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Zusammenfassung 

Die Frage, wie man gute oder rationale Entscheidungen trifft, beschäftigt Philosophen, 

Wissenschaftler und Praktiker seit Jahrhunderten bis zum heutigen Tag. Ökonomische 

Rationalität im Speziellen kann gemäß der Erwartungsnutzentheorie als die Fähigkeit definiert 

werden, stets die subjektiv beste Option für sich selbst zu wählen - was mit einer konsistenten 

Entscheidungsfindung unter Kosten einhergeht. In den Arbeiten, über die in dieser Dissertation 

berichtet wird, haben wir die Erwartungsnutzentheorie als normativen Maßstab verwendet, um 

vergleichende, nicht absolute Aussagen über die Rationalität von Entscheidungen zu treffen. 

Konkret haben wir mehrere Experimente durchgeführt, um drei potenzielle Einflussfaktoren auf 

Rationalität (unklare Zielvorstellungen, akuter Stress und chronischer Stress) zu identifizieren, 

sowie eine qualitative und quantitative Analyse der Literatur durchgeführt, um den aktuellen 

Stand der Forschung zusammenzufassen. Schließlich haben wir ein grundlegendes methodisches 

Validierungsexperiment zur Messung der Entscheidungskonsistenz durchgeführt, dessen 

Ergebnisse potenziell weitreichende Konsequenzen für die heutige Forschungspraxis haben. 

Insgesamt deuten unsere Ergebnisse darauf hin, dass Entscheidungskonsistenz weder ein 

robustes noch ein verlässliches Merkmal von Entscheidungsträgern ist. Aber unsere empirische 

Arbeit zeigt auch, dass nicht jede Störung (z. B. akuter Stress) unbedingt zu einer verminderten 

Rationalität führen muss. Darüber hinaus verdeutlicht unsere Arbeit, dass ökonomische 

Konzepte aus theoretischen und praktischen Gründen nicht naiv mit psychometrischen Maßen 

gleichgesetzt werden sollten. Diese Dissertation trägt zu einem aktuellen Forschungsprogramm 

in der Neuroökonomie bei, welches Faktoren identifiziert, die die Entscheidungsqualität 

beeinträchtigen könnten. 

Schlüsselwörter:  Rationalität, Erwartungsnutzentheorie, offenbarte Präferenzen, Stress  
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Abstract 

The question of how to make good or rational decisions has puzzled philosophers, scientists, and 

practitioners for centuries until today. According to expected utility theory, economic rationality, 

specifically, can be defined as the capacity to always choose the subjectively best option for 

oneself – which coincides with choosing consistently under cost. In the work that is reported in 

this dissertation we used EUT as a normative benchmark to make comparative, not absolute 

statements about rationality of choice. Specifically, we conducted experiments to identify three 

potential influence factors on rationality (unclear choice goals, acute stress, and chronic stress), 

as well as a qualitative and quantitative analysis of the literature body to summarize the current 

state of research. Lastly, we conducted a foundational methodological validation experiment on 

choice consistency measurements, whose results have potentially far-reaching consequences for 

the contemporary research practice. Our findings tentatively suggest that choice consistency is 

neither a robust nor reliable trait of decision makers, but our empirical work also highlights that 

not every nuisance (i.e. acute stress) must immediately lead to reduced rationality. Further, our 

work highlights that economic concepts ought not be naively mistaken for psychometric 

measures for theoretical and practical reasons. Our work contributes to a research program in 

neuroeconomics that strives to identify factors that could compromise decision quality. 

Keywords:  rationality, expected utility theory, revealed preference, stress 
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General Introduction 

Whether in education, romantic relationships, or financial matters – we often find 

ourselves pondering our future decisions. Most of us probably also know the feeling of regret 

after making a presumably wrong choice. Our decisions have far-reaching consequences for our 

and others’ lives, and the question of how to make good or rational decisions has puzzled 

philosophers, scientists, and practitioners for centuries until today (see figure 1). Hence, it is not 

so surprising, perhaps, that various differently-nuanced conceptualizations of rationality exist. 

Understanding these nuances is critical to understanding and evaluating the ongoing discourse in 

the various fields adjacent to rational choice theory. 

Etymologically, the terminus rationality derives from the Latin origin rationalitas, which 

can be translated as the capacity to think or reason (in German: Denkvermögen or 

Vernunftbegabung). In philosophy, there have been many attempts to define reason by reference 

to presumably objective and undeniable values, for example by Aristotle or Kant. A reasonable 

act could then be simply defined as an act in alignment with these values (c.f. Horkheimer, 

1946). In modern psychology and economics, however, the prevailing conceptualization of 

reason and, thus, rationality follows a different, subjective and instrumental tradition. Here, 

rationality is defined as the alignment and logical application of means to ends and the 

reasonableness of actions is fully contingent on the subjective preference (Bentham, 1780; 

Hume, 1738; Mill, 1863). In the perhaps most hyperbolic form of this view of rationality, Hume 

famously argued that the preference for the “destruction of the world to the scratching of my 

finger” (Hume, 1738, p. 416) is rational, as would be any other preference per se. Henceforth, 

when talking about rationality I will solely refer to this latter definition. Of course, this view of 
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rationality is not uncontested (see e.g. Horkheimer, 1946), but the philosophical discourse on this 

matter is beyond the scope of this dissertation. 

Figure 1: Research Interest in Rationality 

 
Depicted is the trend of the relative research interest in rationality over the last two decades. Relative research interest was 
operationalized as the number of publications on the topic (panel A: “rationality”; panel B “rationality AND choice”) divided 
by the number of publications on choice in general (“choice”) found on Web of Science. This normalization is necessary to 
control for the trend of increasing publications in all fields (as also apparent in the color coding). Depending on which 
operationalization is used, relative research interest in rationality remained constant or tentatively increased. 

 

Expected utility theory 

The modern mathematical axiomatization of economic rational choice theory was 

provided in the 1950s in the form of expected utility theory (EUT; see figure 2, panel B; 

Morgenstern & Von Neumann, 1953). EUT states that rational agents should always choose that 

one out of a set of alternatives, for which the greatest utility is expected (see figure 2, panel A).  
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Figure 2: Expected Utility Theory 

 
Depicted is expected utility theory (EUT) in a nutshell. Panel A shows the decision-making process: An external stimulus (e.g. 
a gamble) is subjectively represented as probabilities and outcomes which form the input of the expected utility calculus on 
the right. The choice option with the highest expected utility is selected. Panel B summarizes the core axioms of EUT 
according to the von Neumann-Morgenstern theorem. Panel C names a few examples of popularly used utility functions. The 
form of the utility function has implications for the behavioral response to risky prospects.  

 

The standard interpretation of utility here is a scalar value that is a function of the agent’s 

subjective preferences (see figure 2, panel C). In economics (with the exception of 

neuroeconomics, which often assumes that utility is represented in the brain) it is generally 

interpreted as a non-psychological entity (Gul & Pesendorfer, 2008) and, thus, not directly 

measurable. Importantly, EUT imposes no restrictions on the direction of preferences. 

Consequently, the expected utility of a choice denotes the sum of the utilities of all possible 

consequences of a choice times their respective probabilities of realization. Since Savage (1972), 

probabilities in EUT are considered subjective, usually in a Bayesian sense.  

A classic metaphor for the type of choices considered in EUT are gambles. For example, 

an agent might decide between betting on the result of a coin flip, where heads and tails are 

associated with a monetary consequence depending on the choice, e.g. winning 5€ if the chosen 

“Do you want to bet 5€ that 
tonight’s soccer match ends 
with 1:1? We can offer you a 

quota of 10.”

If I bet, I might win 50€ but 
might also lose 5€. I think 

there’s maybe a 50-50 
chance that I win the bet.

If I do not bet, I would 
neither win or lose 

anything.

Expected Utility of Betting =
50% x U(50€) - 50% x U(5€)

Expected Utility of 
Not Betting = U(0)

Stimulus Subjective
Representation

Expected Utility
Calculus

Popular Utility Function Specifications:

(1) ! " = $%& "
(2) ! " = "'

(3) ! " = −)*'+

von Neumann-Morgenstern 
Theorem (1944):
A decision maker is rational if and only 
if their preferences are complete, 
transitive, independent of irrelevant 
alternatives, and continuous.

A

B C
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side shows. If we assume a fair coin where each side has a 50% chance to show, then, the 

expected utility of choosing heads in this thought experiment would be the sum of the utilities of 

winning and not winning 5€ divided by two. 

Revealed preference theory 

EUT can also be represented via choice consistency axioms. A brilliant recognition of 

20th century economics was that choice consistency is a necessary and sufficient condition for 

rationality (Afriat, 1973; Houthakker, 1950; Samuelson, 1938; Varian, 1982). This at least partly 

solved the measurement problem of utility for economists outlined above. Following Varian 

(2006): 

Definition 1. If a choice option is selected over another available option, it is directly revealed 

preferred (RD). 

Definition 2. If a choice option is selected over another available option at a cost, it is strictly 

directly revealed preferred (SD). 

Generalized Axiom of Revealed Preference (GARP). Let R be the transitive closure of RD. 

Then, for all x, y where x R y there is no x, y where y SD x.  

Afriat’s Theorem (partial). If a set of choices satisfies GARP, there exists a non-satiated, 

continuous, monotone, and concave utility function that rationalizes the data. 

Note, that with Definition 2 we have, in passing, introduced the concept of cost (i.e. 

positive prices). In a market situation, the prices of goods are thought to vary according to their 

supply and demand. To meaningfully speak of choices at a cost, it is necessary that the decision-

maker either has an explicit understanding of prices, where each choice option is unambiguously 

associated with a price, or an implicit understanding of prices, where the price of an option can 

be inferred from the properties of the choice option. Under such circumstances, Afriat’s Theorem 
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implies cost efficiency (Afriat, 1972). Using Afriat’s Theorem, we arrive at a common 

contemporary operationalization of EUT, which is also a cornerstone of this dissertation:  

Definition 3. Rationality of choice means to choose consistently under cost. 

A classic argument to establish the validity of rational choice theory sensu choice 

consistency is the money pump: in an economic context, “an arbitrageur would be able to extract 

money from an inconsistent agent indefinitely, without providing any services in return, by 

presenting him or her with a carefully chosen sequence of trades” (Cubitt & Sugden, 2001, p. 

121). For example, if an agent agrees to trade back and forth two goods, each time at a cost, such 

inconsistency of preference would ultimately deprive them of all their wealth. By transitivity, 

this argument holds for circular sequences of costly trades of any length. A similar argument 

(Dutch books) can be made for that subjective probabilities in EUT must follow the laws of 

probability theory (Ramsey, 1926; see Vineberg, 2016 for an accessible overview; see Appendix 

A). 

Interpretations of rational choice theory 

EUT can be – and historically has been interpreted in multiple ways: as a descriptive 

theory, it makes statements about how and why people make decisions; as a predictive theory, it 

makes statements about which decisions people do make; as a normative theory, it makes 

statements about which decisions people should make. While all interpretations of EUT have 

received substantial criticism (e.g. Harless & Camerer, 1994; Rieskamp et al., 2006; Tversky, 

1975), especially the normative interpretation of EUT as a benchmark of decision quality still 

has wide traction in the applied disciplines (Corner & Kirkwood, 1991; Huang et al., 2011; 

Keefer et al., 2004; Velasquez & Hester, 2013). Generally speaking, it is useful to adopt a 

perspective of scientific instrumentalism, where we embrace that EUT, like any theory, is not 
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true or false, but rather a means to an end, of which the latter we must define at the start of our 

research work (see General Discussion). Specifically, in the work that is reported in this 

dissertation we used EUT as a normative benchmark to make comparative, not absolute 

statements about rationality of choice. 

