.345 4.54

Some females are children

Therefore some grandparents are not females

All infants are newborns Invalid 3.88 3.79

All newborns are babies

Therefore all babies are infants

No teenagers are elderly Invalid 4.46 4.52

Some males are elderly

Therefore some teenagers are not males

No roses are weeds Invalid 4.055 1.94

Some plants are weeds

Therefore some roses are not plants

All toddlers are children Invalid 4.205 1.79

All children are humans

Therefore all humans are toddlers

No cod are angelfish Invalid 4.34 1.43

Some fish are angelfish

Therefore some cod are not fish

No books are novels Invalid 1.89 3.98

Some magazines are novels
Therefore some books are not magazines



Syllogism Validity Average Conclusion
Premise Believability
Believability  (/5)
(/5)

All copper things are toys Invalid 1.56 3.99

All toys are pennies

Therefore all pennies are copper things

No vehicles are buses Invalid 1.685 4.86

Some convertibles are buses

Therefore some vehicles are not convertibles

No monkeys are primates Invalid 1.405 2.31

Some alligators are primates

Therefore some alligators are not monkeys

No butterflies are insects Invalid 1.415 2.69

Some rabbits are insects

Therefore some butterflies are not rabbits

All diamonds are inexpensive Invalid 1.715 1.80

All inexpensive things are gemstones
Therefore all gemstones are diamonds
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Conditional Syllogisms

Syllogism Validity Average Conclusion
Premise Believability
Believability  (/5)
(/5)

If a room is dirty then it is not clean Valid 4.055 3.89

If a room is not clean then it is messy
Therefore if a room is dirty then it is messy

If an animal is a tiger then it eats meat Valid 3.95 4.23
If an animal eats meat then it is a carnivore
Therefore if an animal is a tiger then it is a carnivore

If an animal is a bird then it has a beak Valid 4.09 3.85
If an animal has a beak then it has feathers
Therefore if an animal is a bird then it has feathers

If an animal is a whale then it is a mammal Valid 3915 1.34
If an animal is a mammal then it is a land-dweller

Therefore if an animal is a whale then it is a land-

dweller

If a person is an employee then she is not retired Valid 3.78 1.50
If a person is not retired then she is young

Therefore if a person is an employee then she is

young

If a vehicle is a motorcycle then it has wheels Valid 3.98 2.13
If a vehicle has wheels then it has a steering wheel

Therefore if a vehicle is a motorcycle then it has a

steering wheel

If a food is a chilli pepper then it is not a vegetable Valid 1.90 4.19
If a food is not a vegetable then it is spicy
Therefore if a food is a chilli pepper then it is spicy

If a person is a pianist then he is a professor Valid 1.935 4.21
If a person is a professor then he is a musician

Therefore if a person is a pianist then he is a

musician

If an animal is a puppy then it is cold-blooded Valid 1.365 3.92
If an animal is cold-blooded then it is a canine
Therefore if an animal is a puppy then it is a canine
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Syllogism

Validity

Average
Premise
Believability

(/5)

Conclusion
Believability

(/5)

If an animal is a flamingo then it is a cat

If an animal is a cat then it is a reptile
Therefore if an animal is a flamingo then it is a
reptile

If a person is a father then they are a doctor

If a person is a doctor then they are a woman
Therefore if a person is a father then they are a
woman

If an object is a musical instrument then it is not a
piano

If an object is not a piano then it is not an accordion
Therefore if an object is a musical instrument then it
is an accordion

If a person is a girl then they are not a son
If a person is not a son then they are a daughter
Therefore if a person is a daughter then they are a girl

If an animal is an amphibian then it croaks
If an animal croaks then it is a frog
Therefore if an animal is a frog then it is an
amphibian

If an animal is a feline then it purrs
If an animal purrs then it is a cat
Therefore if an animal is a cat then it is a feline

If an object is a grape then it is a fruit
If an object is a fruit then it is a food
Therefore if an object is a food then it is a grape

If an object is an iPod then it is a music player

If an object is a music player then it is electronic
Therefore if an object is electronic then it is an iPod
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Valid

Valid

Valid

Invalid

Invalid

Invalid

Invalid

Invalid

1.65

3.10

1.675

4.325

3.655

3.855

4.185

4.45

1.48

1.34

2.00

4.57

4.38

4.67

2.06

1.38



Syllogism Validity Average Conclusion

Premise Believability
Believability  (/5)
(/5)

If a food is candy then it is meat Invalid 1.305 4.31

If a food is meat then it is a lollipop

Therefore if a food is a lollipop then it is candy

If an animal swims then it is not a fish Invalid 1.585 4.51

If an animal is not a fish then it is a dolphin

Therefore if an animal is a dolphin then it swims

If a food is a cookie then it is a vegetable Invalid 1.295 1.38

If a food is a vegetable then it is a bean

Therefore if a food is a bean then it is a cookie

If a plant is a weed then it is an oak tree Invalid 1.64 1.78

If a plant is an oak tree then it is a flower

Therefore if a plant is a flower then it is a weed

If a person is not a hockey player then he is rich Invalid 1.685 1.29

If a person is not rich then he is an athlete
Therefore if a person is an athlete then he is a hockey
player
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Guessing

Appendix B: Seven-point FOR Judgment

At the time I responded I felt:

Fairly
Certain

3 4 5
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Appendix C: Six-point FOR Judgment

At the time I responded I felt:

Guessing Certain

1 2 3 4 5 6
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