Background and research questions  

This dissertation mostly contributes to a contemporary research program in 

neuroeconomics that identifies factors, which could potentially compromise decision quality (for 

an exemplary outline see the introduction of Choi et al., 2014). The research program is 

neuroeconomic in the sense that it is interested in the influence not only of economic and 

demographic but also neuropsychological factors (e.g. intelligence, brain structure and activity, 

memory, sleep, neuroendocrine modulators etc.) on economic rationality as an indicator of 

decision quality. However, our work is explicitly agnostic on whether expected utility is itself 

represented neuropsychologically. Specifically, we conducted experiments to identify three 

novel potential influence factors (unclear choice goals, acute stress, and chronic stress), as well 

as a qualitative and quantitative analysis of the literature body to summarize the current status of 

the research agenda. Lastly, we conducted some foundational methodological work on choice 

consistency measurements, that have potentially far-reaching consequences for contemporary 

research practice. 

The above-mentioned line of research bears relevance beyond the intrinsic value of 

progress of the scientific field from at least two perspectives. First, from a practitioner point of 

view, identifying detrimental factors for decision quality helps to optimize processes for human 

decision makers, and to facilitate selection of decision makers with highest expected 

performance. Second, from a societal point of view, the identification of influences on the 
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quality of individual financial decisions might help isolating factors that place vulnerable people 

at a systematic disadvantage. This knowledge allows to devise interventions aimed at tackling 

those factors, and, thus, provide powerful levers to fight socioeconomic inequality. 

Study 1: The effects of acute and chronic stress on choice consistency 

In study 1a (Nitsch, Sellitto, et al., 2021b), we investigated the influence of acute social 

stress on choice consistency. Study 1b (Nitsch, Sellitto, et al., 2021a) provides a detailed 

description of the data and methods.  

Stress can be defined as a state of fearful arousal in response to an environmental demand 

exceeding the perceived ability to cope (Fink, 2016). The necessary processing and appraisal of 

incoming sensory information is performed by limbic structures, including hippocampus, 

amygdala and prefrontal cortex (De Kloet et al., 2005). The stress response, then, recruits mostly 

two systems: The sympathetic-adrenal-medullary system and the hypothalamic-pituitary-adrenal 

axis.  

The sympathetic-adrenal-medullary system activates immediately after stressor-onset. 

The locus coeruleus releases norepinephrine within the brain and activates the sympathetic 

nervous system. Sympathetic activation stimulates the secretion of catecholamines in the body: 

epinephrine (primarily from the adrenal medulla) and norepinephrine (directly from sympathetic 

nerves). This causes an increase of heart rate and blood pressure, peripheral vasoconstriction and 

energy mobilization (Ulrich-Lai & Herman, 2009). The catecholaminergic response normalizes 

within 30 to 60 minutes after stressor- onset (Hermans et al., 2014). 

Simultaneously, the hypothalamic-pituitary-adrenal axis is activated: A cascade of 

hormonal secretion is triggered, including corticotropin-releasing hormone (CRF) from the 

paraventricular nucleus of the hypothalamus, adrenocorticotropin (ACTH) from the pituitary 
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gland and cortisol from the adrenal cortex (Joëls & Baram, 2009). Cortisol affects the brain both 

through rapid, non-genomic and slow, genomic effects (Groeneweg et al., 2011). Rapid, non-

genomic effects include a negative feedback-loop with the hypothalamic-pituitary-adrenal axis 

through inhibition of the hypothalamus (Evanson et al., 2010) and pituitary gland (Hinz & 

Hirschelmann, 2000) that normalizes cortisol levels medium-term. The cortisol level in the brain 

peaks around 20 minutes after stressor-onset (Droste et al., 2008) and normalizes within two 

hours after stressor-onset (De Kloet et al., 2005) with effects on the brain persisting for several 

hours. 

An often-neglected aspect of the stress response is its dependent mode of operation. Its 

effective neuronal time-profile might best be described by a framework of three temporal 

domains (Joëls & Baram, 2009). Immediately after stress, norepinephrine upregulates the 

salience-network including amygdala, dorsal anterior cingulate cortex, anterior insula, thalamus, 

inferotemporal/temporoparietal regions, striatum and brainstem (Hermans et al., 2011). 

Simultaneously, it downregulates the executive-control network including dorsolateral and 

medial prefrontal cortex, frontal eye fields and dorsal posterior parietal cortex, and is associated 

with an impaired prefrontal function (Arnsten, 2009; Arnsten et al., 2012; Qin et al., 2009). With 

slight delay after stress, rapid, non-genomic effects of cortisol facilitate or inhibit the 

transmission of ion channels, receptors and neurotransmitters within different limbic and brain 

stem structures (Tasker et al., 2006). They are thought to interact with and enhance 

catecholaminergic effects (Hermans et al., 2014). In the aftermath of stress, genomic cortisol 

effects take over, gradually, through altered gene-transcription by mineralocorticoid and 

glucocorticoid receptors. These genomic cortisol effects change structural integrity and 

excitability of the receptors. Mineralocorticoid receptors are responsible for maintaining stress-
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related neural circuits whereas glucocorticoid receptors are working to reestablish homeostasis 

(De Kloet et al., 2005). Glucocorticoid receptor-mediated effects several hours after stressor-

onset enhance the function of the prefrontal cortex and hippocampus but inhibit function of the 

amygdala. They might provide a mechanism that actively reverses the rapid effects of 

catecholamines and cortisol (Hermans et al., 2014). 

Given this temporally-dynamic theoretical framework of the acute stress response and 

previous findings regarding underlying cognitive decision-making abilities (Beilock & DeCaro, 

2007; Brand et al., 2005, 2014; Frederick, 2005; Gathmann et al., 2014; Maier et al., 2015; 

Margittai et al., 2016; Qin et al., 2009), we hypothesized that acute stress affects rationality in a 

similarly time-dependent fashion. Further, we explored the potential influence of self-reported 

chronic stress. For detailed information of the used methodology see Methods of Study 1a, and 

Study 1b. Study 1a was published as a research article in Psychoneuroendocrinology, Study 1b 

was published in Data in Brief. 

Study 2: Influence of memory processes on choice consistency 

In study 2 (Nitsch & Kalenscher, 2021a), we investigated the influence of memory 

processes on choice consistency. Previous theoretical and empirical research suggests an 

important role of memory processes in decision-making, for example for the construction of 

goals and preferences (Gabaix & Laibson, 2017; Johnson et al., 2007; Wimmer & Shohamy, 

2012). However, memory processes (and their failure) are not directly observable in choice 

behavior and hardly manipulable for value-based choice, which poses a challenge for classic 

revealed preference methodology. To overcome this challenge, we generalized GARP to the 

domain of perceptual decisions (Nitsch & Kalenscher, 2021a, pp. 12–14) and developed a novel 

multi-attribute visual choice task (Nitsch & Kalenscher, 2021a, pp. 5–6, 9–11). This allowed us 
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to experimentally manipulate the representation strength of choice goals via the variation of the 

retention interval for a visual exemplar. As choice consistency requires a clearly defined 

structure of goals (Afriat, 1973), we hypothesized that an increased retention interval leads to 

lower visual choice consistency. The effectiveness of the memory manipulation was confirmed 

in a pilot experiment and in a manipulation check. For detailed information of the used 

methodology see Methods of Study 2. The whole study was performed as a Registered Report, 

and is accepted for publication at Royal Society Open Science. 

Study 3 and 4: On the robustness of choice consistency 

Next to our own experimental work, we further conducted two analyses of the literature 

body to answer the question of how robust choice consistency as a proxy for rationality is to the 

influence of internal and external factors, generally. 

Specifically, in study 3 (Nitsch & Kalenscher, 2020) we used an unsystematic, qualitative 

approach to review publications on influence factors of choice consistency strictly 

operationalized via revealed preference theory. Due to the relative novelty of the research agenda 

and, therefore, the still limited amount of studies published, we were able to qualitatively 

evaluate each study identified in our search. However, there were also two obvious limitations to 

the approach: First, the limited amount of studies considered often prohibited general 

conclusions regarding specific influence factors. Second, an unsystematic and qualitative 

approach bears a high risk of bias. For detailed information see Study 3. 

To address the concerns above, in study 4 (Nitsch & Kalenscher, 2021b) we conducted a 

systematic, quantitative review of the literature body. Further, we broadened our scope to accept 

various operationalizations of choice consistency (see Study 3, Supplemental Material). Finally, 

to address the concern of bias we used P-Curve analysis (Simonsohn et al., 2014a, 2014b, 2015). 
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P-Curve analysis uses the distribution of p-values in the published literature to make inferences 

about the presence of a true effect. Due to the risk of publication bias against non-significant 

results, only p-values smaller than 0.05 are considered. The null hypothesis of no true effect in 

the literature is then characterized by a flat distribution of p-values in that range, whereas the 

presence of an effect would result in a right-skewed distribution. Various statistical tests can be 

performed to test the null hypothesis, some of which are even robust to more ambitious 

fraudulent statistical practices (Simonsohn et al., 2015). For detailed information of the used 

methodology see Supplemental Methods of Study 4. Both manuscripts have been published as 

preprints. Study 4 was accepted as a virtual posted at the annual meeting of the Society for 

Neuroeconomics. 

Study 5: On the reliability of choice consistency 

Many studies of the contemporary research program on influence factors of rationality 

have practically treated choice consistency as a psychometric measure. And, indeed, based on its 

rich theoretical (and philosophical) foundations, choice consistency in the sense of revealed 

preference arguably has good validity as a measure. However, a second desirable property of 

psychometric measures according to classical test theory, reliability, has been neglected so far. 

Even worse, previous theoretical work on the reliability of behavioral tasks suggests that tasks 

with low between-subject variance tend to show low reliability (Hedge et al., 2018). Given that 

many influential studies deployed correlational designs (e.g. Choi et al., 2014; Chung et al., 

2017; Kim et al., 2018) that are particularly at risk to low reliability, in Study 5 (Nitsch, Lüpken, 

et al., 2021) we set out to determine the test-retest- and inter-method-reliability of revealed 

preference choice consistency in the domain of social decisions. For detailed information of the 

used methodology see Methods of Study 5. Study 5 has been published as preprint. 
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Abstract 

Choice-consistency is considered a hallmark of rational value-based choice. However, 

because the cognitive apparatus supporting decision-making is imperfect, real decision-makers often 

show some degree of choice inconsistency. Cognitive models are necessary to complement idealized 

choice axioms with attention, perception and memory processes. Specifically, compelling theoretical 

work suggests that the (imperfect) retention of choice-relevant memories might be important for 

choice-consistency, but this hypothesis has not been tested directly. We used a novel multi-attribute 

visual choice (MAVC) paradigm to experimentally test the influence of memory retrieval of 

exemplars on choice-consistency. Our manipulation check confirmed that our retention interval 

manipulation successfully reduced memory representation strength. Given this, we found strong 

evidence against our hypothesis that choice-consistency decreases with increasing retention time. 

However, quality controls indicated that the choice-consistency of our participants was non-

discernable from random behavior. In addition, an exploratory analysis showed essentially no test-

retest reliability of choice-consistency between two observations. Taken together, this suggests the 

presence of a floor effect in our data and, thus, low data quality for conclusively evaluating our 

hypotheses. Further exploration tentatively suggested a high difficulty of discriminating between the 

choice objects driving this floor effect. 

 

Keywords: Choice-consistency, Memory, Revealed Preference, Cognitive Modeling  
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Influence of memory processes on choice-consistency 

Imagine a stock trader who wants to trade stocks on two different days and plans to invest a 

starting capital of 600€. On the first day, shares of company A cost 200€ and shares of company B 

150€. The stock trader buys 3 shares of company A and 0 shares of company B on the first day. On 

the second day, the share price of company A sinks to 150€ and the share price of company B rises 

to 200€. How should the stock trader respond to such a volatile stock market?  

A naïve (and inconsistent) stock trader might be tempted to prematurely sell the shares of 

company A and instead invest into company B. However, this would incur sensitive losses to the 

trader (de facto 150€, a fourth of the starting capital). More importantly, continuously selling shares 

cheaper than buying them will inevitably lead to the loss of all capital and being driven out of the 

market (the so-called money pump phenomenon). Such investment behavior might, for example, 

arise from an inconsistent company value definition. In contrast, a consistent stock trader would 

base trading decisions on financial analysis, for example considering liquidity, book-to-market value, 

degree of state-ownership and past performance. This would result in a more robust value definition 

of company shares than the share price on a given day. Such a stock trader would, ideally, buy stocks 

at low prices and sell stocks for a profit, using the price volatility advantageously.  

Consistent choice can be formalized according to revealed preference theory (Houthakker, 

1950; Samuelson, 1938; Varian, 1982). It requires consistent integration of multiple choice attributes 

(Wallenius et al., 2008) so that it can be rationalized by a monotonous concave utility function 

(Afriat, 1973). In the example above, utility could be given by the consistent integration of liquidity, 

book-to-market value, degree of state-ownership and past performance of company shares. 

Formally, revealed preference theory in its generalized form can be defined as a bound on the 

structure of the preference relation. Varian (2006) provides a summary of revealed preference 

theory. 

In practice, revealed preference theory is often violated by seemingly inconsistent choice, 

leading to some researchers proposing sensible relaxations of the choice axioms (Rieskamp et al., 
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2006) or the abandonment of choice axioms altogether in favor of a variety of heuristics (Gigerenzer 

& Selten, 2002). 

An important requirement for consistent choice according to revealed preference theory is 

the stability of preferences and goal structures. The decision maker must have “a definitive structure 

of wants” (Afriat, 1973). While stability of preferences over prolonged time spans is considered 

trivial by some (Varian, 2014), others pointed out that preferences may change by endogenous and 

exogenous cause (Hammond, 1976). Importantly, such dynamic changes of preferences can be the 

result of natural psychological processes such as attentional shifts, memory encoding and retrieval. 

Query Theory (Weber et al., 2007) proposes that preferences are not always directly accessible to or 

completely defined by the decision maker. Instead, relevant experiences with the choice options are 

retrieved from memory to construct preferences during the decision process: “Preferences, like all 

knowledge, are subject to the processes and dynamics associated with retrieval from memory” 

(Johnson et al., 2007). Gabaix & Laibson (2017) propose in a similar notion, that value-based choices 

are guided by imperfect Bayesian forecasting of future values. These forecasts are derived from prior 

beliefs and previous experiences. Failure of sufficient retrieval of such memories could result in 

unstable and incompletely defined preferences and thus, choice inconsistency. Congruently with 

Query Theory, recent neuropsychological research finds evidence for the relevance of memory-

related structures for value-based choices (Wimmer & Shohamy, 2012). 

A problem of such choice relevant memory failures is, that they are not directly observable 

from behavior: We can neither assess which or how well choice relevant memories are retrieved 

from choice behavior. In a recent preregistered study, Levin et al. (2019) offered a trait 

heterogeneity based approach to the problem. The authors recruited people who were at least 65 

years old to test for the effect of differences in memory abilities (measured by a cognitive 

assessment battery) on inconsistency in food choice. Participants rated a catalog of food items on a 

Likert scale. Afterwards, they made repeated pair-wise choices between all possible pairs of food 

items from the catalog. Memory ability heterogeneity affected divergence of food ratings and actual 
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choices. That is, participants with worse memory ability tended to more frequently choose items 

with a lower rating over items with a higher rating. However, unexpectedly, memory ability did not 

influence transitivity of choice itself. It is important to note, that the study by Levin et al. (2019) did 

not offer any direct measurements of choice-relevant memory retrieval and deploys a non-

experimental research design. Therefore, the process of how memory retrieval of goals and 

preferences affects choice-consistency remains unclear.  

In the following sections we will argue that the multi-attribute visual choice paradigm is 

better suited paradigm to assess the influence of memory retrieval of goals on choice-consistency. 

Multi-attribute visual choice (MAVC) describes the comparative judgement of visual objects that are 

characterized by multiple attributes, e.g. orientation, color, shape.  Further, we will argue how the 

revealed preference framework allows a broader evaluation of choice-consistency than traditional 

accuracy measures of perceptual decisions. 

MAVC as a model of value-based choices 

In our interpretation, the decision process as postulated by Query Theory (Weber et al., 

2007) proposes, at the core, that information about the choice goals is retrieved from memory. 

Choice options are then compared along all relevant dimensions to the choice goals and the option 

with maximum integrated goal similarity is chosen. In management science, these goals are also 

called performance targets (Bordley & Kirkwood, 2004).  

For example, when a stock trader decides whether to invest in shares of company A or 

company B, the trader compares them regarding liquidity, book-to-market value, degree of state-

ownership, past performance etc. to a benchmark of what they consider a good investment. The 

investment option in the choice set which come closest to the benchmark in memory, or so to call 

choice goals, is chosen (assuming that not investing is no option). 

This process is strikingly similar to the decision process proposed by the Generalized Context 

Model of categorization (Nosofsky, 1986, 2011)  in sensory perception, according to which new 

objects are perceptually categorized based on their similarity to stored exemplars. Exemplars are 
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represented as points in a multi-attribute psychological space. Categorization then is performed by 

integrating the distance of the new object to the exemplars of a category in memory among all 

dimensions. Figure 1 shows how important concepts of value-based choice map onto equivalent 

concepts of multi-attribute visual choice. We propose that the process of comparing choice options 

to performance goals in value-based choice and to exemplars in MAVC is, psychologically, 

sufficiently similar to use multi-attribute visual choice as a model for value-based choice. 

In MAVC, participants have to choose one out of a set of objects subjectively most similar to 

a previously learnt exemplar. The choice set objects vary in their similarity to the exemplar regarding 

multiple attributes. Such choices are comparable to, although not identical with delayed-match-to-

sample tasks (Habeck et al., 2004; Steffener et al., 2009, 2012; Zarahn, 2004; Zarahn et al., 2006, 

2007). 

An important advantage of MAVC tasks over value-based choice tasks is that we can 

experimentally induce and manipulate exemplar representations in MAVC, whereas goal 

representations are usually pre-existing, unknown and difficult to manipulate in value-based choice. 

We can, for example, experimentally manipulate memory representation strength of exemplars 

through changes of the retention interval between exemplar presentation and choice. These 

processes are well-studied and several off-the-shelf models for the relationship of memory 

representation strength and retention interval exist, e.g. exponential and power models (Averell & 

Heathcote, 2011). 

Hypotheses 

Based on the predictions of Query Theory (Weber et al., 2007) and neuropsychological 

evidence on the role of memory for value-based choice (Wimmer & Shohamy, 2012), we expect 

choice-consistency to be compromised when memory-based goal representations are weak. 

Correlational evidence partly suggests that this is the case (Levin et al., 2019), however a direct 

experimental test of the relationship of the strength of memory-based goal representations and 

choice-consistency is missing and non-trivial to implement. 
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Based on theoretical considerations (Nosofsky, 1986, 2011; Wallenius et al., 2008) we 

propose that MAVC can serve as a model for value-based choice. In MAVC, we can experimentally 

manipulate memory representation strength of exemplars through changes of the retention interval 

between exemplar presentation and choice. This maps to a manipulation of the strength of memory-

based goal representations in our framework (see figure 1). Revealed preference theory 

(Houthakker, 1950; Samuelson, 1938; Varian, 1982) can be used to analyze MAVC consistency 

without requiring assumptions about attribute weights or the parametric form of an integration 

function. Therefore, revealed preference theory can provide a general test of adherence to multi-

attribute integration as formulated by the Generalized Context Model of categorization and multi-

attribute utility theory. We propose the following hypothesis: 

H1: As memory representations of exemplars are integral for MAVCs  (Nosofsky, 2011), we 

expect choice-consistency to decrease for longer retention intervals. That is, we expect an inverse 

relationship of retention interval between learning of the exemplar and choice, and choice-

consistency across multiple choices. Hence, we will provide experimental evidence on the role of 

memory representation strength of goals for choice-consistency. 

Previous research on the retention of information shows that forgetting curves are non-

linear (Averell & Heathcote, 2011). As we expect choice-consistency to be directly affected by the 

memory representation, we also expect the relationship of the retention interval and choice-

consistency to be non-linear. 

H2: We expect choice-consistency to decrease exponentially for longer retention intervals. 

That is, we expect an exponential model of the relationship of retention interval and choice-

consistency to be more strongly supported by the data than a null model (predicting a truncated 

normal distribution around the mean of the data). The evidence on H2 will help us to quantify the 

role of memory representation strength of goals for choice-consistency beyond a directional 

prediction. 
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H3: In congruence with H2, we expect the exponential decrease of choice-consistency for 

longer retention intervals to directly replicate in a new data set. This is important, as replicability is a 

minimal requirement on the meaningfulness of a psychological phenomenon. 

Methods 

Why is revealed preference theory necessary 

Our main dependent variable is consistency in multi-attribute visual choice. We quantified 

visual choice-consistency with analysis tools borrowed from revealed preference theory. These are 

preferable over standard indices used in the visual memory and perception literature for conceptual 

and methodological reasons, as explained in the following. 

Value-based choices usually involve trade-offs of different choice attributes. For example, a 

customer buying snacks might consider both taste and healthiness. While a chocolate bar is arguably 

tastier, an orange is healthier. A decision, therefore, requires integrating both choice attributes. 

Whether, taste or health is given more weight is subjective. Concludingly, there is no objectively 

correct choice. A model of value-based choices should, therefore, include similar attribute trade-

offs.  

In MAVCs, the choice set stimuli represent a trade-off of similarity to the exemplar regarding 

multiple attributes. This means that, unlike in traditional memory recognition tasks, such as delayed-

match-to-sample tasks, no visual object in the choice set is most similar to the exemplar with regard 

to all attributes. For example, consider a 3D exemplar cube whose orientation is tilted along the X- 

and Y-axes (see figure 2). One object in the choice set might be most similar to the exemplar 

regarding X-orientation while another one is similar regarding Y-orientation.  Therefore, there is no 

objectively correct or dominating choice. This prohibits the use of traditional accuracy measures of 

perceptual choice that require a normatively correct choice option. In contrast, revealed preference 

theory allows to test choice-consistency in the context of attribute trade-offs without making 
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unnecessary assumptions about attribute weights or the form of an integration function (Choi et al., 

2014).  

Sample Characteristics and Exclusion criteria 

Participants were recruited from undergraduate psychology students at Heinrich-Heine-

University Düsseldorf, Germany on campus and by online adverts. Participants were at least 17 years 

old, had normal or corrected vision, a good level of German, no neuropsychological or psychiatric 

diseases and gave informed written consent. The study was approved by the local institutional 

review board of Heinrich-Heine-University and was conducted in accordance with the declaration of 

Helsinki. Participants were reimbursed by course credit. 

Participants were excluded from the analysis if they do not complete the full experimental 

session. We did not exclude partial data. 

Experimental Setup and Procedure 

After participants had given their informed written consent, we assessed age, gender and 

mother-tongue. 

Participants then solved a memory-based visual decision task (see figure 2). In each trial, a 

3D exemplar cube was presented for 5 seconds.1 Each side of the cube was characterized by a 

unique color in the RGB space2 from a color scale optimized for color-blind people (Wong, 2011). 

Each side of the cube was 200px long. The exemplar cube had an orientation of 10, 75, 120, 185, 250 

or 315 degrees on the X- and Y-Axis and an orientation of 0 degrees on the Z-Axis. After presentation 

of the cube a mask of 10 similar cubes (with random X- and Y-orientations) was presented to the 

participants for a short retention interval. After the retention interval, a choice set of five cubes with 

                                                             
1 We chose this particular presentation time based on a pilot study (see section Pilot Experiment). 

2 RGB coordinates for each side of the cube. Front: (230, 159, 0). Back: (86, 180, 233). Bottom: (0, 158, 

115). Top: (240, 228, 66). Right: (213, 94, 0). Left: (0, 114, 178). 
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variable X- and Y-orientations was presented, and participants had to select one of the five cubes 

that had the most similar overall orientation to the exemplar. 

The general notion of the task can be compared to that of delayed match-to-sample tasks 

(Habeck et al., 2004; Steffener et al., 2009, 2012; Zarahn, 2004; Zarahn et al., 2006, 2007) with the 

difference that there is never a perfect match to the sample. Instead, the choice set stimuli 

represented a variable trade-off of orientation similarity to the exemplar regarding the X- and Y-axis. 

For example, a particular stimulus from the choice set might have had a similar X-orientation but a 

different Y-orientation. Another stimulus might have had a different X-orientation but a similar Y-

orientation. Additionally, there could be trials where the choice set stimuli orientations resembled 

the exemplar orientation more closely and other trials where all choice set stimuli were quite 

differently oriented from the target stimuli. 

The task of the participants was, therefore, to mentally rotate each stimulus of the choice 

set until it matches the previously shown exemplar and evaluate which of the stimuli required the 

least mental rotation overall. 

Framed in terms of revealed preference theory, each choice trial ! was constructed from a 

budget of " = 100 tokens. A pair of prices &' = (&'
)*+,' , &'

)*+,') was chosen uniform-randomly 

from a numeric range of 1 to 3 and 1 to 10. The ranges were assigned to the prices randomly for 

each trial.  

In value-based choice, the price of a good is the cost required to obtain a unit of this good. 

The budget line then constitutes all combinations of goods affordable spending a fixed budget. Thus, 

prices and budgets lines are constraints that restrict the possible choice set of combinations of 

goods out of all available goods. Similarly, the prices and budgets in our multi-attribute choice task 

constrained the choice set of visual objects out of all possible visual objects characterized by specific 

attribute values (see figure 3). Given a fixed budget, the prices determined how much ‘similarity’ to 

the exemplar a participant could ‘purchase‘ along a given orientation axis. The ‘cheaper’ a given 

dimension, the more similarity to the exemplar on that dimension a participant could afford. 
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The 5 visual objects were then generated as equidistant-points covering the entire budget 

line  

/'
0*+,' = 	m &'

0*+,'⁄ − /'
)*+,' × &'

)*+,' &'
0*+,'6 .  

Consequently, the choice set always included the extreme objects /',7 = 8" &'
)*+,'⁄ , 09 and 

/',: = 80," &'
0*+,'⁄ 9. An attribute value of /'

)*+,' = 0 corresponded to an orientation difference 

of 30 degrees to the exemplar along the X-axis. With increased values of the X-orientation attribute, 

the choice object was turned towards the exemplar position along the X-axis. A single unit size 

amounted to 0.3 degree turn. An attribute value of /'
)*+,' = 100 corresponded to matching 

orientation to the exemplar along the X-axis. Likewise, an attribute value of /'
0*+,' = 0 

corresponded to an orientation difference of 30 degrees to the exemplar along the Y-axis. With 

increased values of the Y-orientation attribute, the choice object was turned towards the exemplar 

position along the Y-axis. A single unit size amounted to 0.3 degree turn. An attribute value of 

/'
;*+,' = 100 corresponded to matching orientation to the exemplar. 

Participants received in-depth instructions about the task (see appendix). Further, they were 

presented with an animated rotating cube to familiarize with the cube itself.3 Participants then first 

solved a practice block of 10 trials with a 1 second retention interval. This practice block served for 

the participants to familiarize with the design. Choices from the practice block were not included in 

the analysis. After the practice block, participants were asked to turn to the experimenter in case of 

questions. Then they solved two consecutive blocks of 20 trials each. For each test block, each 

participant was assigned a uniform-random retention interval between 0 and 30 seconds (please 

refer to paragraph “Floor and ceiling effects” below for discussion of the optimal interval length). In 

total, participants made 20 decisions each for two distinct retention intervals. 

After participants had completed the second test block, they solved a similar exemplar 

reconstruction task as a quality control and manipulation check. The first three screens of each trial 

                                                             
3 For an impression visit: https://fjnitsch.github.io/files/html/Rotating_Cube.html  
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were equivalent to the procedure of the main task. Each trial started with the presentation of a 

fixation cross. Next, participants were presented with an exemplar cube with a certain orientation 

along the X- and Y-axis for 5 seconds. Then, participants were presented with a mask of 10 randomly 

oriented cubes (see figure 2) for a certain retention interval. Each participant was assigned a 

retention interval of either 1, 5, 10 or 30 seconds for the memory reconstruction task. After the 

retention interval, participants were again presented with a single cube similar to the exemplar. The 

cube randomly matched the exemplar either regarding the X- or the Y-orientation, while the initial 

complementary orientation was chosen uniform randomly. Participants then had to turn the cube 

on the screen to match the exemplar regarding the complementary orientation using the arrow keys 

on the keyboard. Importantly, it was unknown to the participants whether they would have to 

reconstruct the X- or Y-orientation both during the presentation time and the retention interval. 

Participants solved 50 trials of the reconstruction task. Importantly, we did not use the results from 

the reconstruction task for our main analyses but as a manipulation check. 

After completion of the reconstruction task, participants were debriefed about the goals of 

the study in written form and reimbursed via course credit.  

The experimental task was presented with jsPsych (de Leeuw & Motz, 2016). All stimuli were 

presented on a Lenovo ThinkPad T590 laptop. Subjects were seated 30 cm away from the monitor in 

a dimly lighted room. 

Revealed Preference Theory for MAVC 

We measured consistency in MAVC, i.e., the degree of consistency in weighting the two 

orientation dimensions when comparing the memorized exemplar with the choice set. A participant 

would act consistent, for example, if they assigned more weight to orientation similarity to the 

exemplar along one axis when it was expensive, and less weight when it was cheap. Revealed 

preference theory can be used to quantify the level of inconsistency in weighting the visual 

attributes in a straight-forward manner.  

Let < ∈ ℕ be the number of different attributes of a visual object.  
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Following Nosofsky (2011), let ? = 	ℝA
B	be the non-negative, <-dimensional space of visual 

objects . Let C = 	ℝAB be the non-negative, <-dimensional space of prices of attribute similarities to 

the exemplar. Let D = ℝA	be the non-negative, one-dimensional space of budgets. Let E = !, F … 	∈

	ℕ denote observations of choice. 

Let /' ∈ ? be the chosen visual object of an observation ! ∈ E. Each visual object /'  is a <-

dimensional vector of the shape  /' = (/'
H, /'

I, … , /'
B), with each scalar component /'

J  representing 

the similarity of the visual object /'  with regard to attribute K.  

Let &' ∈ C be the given prices of attribute similarities of an observation ! ∈ E. Each prices &' 

are a <-dimensional vector of the shape &' 	= (&'
H, &'

I, … , &'
B), with each scalar component &'

J 

representing the price of similarity to the exemplar with regard to attribute K per unit size.  

Then the scalar product /'&L represents the total price of a visual object /'  at some prices 

&L. Let "' ∈ D be the given budget of an observation ! ∈ E. We assume, that a decision maker 

spends all her budget so that /'&' = 	"'	∀! ∈ E. 

Definition 1 (Direct Revealed Visual Preference). A visual object /'  is directly revealed 

preferred to another visual object /L  if and only if /L&' ≤ "' and /' ≠ /L . Then we denote /'PQ/L. 

Definition 2 (Revealed Visual Preference).  A visual object /'  is revealed preferred to another 

visual object /L  if there exists a transitive preference relation /'PQ/R,	/RPQ/S… /:PQ/J, /JPQ/L  

between both bundles. We denote /'P/L . P is the transitive closure of PQ. 

Definition 3 (Strict Direct Revealed Visual Preference). A visual object /'  is strictly directly 

revealed preferred to another visual object /L  if and only if /L&' < "'. Then we denote /'CQ/L. 

Axiom 1 (Generalized Axiom of Revealed Visual Preference). /'P	/L → ¬8/LCQ/'9	∀!, F ∈ E. 

Axiom 1 allows us to directly test multi-attribute perceptual choices for consistency. It is a 

necessary and sufficient condition for the choices to be rationalized by a monotonous concave 

attribute integration function and, thus, adherence to the Generalized Context Model (GCM) of 

categorization. If the choice data pass Axiom 1, this means that choices are made as if integrated 

subjective similarity to the exemplar is a function of objective similarity along each attribute 
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dimension (see figure 3). A simple example of such an integration function could be that subjective 

similarity is the weighed sum of the similarity along each attribute dimension. As one anonymous 

reviewer correctly pointed out, mental rotation may not necessarily be performed in an 

independent, piecewise fashion but possibly also in a holistic mode (Shepard & Metzler, 1971), at 

least for some participants (Heil & Jansen-Osmann, 2008). We want to emphasize that any concave 

monotonous similarity function is consistent with revealed preference theory. Hence, an 

independent (i.e. additive) treatment of the two rotation axes is not required for our model. 

However, contrary to Nosofsky (1986), we do not need to make assumptions regarding the 

parametric form of such an integration function. Conversely, if the data do not pass Axiom 1 no 

GCM-style integration function of any monotonous concave specification can rationalize the data. 

Preprocessing 

For each test block and participant, we calculated the critical cost efficiency index (CCEI; 

Afriat, 1972, 1973; Varian, 1991). The critical cost efficiency index can be interpreted as how 

consistently multiple attributes of choice options are integrated into a decision value. The CCEI 

denotes the “amount by which each budget constraint must be adjusted in order to remove all 

violations of GARP” (Choi et al., 2007, p. 1927). Computationally, the CCEI presents a relaxation of 

Axiom 1, so that only /'P	/L → ¬8/L&L × CCEI > /'&L9	∀!, F ∈ E must hold. It ranges from zero to 

one. A value of one denotes perfect consistency: The attributes are weighed consistently across all 

choices. The critical cost efficiency index approaches zero as choices become increasingly 

inconsistent, which means that choice option attributes are weighed inconsistently across different 

trials. The critical cost efficiency index is the most common indicator of compliance with choice-

consistency as defined by revealed preference theory and has been applied in value based choice in 

various domains (Nitsch & Kalenscher, 2020). Further, we explored the robustness of our results 

using similar indices such as the money pump index (Echenique et al., 2011), the Houtman-Maks-

Index (Heufer & Hjertstrand, 2015) and the minimum cost index (Dean & Martin, 2016). However, 
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since all of these metrics measure slightly different constructs we restrained our preregistered 

analysis to the critical cost efficiency index. 

Analysis Pipeline 

Per participant, the data from one test block was randomly selected for testing for an 

inverse relationship of retention interval and choice-consistency, Bayes factor model comparison 

and parameter estimation. We call this data training set. The other test block was used to replicate 

our results in a new data set. Therefore, this data was not used for other analyses. We call this data 

test set. 

For all analyses, we used a Bayesian framework of inference. Bayesian statistics allows us to 

express confidence that a parameter is within a certain range, to extend parameter estimation 

naturally for complicated models, to express evidence for or against hypotheses on a continuous 

scale and to monitor evidence accumulation (Wagenmakers et al., 2018). 

All our analysis were conducted in RStudio (RStudio Team, 2018). We used the following R 

packages: BayesFactor (Morey & Rouder, 2018), runjags (Denwood, 2016), Tidyverse (Wickham et 

al., 2019) and patchwork (Pedersen, 2019). Further, we used the JAGS software (Plummer, 2003) for 

analysis of Bayesian graphical models. 

H1: Test for an inverse relationship of retention interval and choice-consistency. 

In order to test for an inverse relationship of retention interval and choice-consistency, we 

calculated Kendall’s Tau in the training set. Compared to Pearson’s r, it is robust to outliers and 

violations of normality and expresses dependence in terms of monotonicity instead of linearity (van 

Doorn et al., 2018). This is important, as we neither expected choice-consistency (index ranging from 

0 to 1) or the retention interval (uniformly sampled from an interval of 0 to 30 seconds) to be 

normally distributed, nor both variables to have a linear relationship. We followed the exact 

procedure proposed by van Doorn et al. (2018) to test for an inverse relationship of retention 

interval and choice-consistency using Bayes Factor analysis for Kendall’s Tau. 
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H2: Bayes Factor model comparison of exponential and null model. 

In order to gain further insights into the relationship of retention interval and choice-consistency we 

planned to test which model is supported more strongly by the data of the training set (but see 

section Interpretative Plan and results for H1 why we did not proceed to test this hypothesis). For 

this, we planned to use Bayes Factor model comparison via the product space method (Lodewyckx 

et al., 2011). We planned to test two candidate models against each other, which are specified in the 

following sections. We assumed both models to had equal prior probabilities. 

&[H = &[I = 0.5  

The first candidate is inspired by forgetting models of item recall (Averell & Heathcote, 

2011), the second model is a null model assuming no effect of the retention interval on choice-

consistency. They give rise to observed participant choice-consistency, given a retention interval. 

Both candidate models are of the general form: 

^^_È ~<bc"de(f`, g) 

h!iℎ	^^_È , g ∈ [0,1]. 

^^_E denotes the critical cost efficiency index of a participant for one test block, i denotes 

the assigned retention interval for that block (ranging from 0 to 30 seconds). g accounts for random 

noise in the data. We assume all parameter values for g to be equally likely a priori. 

g~mnid(1,1) 

f`  denotes the expected choice-consistency given a retention interval and is specific to the 

model candidates. 

Exponential Model. The first candidate model assumes that choice-consistency decreases 

exponentially with retention time. This means that the decreasing rate of consistency is constant 

over retention time. Following Averell & Heathcote (2011), the function can be formalized in the 

following way: 

f` = 	d + (1 − d) × p × n*q×` 
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The parameter d ∈ [0,1] determines an asymptotical minimum level of choice-consistency 

after an infinite retention interval. The parameter p ∈ [0,1] determines choice-consistency at i = 0, 

which allows for imperfect choice-consistency unconditional on time-dependent processes when 

p < 1. The parameter r ∈ [0,1] determines the retention time-constant decreasing rate of 

consistency. We assume that all parameter values are equally likely a priori. 

Figure 4 displays a graphical representation of the model including prior specifications for all 

parameters. 

Null Model. The second candidate model assumes that choice-consistency does not 

decrease as a function of the retention interval. The expected value of the choice-consistency 

distribution is, therefore, a constant. 

f` = 	s 

The parameter s ∈ [0,1] determines the expected value of the choice-consistency. We 

assume that all parameter values for s are equally likely a priori. 

s~mnid(1,1) 

H3: Replication for the test set 

In order to test whether the relative advantage in support by the data for the exponential 

model in comparison to the null model replicates to a new data set, we planned to obtain the 

replication Bayes factor using the held out test set using the method described by Ly et al. (Ly et al., 

2019; but see section Interpretative Plan  and results for H1 why we did not proceed to test this 

hypothesis). The replication Bayes factor is given by Bayes Factor for the coerced data set divided by 

the Bayes factor for the training set (obtained for H2). 

mtH7(u`vw`|u`,y'J) =
mtH7(u`vw`, u`,y'J)
mtH7(u`,y'J)

 

This evidence updating method does not require approximations and is especially useful for 

complex models as in our application case. 
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Interpretative Plan 

We followed the usual framework (Jeffreys, 1998) for interpreting Bayes Factors, which 

means that we considered a Bayes factor of  mt	 ≥ 10 as strong evidence for a hypothesis. Table 1 

summarizes the interpretative plan for all hypotheses. 

We collected further data until we reach a conclusive result for all hypotheses. 

H1: Should we find strong support for an inverse relationship of retention interval and 

choice-consistency, we would conclude that choice-consistency in MAVC depends on the memory 

representation strength of exemplars. Should we find strong evidence against an inverse 

relationship of retention interval and choice-consistency, this would question the role of memory 

representation of exemplars in MAVC. It could be concluded, that choice-consistency is robust to 

indefinite goal representations. In this case, we would not proceed to test H2 and H3. 

H2: Should we find strong evidence, that the exponential model of the relationship of 

retention interval and choice-consistency is supported more strongly by the data than the null 

model, we would interpret this as preliminary evidence for the validity of the exponential model. 

However, a definitive interpretation would require generalizability of the results for the test set. 

Furthermore, our statistical tests would only collect relative evidence for one model over another. It 

would still be possible, that the true model is outside our model space. Therefore, careful inspection 

of the visualizations of the model predictions would be required (see figures 5 and 6). Should we find 

strong evidence in support of the null model, this would question the validity of an exponential 

model specifically, given positive evidence for H1. Again, a definitive interpretation would require 

generalizability of the results for the test set. 

H3: Should we find strong evidence that the relative advantage in support by the data for 

the exponential model in comparison to the null model replicates to a new data set, we would 

interpret this as further evidence for the validity of the exponential model. Should the replication 

Bayes factor favor the null model, this would question the validity of an exponential model 

specifically, given positive evidence for H1. Again, our statistical tests would only collect relative 
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evidence for one model over another. Careful inspection of the visualizations of the model 

predictions would be required (see figures 5 and 6). 

Should we find conflicting evidence for H2 and H3, we would use the Bayes factor for the 

complete dataset (mtH7(u`vw`, u`,y'J) to guide our interpretation. The Bayesian model comparison 

using the complete dataset quantifies the evidence for or against each model in light of all data. We 

would use the same interpretation framework as before, which means that we consider a Bayes 

factor of  mt	 ≥ 10 as conclusive evidence. 

Data Collection Plan / Power Analysis 

Inferential power 

Our data collection plan is based on a Bayesian stopping rule: We collected data until we 

reached a Bayes factor of mt ≥ 10 ∨ mt ≤ 0.1 or a maximum feasible sample size of < = 500. 

Sensitivity of choice-consistency test 

In order to make meaningful statements about the influence of memory processes it is not 

only necessary to experimentally manipulate these memory processes with a sufficient effect size 

but also to measure choice-consistency with sufficiently sensitive measure. The sensitivity of our 

behavioral task to detect violations of choice-consistency can be approximated using a simulation 

study (Bronars, 1987). We simulated a dataset of 1.000 virtual participants that made uniform 

random choices from 20 choice sets constructed as specified for our experiment (see Procedure). 

Results showed that 99% of the virtual participants violated choice-consistency at least once with a 

median CCEI of 0.389 (see figure 7).  

Specification of Reality Checks 

First, to ensure that our retention interval manipulation is effective, we tried to replicate the 

effect of the retention interval on absolute reconstruction error of exemplars from memory that we 

found in our pilot experiment (see pilot experiment) in our control task. Specifically, we wanted to 

find strong evidence (Bayes factor of at least mt ≥ 10) favoring a one-way ANOVA style model 

including the 4-step retention interval factor over a null model. Inference was based on the 
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replication Bayes factor fully utilizing the evidence from our pilot experiment with mtH78u+,'|9 = 

1000 (Ly et al., 2019). 

We used the JAGS software (Plummer, 2003) to analyze our Bayesian graphical models. To 

assess convergence we used trace plots of the Markov-Chain-Monte-Carlo simulations and 

smoothed density plots of the parameter estimates (Kruschke, 2014). 

Following Blaha (2019), we think that visualization is an important reality check to see, 

whether the data looks like we expected and hypothesized. Therefore, we planned to create two 

main plots for visual qualitative checks of the data and models. 

First, we created a scatter plot of retention interval and choice-consistency in the training 

set together with histograms of the marginal distributions. This allowed for a visual inspection of the 

relationship of both variables as well as the marginal distributions. We did not want to see choice-

consistency increase as a function of retention interval, as such pattern is not covered by our model 

space. The marginal distribution of the retention interval should, trivially, be uniform (as generated 

by the experimental task). The marginal distribution of the choice-consistency should, ideally, be a 

right-tailed Gaussian, meaning a tail for large consistency values. Figure 5 shows such a plot for data 

simulated from the exponential model. 

Second, we planned to create a plot that is overlaying scatter plots of retention interval and 

choice-consistency in the training set with the posterior predictive distributions of the exponential 

model and the null model (but see section Interpretative Plan and results for H1 why we did not 

proceed with our computational modelling). This would allow us to visually inspect how well the 

models can explain the data and further, if there are any important qualitative differences between 

predictions and data. This is an important step to inform future modelling efforts and to identify 

systematic short-comings of a model. Further, we would create the same plots for retention interval 

and choice-consistency in the test set overlaid with the out-of-sample posterior predictions of both 

models to qualitatively evaluate the generalizability of the models (but see section Interpretative 
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Plan and results for H1 why we did not proceed with our computational modelling). Figure 6 shows 

such plots for data simulated from the exponential model. 

Floor and ceiling effects 

Should we find that choice-consistency is either near perfect or at very low levels across all 

retention intervals, this would indicate ceiling or floor effects respectively. While this is theoretically 

possible (e.g. in case of an ineffective retention interval manipulation), we reduced the likelihood of 

finding such a pattern by using a continuous manipulation of the retention interval instead of a 

factorial design. Therefore, our design covered a wide range of retention intervals (interval of 30 

seconds) instead of 2 to 3 retention intervals, a factorial design would cover. Still, it was not possible 

to entirely rule out the possibility of an ineffective retention interval manipulation on theoretical 

grounds only. Therefore, we conducted a pilot experiment to demonstrate the effectiveness of our 

manipulation using the control task from our main experiment (see below). 

Further limitations 

As one anonymous reviewer pointed out, our MAVC paradigm does not include a no-choice 

option. Intuitively, for some trials it would be difficult for participants to make a similarity 

judgement. However, we decided not to include a no-choice option in our paradigm as one core 

assumption of revealed preference theory is that there is a well-defined preference structure (Afriat, 

1973) and this also holds for difficult decisions. Therefore, asking participants to make a choice for 

difficult decisions is part of a rigorous test of revealed preference choice-consistency. Still, 

practically, this could have introduced additional noise into the decision behavior of participants. 

While the current registered report cannot entirely address this aspect of insufficiently defined 

preferences, future research should provide both theoretical and empirical accounts on the role of 

non-decisions for choice-consistency. 

Pilot Experiment 

We conducted a pilot experiment to validate the effectiveness of our retention interval 

manipulation. Specifically, we wanted to demonstrate that our retention interval manipulation is 



MEMORY AND CHOICE CONSISTENCY 22 

sufficient to blur the memory representation of the exemplar. Furthermore, we explored the 

influence of presentation time of the exemplar on the memory representation strength. 

Methods 

Procedure. The first three screens of each trial were equivalent to the procedure of the 

experiment for the here described registered report (see figure 2). Each trial started with the 

presentation of a fixation cross. Participants were then presented with an exemplar cube with a 

certain orientation along the X- and Y-axis (see procedure of registered report) for either 1, 5, 10 or 

30 seconds. Then, participants were presented with a mask of 10 randomly oriented cubes (see 

figure 2) for a certain retention interval. Importantly, the retention interval in the pilot experiment 

was not fixed per participant. The retention interval lasted either 1, 5, 10 or 30 seconds. After the 

retention interval, participants were again presented with a single cube similar to the exemplar. The 

cube randomly matched the exemplar either regarding the X- or the Y-orientation, while the initial 

complementary orientation was chosen uniform randomly. Participants then had to turn the cube 

on the screen to match the exemplar regarding the complementary orientation using the arrow 

keys. Importantly, it was unknown to the participants whether they had to reconstruct the X- or Y-

orientation both during the presentation time and the retention interval. Participants solved 10 for 

each factorial combination of the presentation times and retention intervals in random order. 

Sample characteristics and exclusion criteria. We included a total of 25 participants (21 

women, 4 men; age: D = 24, PdK�n = 18 − 39) for our pilot experiment. The sample size was not 

determined a priori. Instead we used a Bayesian stopping rule, recruiting further participants until 

we reached a Bayes factor of at least mt ≥ 10 for our hypothesis test. Importantly, the sample size is 

smaller than the minimal sample size we plan to recruit for the here described registered report. 

Participants were recruited from the same population we target for the here described registered 

report.  

However, the study was conducted as an online experiment due to the ongoing COVID-19 

crisis. It is intuitive, that participants might be less attentive during online-experiments than during 
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lab-based experiments due to the uncontrolled in which participants solve the task. Therefore, we 

assessed reaction times besides task performance and excluded single trials with reaction times 

deviating more than 3 standard deviations from the grand mean. Note, that this threshold 

amounted to about 30 seconds for a single trial. Hence, we are confident to not have excluded any 

meaningful data while considerably reducing measurement noise. 

The study was approved by the local ethics board of Heinrich-Heine-University and was 

conducted in accordance with the declaration of Helsinki. Participants were reimbursed by course 

credit. 

Statistical analysis. We operationalized the memory representation strength of the 

exemplar as the absolute error with which its orientation could be reconstructed by the participants. 

We considered an orientation of 0 degrees and 360 degrees as equivalent. For example, if the 

orientation of the exemplar cube on the axis of interest is 90 degrees and the orientation of the 

reconstructed cube on that axis is 360, the absolute error is 90 and not 270. The absolute error can 

therefore range between 0 degrees and 180 degrees. The exact formula is given by  

ÉpÑbeÖin	_ccbc = 	 Üáàc!âäv:ãSy, − àc!åvç+Jw`,éç`vèá − 180Ü. 

We calculated a repeated measures Bayesian ANOVA in the 'BayesFactor' R package using 

the non-informative default priors (Rouder et al., 2012). We considered a Bayes factor equal or 

larger than 10 regarding the main effect of the retention interval to be conclusive for or against our 

hypothesis. To verify the direction of the effect we considered the trend of the means of each factor 

level. Further, we exploratively inspected the evidence for or against a main effect of the 

presentation time and a possible interaction effect of both factors. 

Results  

We found that an ANOVA-style model including both main effects and a random subject 

intercept but no interaction term to be the most likely model given the data. Specifically, this model 

was mtH7 = 895082	(±0.94%) times more likely than the null model (including only the random 

subject intercept) given the data (see figure 8). 
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Retention interval. To quantify the evidence for an effect of the retention interval factor we 

compared the evidence of the most likely model with the evidence for a model including only the 

main effect of the presentation time and the random subject intercept. We found that there was 

mtH7 = 1000	 ± 1.13% times more evidence for the inclusion of the retention interval factor. We 

interpret this as definitive evidence. Inspection of the trend of means reveals that there is a positive 

relationship of retention interval and absolute error of reconstruction (see figure 8). 

Presentation time. To quantify the evidence for an effect of the presentation time factor we 

compared the evidence for the most likely model with the evidence for a model including only the 

main effect of the retention interval and the random subject intercept. We found that there was 

mtH7 = 1005	 ± (1.15%) times more evidence for the inclusion of the presentation time factor. We 

interpret this as definitive evidence. Inspection of the trend of means reveals that there is a negative 

relationship of presentation time and absolute error of reconstruction (see figure 8). Note, however, 

that is was an explorative analysis. 

Interaction Retention interval x presentation time.  To quantify the evidence against an 

interaction effect of both factors we compared the evidence of the most likely model with the 

evidence for a model including both main effects, the random subject intercept and an interaction 

term. We found that there was mt7H = 44446	(±2.11%) times more evidence for the exclusion of 

the interaction term. We interpret this as definitive evidence. Note, however, that is was an 

explorative analysis. 

Discussion 

We conducted a pilot experiment to validate the effectiveness of our retention interval 

manipulation. We showed that the precision of the orientation reconstruction of an exemplar from 

memory decreases with retention time over an interval of 30 seconds. Therefore, we are confident 

that the planned retention interval manipulation of the here described registered report is effective 

to weaken the memory representation strength of an exemplar. Further, we explored the influence 

of different presentation times on orientation reconstruction precision. We found that precision 
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increases with presentation time. In the context of our registered report, it is important that the 

memory representation strength freely varies among different retention intervals for a given 

presentation time. Descriptively, the variance of the absolute error in reconstruction is highest for a 

presentation time of 1 second. However, also the mean absolute error is highest for a presentation 

time of 1 second. A presentation time of 5 seconds represents a compromise with the second 

highest variance and second highest mean of the absolute error in reconstruction. 

Results 

Sample Characteristics 

For our main experiment, we included 77 participants (56 women, 21 men; age: D =

22, PdK�n = 18 − 40, education: 72 completed high school, 5 completed a university degree) 

according to our inclusion criteria until reaching the preregistered stopping rule of our analysis plan. 

Preregistered analyses 

As outlined above, our statistical analyses use a Bayesian framework of inference, specifically the 

Bayes Factor approach to model comparison. Bayes factors express the relative degree of evidence 

for one model over another, that is the ratio of probabilities of observing the data under each model 

(Makowski et al., 2019).  

Reality check: Effect of retention interval on memory representation 

To quantify the evidence for an effect of the retention interval factor on memory 

representation strength, we compared a one-way ANOVA style model including the 4-step retention 

interval factor to a null model. We found conclusive evidence for the retention interval model for 

the new and the full dataset (including our pilot data), as well as for the successful replication 

(mtH7(uJvì) = 32.894	 ± 0.01%, mtH7(uîéSS) = 46717770	 ± 0.01%, mtåvãS'çy`'+J = 44623.3; 

see figure 9). Hence, we can conclude that our retention interval manipulation was effective.  
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H1: Test for an inverse relationship of retention interval and choice-consistency 

Next, we tested in the training set whether choice-consistency as operationalized by the 

CCEI decreased with an increasing retention interval. Results showed conclusive evidence against 

our hypothesis (mtH7 = 0.047; see figure 10). The result held for other specifications of choice-

consistency, namely the Houtman-Maks-Index, and approximations of the Money Pump Index and 

Minimum Cost Index (all mtH7 < 0.1). 

H2 & H3: Bayes Factor model comparison of exponential and null model 

Following our interpretation plan (see table 1), we did not proceed to test H2 and H3, given 

our negative result for H1. 

Floor and ceiling effects 

As apparent in figure 10, the CCEI of our participants in the training data was overall 

surprisingly low (Dnu!dK = 	0.299, ñó = 0.229). In order to control for a potential floor effect, we 

used a Bayesian Mann-Whitney-U test to control whether our participants were more consistent 

than an equal-sized subsample of our random simulated data (see figure 11, panel A). Results 

showed strong evidence against this, indicating a potential floor effect in our data (mtH7 = 0.094). 

Exploratory analysis 

Reliability Analysis 

In an attempt to further understand the quality of our data beyond our preregistered quality 

controls, we conducted a descriptive test-retest reliability analysis of the CCEI for the training and 

test set. As we reported recently elsewhere (Nitsch et al., 2021), there are concerns regarding the 

measurement reliability of the CCEI, which is especially problematic for correlational designs such as 

the one of the current study (Hedge et al., 2018). Specifically, tasks designed to show robust 

between-group effects and, thus, low between-subject variability in the outcome measure are at risk 

for showing low test-retest reliability.  Another risk factor specific to the CCEI is that the measure is 

dependent only on the magnitude of the most severe violation (see Preprocessing) and, thus, 

vulnerable to outliers. Our results indicated essentially no reliability of the CCEI between training 
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and test set in the current study (c = −0.033). This was not driven by the difference in retention 

intervals of both measurements, or by low between-subject variability of the measure (see figure 11, 

panel A and B). A similar result showed for the money pump index (c = 0.023). However, 

interestingly, the Houtman-Maks-Index and the Minimum-Cost-Index showed a much higher (albeit 

still poor) test-rest reliability (HMI: c = 0.303, MCI: c = 0.353; see figure 11, panels C-E), which 

might be attributed to less vulnerability to outliers. 

Task difficulty 

Given the results reported above and oral feedback from our participants, we formed the 

post-hoc hypothesis that the generally low choice-consistency might be driven by a too high 

difficulty of discriminating the different X- and Y-orientations of the choice objects. To further 

explore this notion, we compared the mean absolute error in the reconstruction task, as an upper 

limit to the discriminatory performance, to the mean increment difference of orientation along the 

X- or Y-axis in the choice set, using bootstrapping. Results showed, that the mean increment 

difference was generally lower than mean reconstruction error, tentatively suggesting a high 

difficulty of discriminating between the choice objects (see figure 12).   

Discussion  

In this registered report, we set out to experimentally test the influence of memory retrieval 

of exemplars on choice-consistency in a novel visual choice paradigm. After a short retention 

interval, participants had to select one out of a choice set of five three-dimensional cubes that has 

the subjectively most similar orientation along the X- and Y-axis to the exemplar. The choice set 

stimuli represented a variable trade-off of similarity to the exemplar regarding the two attributes X- 

and Y-orientation. We manipulated memory retrieval by varying the duration of the retention 

interval between exemplar presentation and choice. 

Using a reconstruction task as a manipulation check of our retention interval intervention, 

we could show and replicate the pattern of decreasing memory accuracy with increasing retention 
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time in a pilot experiment and in our preregistered study, which confirmed the effectiveness and 

reliability of our manipulation. 

Given this, we found strong evidence against our first hypothesis that choice-consistency, as 

operationalized by the CCEI, decreases with increasing retention time. Further, this result held for 

robustness checks using three similar choice-consistency indices. Given our preregistered 

interpretation plan we did not proceed to test our more specific, model-based hypotheses. 

 Limitations 

However, our preregistered quality controls revealed an overall surprisingly low choice-

consistency of our participants even for short retention intervals that proved to be non-discernable 

from that of simulated random behavior. In addition, an exploratory analysis showed essentially no 

test-retest reliability of the critical cost efficiency index between the training and the test set. This 

was not driven by retention time differences between the two measurements. Taken together, this 

suggests the presence of a floor effect in our data and, thus, low data quality for conclusively 

evaluating our hypotheses. 

Generally, the lack and low reliability of choice-consistency indicates that our participants 

did not consistently integrate deviations in the X- and Y-dimensions of the choice set stimuli to the 

exemplar, meaning there was no well-behaved integration function, and, this was also the case for 

short retention times. As the performance in the reconstruction task was generally good (perfect 

reconstruction in about 42% of trials), it is unlikely that the low consistency level was driven by too 

long retention intervals.  

Another explanation for the overall low choice-consistency could be that the discrimination 

between the different X- and Y-orientations of the choice objects was too difficult. This was also, 

anecdotally, suggested in oral feedback of our participants during the data collection. To further 

explore this notion, we compared the mean absolute error in the reconstruction task, as an upper 

limit to the discriminatory performance, to the mean increment difference of orientation along the 

X- or Y-axis in the choice set, recovered from the task parameters, using bootstrapping. Results 
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showed that the mean increment difference was generally lower than mean reconstruction error, 

tentatively suggesting a high difficulty of discriminating between the choice objects. As all choice-

consistency indices quantify performance only relative to the increment orientation differences of 

choice objects, numerically low choice-consistency levels can correspond to only small 

inconsistencies in degree orientation. 

Future Research 

Future studies investigating visual choice-consistency should, therefore, establish a sufficient 

level of choice-consistency at baseline. This could be achieved, for example, by pilot testing to 

adjust, in a group-wise fashion, the increment difference of orientation along the X- or Y-axis in the 

choice, or on an individual-level by using an adaptive staircase procedure. 

Another important consideration for the design of future studies is the low reliability of 

choice-consistency in the present study, but also, generally, in other task domains (Nitsch et al., 

2021). While our correlational design had important benefits for covering a sufficient retention time 

span and providing rich data for parametric model fitting, factorial designs are more robust to 

finding effects in low reliability behavioral tasks (Hedge et al., 2018). 

Conclusion 

In this registered report, we set out to experimentally test the influence of memory retrieval 

of exemplars on choice-consistency in a novel visual choice paradigm. Due to unforeseen 

methodological pitfalls, our data is inconclusive to the preregistered hypotheses. However, our 

preregistered quality controls and additional exploratory analyses offer important insights for the 

design of future studies. 
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Figure 1 

Mapping of concepts from GCM Model of Categorization to Query Theory 

 

Note. Simplified graphical representation of the decision process in Query Theory (Weber et al., 

2007) and the Generalized Context Model of categorization (Nosofsky, 2011). Nodes with dark 

background represent observed variables, nodes with white background represent latent 

variables. Nodes with single line borders represent stochastic variables, nodes with double line 

borders represent deterministic variables. 
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Figure 2 

Timeline of a single choice trial 

 

Note. From top left to bottom right: 1. The inter-trial interval (ITI) lasted 0.5 to 1.5 seconds. A 

fixation cross was presented in the middle of the screen. 2. During the presentation time (PT) an 

exemplar cube was presented for 5 seconds in the middle of the screen. 3. During the retention 

interval (RI) a mask of cubes in random orientations were presented. The retention interval was 

randomly selected from an interval 0 to 30 seconds and was fixed per participant per block. 4. 

After the retention interval, the choice set of 5 cubes with different orientations were presented. 

Each element of the choice set was presented equidistantly around the exemplar. The order of 

the choice set elements was randomized. Participants had to make a forced a choice on which 

among the choice set stimuli is most similar in its orientation to the exemplar. 
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Figure 3 

Construction of choice set of multi-attribute visual decision task from budget and prices 

 

Note. Choice sets for four different exemplars and sets of prices. Exemplars are shown for each 

example in the square in the upper right corner of each panel. From top left to bottom right: &H =

(1,1), &I = (3,10), &ò = (10,3), &ô = (3,3). The size of the budget (set to " = 100) relative to 

the prices determines how similar the choice set stimuli are oriented to the exemplar overall. 

Hence, the choice set stimuli in the top left panel are overall more similarly oriented to their 

respective exemplar than the choice set stimuli in the bottom right panel. The price ratio of the 

attributes determines the trade-off ratio of the X- and Y-orientation. Hence, the choice set stimuli 

in the top right panel are generally more similarly oriented to their respective exemplar along the 

Y-axis and less similarly oriented along the X-axis compared to the bottom left panel and vice 

versa. Axiomatic choice theory proposes that subjective similarity increases as a function of how 

far a choice object is located to the top right (indicated by the dashed line). 
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Figure 4 

Graphical exponential model of the relationship of retention interval and choice-consistency. 

 

Note. K ∈ < denotes a single data point corresponding to a test block of a particular participant. 

iJ  denotes the retention interval of a given observation. fJ denotes the expected choice-

consistency of a given observation. ^^_EJ  denotes the observed choice-consistency of a given 

observation. The parameter d determines an asymptotical minimum level of choice-consistency 

after an infinite retention interval. The parameter p determines choice-consistency at i = 0, 

which allows for imperfect choice-consistency unconditional on time-dependent processes when 

p < 1. The parameter r determines the constant decreasing rate of consistency. We assumed 

that all parameter values are equally likely a priori. Nodes with dark background represent 

observed variables, nodes with white background represent latent variables. Nodes with single 

line borders represent stochastic variables, nodes with double line borders represent 

deterministic variables. 
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Figure 5 

Scatterplot of retention interval and choice-consistency with histograms of marginal distributions. 

 

Note.  Data was simulated for 300 virtual participants using the exponential model with 

parameters d = 0.4, p = 0.9, r = 0.3, g = 0.1. The marginal distribution of the retention interval 

is, trivially, uniform. Importantly, the marginal distribution of choice-consistency is a right-tailed 

Gaussian, meaning a tail for large consistency values. 
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Figure 6 

Scatterplots of retention interval and choice-consistency overlaid with posterior predictions 

 

Note.  The black line shows the median predictions, the grey lines show the 95% highest density 

intervals. Upper row shows the training set, bottom row shows the test set. Left column shows 

posterior predictions of the exponential model, right column shows posterior predictions of the 

null model. Training and test set were simulated for 300 virtual participants using the exponential 

model with parameters d = 0.4, p = 0.9, r = 0.3, g = 0.1. While the exponential model predicts 

the pattern of the data with relatively little uncertainty, the null model makes very vague 

predictions with possible values covering almost half of the variable space. Further, the null model 

does not predict the trend of the data for small retention intervals. Relatively to the training set 

performance of each model, the exponential model also generalizes slightly better to the test set. 
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Figure 7 

Histograms of choice-consistency of simulated random behavior 

 

Note.  We simulated a dataset of 1.000 virtual participants that made uniform random choices 

from 20 choice sets constructed as specified for our experiment (see Procedure). The upper panel 

shows the distribution of the number of inconsistent choices. 99% of the virtual participants 

committed at least one inconsistent choice. The median number if inconsistent choices (16) is 

indicated by the dashed vertical line. The lower panel shows the distribution of the CCEI. 99% of 

the virtual participants had a CCEI lower than 0.90. 97% of participants had a CCEI lower than 

0.80. The median CCEI (0.37) is indicated by the dashed vertical line. Overall, our experimental 

task provides sufficient sensitivity to detect inconsistent choices. Note, that of all 1.000 virtual 

participants only a single one had a CCEI of 1. Importantly, this participant also did not violate the 

revealed preference axioms (0 inconsistent choices). We are, therefore, confident that our design 

also minimizes cost-efficient inconsistent choices which would undermine the sensitivity of the 

CCEI measure specifically (Murphy & Banerjee, 2015). 
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Figure 8 

Results of pilot experiment 

 

Note.  The figure shows the point range (mean and standard error of the mean) for each cell of 

the two-factorial design. The absolute error in the reconstruction of the exemplar cube 

orientation is positively related to the retention interval and negatively related to the 

presentation time. There is definitive evidence against an interaction of both factors. Note, that 

the retention interval is not presented in scale. 
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Figure 9 

Manipulation check of the retention interval manipulation. 

 

Note.  Panel A shows the point range (mean and standard error of the mean) of the absolute 

reconstruction error for each retention interval level in the full data set (pilot and preregistered 

experiment, disregarding encoding time for the former). The absolute error in the reconstruction 

of the exemplar cube orientation is positively related to the retention interval (indicated by the 

evidence for the pilot data, the new data and the replication). Note, that the retention interval is 

not presented in scale. Panel B shows the histogram of the absolute reconstruction error for each 

retention interval level in the full data set (pilot and preregistered experiment, disregarding 

encoding time for the former). Vertical bars indicate the mean of the data, colored tiles indicate 

the standard error of the mean. It is eminent that the absolute error distribution has a strong 

positive skew. 
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Figure 10 

Scatterplot of the empirical retention interval and choice-consistency with histograms of marginal 

distributions. 

 

Note.  Trivially, the marginal distribution of the retention interval was uniform. Further, as 

expected, the marginal distribution of choice-consistency was a right-tailed Gaussian, meaning a 

tail for large consistency values. However, contrary to our hypothesis, the bivariate distribution 

plot revealed no negative relationship of CCEI and retention time. 
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Figure 11 

Empirical choice-consistency and reliablity 

 

Note.  Panel A shows the empirical distribution of the CCEI compared to an equally-sized subset of 

simulated random behavior. Choice-consistency, overall, was surprisingly low and not higher than 

for simulated random behavior. Panel B shows the test-retest reliability of the CCEI for training 

and test data, which was almost zero. Importantly, this was not driven by the absolute difference 

in retention time between both measurements. The lower panels (C, D, E) show similar patterns 

for three other consistency indices. 
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Figure 12 

Exploration of task difficulty 

 

Note.  Panel A shows the bootstrapped distribution of the mean differences between the 

empirical absolute reconstruction error and choice task increment difference in the choice set 

(retrieved from task parameters). Depicted is the histogram of the bootstrap samples distribution 

(N = 10000). The continuous vertical line indicates the mean of the statistic of interest, the two 

dashed vertical lines indicate the 95% confidence interval. Results showed, that the mean 

increment difference was generally lower than mean reconstruction error, indicating a high 

difficulty of discriminating between the choice objects. 
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Table 1 

Summary of statistical interpretation criteria for each hypothesis 

Hypothesis mt ≥ 10 mt ≤ 0.1 0.1 < mt < 10 

H1: Inverse relationship of retention 

interval and choice-consistency 

Strong support 

for inverse 

relationship 

Strong support 

against inverse 

relationship 

Inconclusive, 

larger N required 

H2: Exponential model is supported 

more strongly by the data than null 

model 

Strong support 

for exponential 

model 

Strong support 

for null model 

Inconclusive, 

larger N required 

H3: The finding of H2 replicates to a 

new data set 

Strong support 

for replication to 

a new dataset 

Strong support 

against a 

replication to a 

new dataset 

Inconclusive, 

larger N required 
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Appendix  

English translation of instructions for MAVC Task 

Dear participant, 

In the following task you will be presented with a number of independent decision 

problems, that share a common format. Each decision problem starts with the presentation of 

colorful 3D cube. The cube will be presented for 5 seconds. Each side of the cube is identified by a 

unique color. Your task is to memorize the orientation of the cube as good as possible. After the 

presentation time of 5 seconds has passed, you will be presented with a visual mask of 10 similar 

cubes for up to 30 seconds. These cubes are irrelevant for the decision problem and you should not 

try to memorize their orientation. Finally, you will be present with 5 more cubes in different 

orientations which will be presented to you in circle. Your task is to select the one of those 5 cubes 

which has the most similar orientation to the cube which you have been presented with at the 

beginning of the decision problem. Before each decision problem you will be shortly presented with 

a fixation cross. 

 

ITI: 0.5-1.5s

PT: 5.0s

RI: 0.0-30.0s

Choice
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Carefully evaluate all 5 cubes and try to mentally rotate them until they match the 

memorized cube. Then select the cube which had to be mentally rotated the least. You have to 

decide for each decision problem. If you are unsure about your answer, follow your intuition. There 

are no wrong or correct answers. Before the task begins, please take a moment to familiarize with 

the colorful cube by inspecting the following animation. All cubes presented in the task will be exact 

copies of that cube but in different orientations. 

 

[ANIMATION HERE] 

 

 

Thank you for familiarizing with the colorful cube. You will now be presented with 10 practice 

decision problems. For these practice problems, the choice options will be presented 1 second after 

the cube that you have to memorize. Your answers for these practice decisions will not be recorded. 

Take your time to familiarize with the task. 

 

 

You have successfully completed the practice decision problems. Do you have any questions 

or is there anything unclear about the task at hand? Then please raise your hand and consult with 

the experimenter. 

 

If you have no further questions, then you can proceed now with the first test block. The 

test block consists of 20 decision problems. For all 20 decisions you will be assigned a retention 

interval of up to 30 seconds after the presentation of the initial cube during which you will see the 

irrelevant visual mask. 
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You have successfully completed the first test block. Take a moment to stretch your legs 

before continuing. 

 

The next test block again consists of 20 decision problems. For all 20 decisions you will be 

assigned a different retention interval of up to 30 seconds after the presentation of the initial cube 

during which you will see the irrelevant visual mask. 
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Abstract 

Many rational choice theories posit that rational decision makers assign subjective values to 

all available choice options and choose the option with highest subjective value. Choice options are 

usually composed of multiple attributes, e.g. healthiness and taste in dietary choice or risk and 

expected returns in financial choice. These attributes have to be integrated into a single subjective 

value. Subjective value maximizing choice requires choice consistency, i.e. consistent weighing of the 

choice attributes across choices. However, empirical work suggests that perfect choice consistency is 

often violated, for example when decision makers weigh choice attributes differently across multiple 

decisions. Some researchers propose to extend certain bounds of rationality or to abandon the 

concept of rationality as adherence to consistency principles altogether. A more conservative stance 

assumes that perfect consistency can be violated by decision makers in practice, but that 

consistency principles still can explain large parts of behavior. In a review of the recent literature, we 

identify factors for compromised consistency relative to baseline conditions. Broadly, we distinguish 

between undynamic trait factors and fluid state factors. We find evidence for an influence of age, 

education, intelligence, and neurological status. In contrast, choice consistency appears to be 

relatively robust to the influence of sex, personality traits, cognitive load, sleepiness and blood 

alcohol levels. We conclude, that, according to the current state of the literature, only fundamental 

differences in decision makers, that is, trait differences, have a significant impact on choice 

consistency. 

Keywords: Choice consistency, rationality, trait factors, state factors 
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Keeping a cool head at all times. What determines choice consistency? 

Should you order one glass of champagne, a large Stein of Bavarian beer, or rather a non-

alcoholic carafe of water? Choice theory posits that decision makers assign subjective values to all 

choice alternatives, rank order them according to their value, and choose the alternative with the 

highest value. The above example illustrates that choice alternatives are often composed of multiple 

attributes, e.g. magnitude (one glass, one carafe, one Stein), healthiness (alcoholic vs. non-alcoholic, 

sugar content etc.), subjective taste (the sourness of champagne vs. the bitterness of beer), cultural 

value or other components. Decision theory assumes that all of these attributes are integrated into a 

single subjective value. Importantly, the importance of taste as well as all other attributes is 

subjective and differs between individuals. Hence, in many decisions, there is no single best 

alternative. Instead, we have to deal with trade-offs of different choice attributes: In our diet we 

have to weigh taste, healthiness, magnitude or other factors. In financial decisions we have to weigh 

risk and expected returns, as well as the time until we can realize those returns. In such situations, 

our decisions depend on our individual preferences – so how can we measure decision making 

quality or rationality? 

Because preferences are subjective, they are undisputable, an insight already noted by 

Immanuel Kant (1790). Positivist economic theories of rationality are agnostic about the specific 

direction of preferences. Instead they define rationality by placing bounds on preference structure, 

often in the form of consistency principles (Sugden, 1991). One example for a consistency principle is 

transitivity: If a decision maker chooses a glass of champagne over a glass of beer, and a glass of 

beer over a glass of water, she should also choose a glass of champagne over a glass of water. 

Decision makers who adhere to those consistency principles are assumed to choose their most 

preferred choice alternative, and, hence, make optimal choices. Table 1 provides an overview of 

different formalizations of choice consistency and their interdependence. 

Hence, choice consistency is considered a hallmark of rational choice. That is, in order for a 

decision maker to always choose the best option according to their subjective preferences, she 
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needs to choose consistently. On the flipside, an inconsistent decision maker systematically foregoes 

better options in choice situations. For example, if a decision maker chose champagne over beer, 

and beer over water, but not champagne over water, she would make an inconsistent choice. 

Rational choice theory then implies, that at least one chosen option along that choice chain would 

not be in accordance with the decision maker’s true preferences. What is possibly worse, in a market 

situation, such a decision maker would continuously pay to swap water with beer, beer with 

champagne, and champagne with water again, thus, she would inevitably lose wealth and would, 

ultimately, be driven out of the market (this is the so-called money pump phenomenon). 

Inferring the underlying preference structure of decision makers is non-trivial: Simply asking 

people about their preferences often gives conflicting results to actual choice behavior (MacDonald 

et al., 2009): People do not do what they say. Revealed preference theory (Houthakker, 1950; 

Samuelson, 1938; Varian, 1982) infers the underlying preference structure from behavior and allows 

for a theoretically sound test of choice consistency: that is, whether a decision maker has a definite 

structure of wants, acts cost efficient and acyclic (Afriat, 1973). Figure 1 provides schematic 

representation of a choice attribute weighing process compliant with revealed preference theory. 

However, empirical work suggests that perfect consistency is often violated. Violations can 

occur when decision makers weigh choice attributes differently across multiple decisions. An 

inconsistent decision maker would assign variable weights to healthiness and taste in dietary 

choices, or to risk, expected returns and time of returns in financial choices, respectively: Choice 

inconsistency across multiple choices would imply that the different choice attributes (healthiness 

and taste; risk, expected returns, and time of returns) are differentially important to the decision 

maker across choices and may be considered to a further or lesser extent. For example, an 

inconsistent decision maker may mostly consider healthiness in one choice and mostly taste in 

another, leading her to choose the sugary option at one time, and the healthy option at another 

time. Under certain conditions, such inconsequential weighting of choice attributes can lead to 

violations of consistency principles, such as transitivity, or others (cf. table 1).  
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Some researchers propose to extend certain bounds of choice consistency (Rieskamp et al., 

2006) or to abandon the concept of rationality as adherence to consistency principles altogether 

(Gigerenzer & Selten, 2002). This would have important theoretical implications — the rationality 

assumption is at the core of most economics, game theory and decision theory — and practical 

implications for the justification of policy decisions.  

We are going to adopt a conservative stance of assuming that perfect consistency can be 

violated by decision makers in practice, but that consistency principles still can explain large parts of 

behavior. There are several sophisticated goodness of fit measures that quantify the degree to 

which choice behavior is consistent (Dean & Martin, 2016; Echenique et al., 2011; Heufer & 

Hjertstrand, 2015; Varian, 1993). The most prominent of these measures is Afriat’s criticial cost 

efficiency index (Afriat, 1972, 1973; Varian, 1993), which has been used in many studies on choice 

consistency as defined by revealed preference theory (Andreoni & Miller, 2002; Banks et al., 2018; 

Bruyneel et al., 2012; Burghart et al., 2013; Cappelen et al., 2014; Castillo et al., 2017; Choi et al., 

2007, 2014; Drichoutis & Nayga, 2017; Harbaugh et al., 2001; Kim et al., 2018; Lazzaro et al., 2016). 

The critical cost efficiency index is inspired by the fact that inconsistent choice behavior is not cost 

efficient. With given prices of choice options, the budget determines all affordable choice options. A 

revealed preference violation occurs, when the decision maker does not choose the most preferred 

alternative that was affordable given the budget, but selects another less preferred option. This can 

be interpreted as a waste of money, as the decision maker did not obtain the maximum subjective 

value for her money. The critical cost efficiency index denotes the minimal hypothetical reduction of 

the budget of the decision maker necessary, so that all more preferred but not chosen options 

become unaffordable when the revealed preference violation occurred. A critical cost efficiency 

index of 1 denotes perfect consistency: The budget does not need to be reduced. The index 

approaches zero as the behavior becomes more inconsistent and the budget needs to be reduced 

starkly to eliminate inconsistency. It is possible to impose (arbitrary) consistency bounds on choice 

behavior (Varian, 1993) or to benchmark choice behavior against simulated random choices 
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(Bronars, 1987). Simulated choices can also be used to determine the statistical power of a revealed 

preference test. An in our eyes sensible approach is comparing different experimental conditions 

regarding choice consistency or relating choice consistency to other variables in a correlational data 

set. This allows for identifying determinants of choice consistency without requiring perfect 

consistency under neutral conditions. 

Scope of this literature review 

Empirical work on rationality has been reviewed extensively by Rieskamp (2006). 

Specifically, Rieskamp focuses on whether or to which degree choice behavior can be reunited with 

axiomatic choice theory. In contrast, we will identify factors for compromised consistency relative to 

baseline conditions from recent literature instead of searching for a definite test of axiomatic choice 

theory as a concept.  

We believe, that the term rationality bears different meanings in different fields and, 

therefore, is an umbrella term for theoretically different concepts. In order to avoid normative 

debates on the meaning of rationality, in the remainder of this review article, we will use the term 

choice consistency instead. While, as mentioned, choice consistency is considered a hallmark of 

rationality in many axiomatic choice theories and, therefore, bears important theoretical relevance, 

choice consistency is no necessary condition for rationality as defined by all fields of research. For 

example, Pham (2007) provided a multi-disciplinary review on the influence of emotion on 

rationality, specifically. While the scope of this review appears to be related to ours, Pham (2007) 

defines rationality without reference to revealed preference theory and, therefore, ultimately 

addresses a different question. We will interpret studies in terms of choice consistency even when 

the original publication uses the term rationality, as long as rationality is operationalized through 

revealed preference theory. For the purpose of this review, we are only considering choice data that 

are interpreted within the revealed preference framework, which we consider one of the most 

rigorous approaches to conceptualize and quantify choice consistency. We are by no means implying 

that other frameworks, or model-free analyses, yield less meaningful conclusions, but they do differ 
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in their conceptual underpinning, and are, hence, difficult to compare (see below for a brief 

discussion of other consistency indices). We are going to differentiate between trait and state 

factors, as we find this to be the most intuitive structure of the current research on influence factors 

of choice consistency. Table 2 provides a concise summary of our findings. 

Trait factors of choice consistency 

In the next section we are going to review studies that investigated the effect of trait factors 

on choice consistency. As trait factors we consider temporally undynamic factors which are often 

subject to interindividual but less to intraindividual variability. 

Age 

Harbaugh et al.  (2001) investigated food choice consistency in 7- and 11-year-old children 

and undergraduates. In their experimental task, participants had to choose one out of set of snack 

bundles for a total of 11 trials. Each snack bundle consisted of specific amounts of bags of chips and 

boxes of juice. Participants were ensured that at the end of the study one randomly selected trial 

would be paid out to them. In total, 31 second graders (7 years old) and 42 sixth graders (11 years 

old) and 55 undergraduates (21 years old) were included for the study. The study found a significant 

decrease in the number of inconsistent choices from second to sixth grade. However, this result did 

not hold for the critical cost efficiency index. 

A similar design was deployed by Bruyneel et al. (2012) who investigated food choice 

consistency in kindergarteners, third graders and sixth graders with ages ranging from 5 to 12 years 

(on average 8 years). Similar to Harbaugh et al. (2001), participants had to choose one out of a set of 

snack bundles for a total of 9 trials. Each snack bundle consisted of specific amounts of grapes, 

tangerines and letter biscuits. Participants were ensured that at the end of the study one randomly 

selected trial would be paid out to them. In total, 39 kindergarteners, 31 third graders and 30 sixth 

graders were included for the study. The study found that belonging to the kindergartener group 

was a significant predictor of committing inconsistent choices. However, again, this result did not 

hold for the critical cost efficiency index at a significance level of 5%. 
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Echenique et al. (2011) investigated choice consistency in household-level food grocery 

purchases in a panel study of 494 households in an urban area of large mid-western US city between 

1991 and 1993. The study found older households, with the average age of the spouses exceeding 

65 years, were less consistent in their grocery purchases as measured by the money pump index, 

which is conceptually similar to critical cost efficiency index. 

Choi et al. (2014) conducted an online study with 1,182 participants randomly selected from 

a survey designed to be representative of the Dutch population. In their experimental task, 

participants had to allocate a monetary endowment between two accounts. Both accounts were 

equally likely to be selected for payout: in half of the cases, the money in the first account would be 

selected for payout and in the other half, the second account would be selected. Importantly, the 

two accounts offered different relative returns. For example, the first account might offer double 

the returns of the second account or vice versa. The task challenged participants to balance 

expected value and variance of payout (risk). To maximize expected value, participants would need 

to allocate the complete monetary endowment to the account with higher relative returns. To 

minimize variance, participants would have to perfectly balance returns of the two accounts, so that 

both accounts would offer the same payout if they were selected. Except for rare cases, when both 

accounts offered equal relative returns, maximizing expected value and minimizing variance were 

mutually exclusive strategies. Participants solved a total of 25 trials. At the end of the study one trial 

was randomly chosen and one of the two accounts corresponding to the trial was selected for 

payout. The study found that an age above 50 was a significant predictor of scoring a lower critical 

cost efficiency index. 

Brocas et al. (2019) investigated choice consistency of younger (age 18 – 34) and older (age 

59 – 89) adults in a simple and a complex choice task. The simple choice task was an adaptation of 

Harbaugh (2001), with choice bundles consisting of two different types of snacks. The complex 

choice task was an adaptation of Bruyneel et al. (2012), with choice bundles consisting of three 

different types of snacks. Each trial consisted of a choice between only two bundles. Note, that this 
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was accounted for in the consistency analysis, effectively compromising the power of the 

consistency test. The study found that, in the complex choice task, the older adults violated choice 

consistency significantly more often and more severely than younger adults (using their own original 

measures of choice consistency). The study did not find a difference between younger and older 

adults for the simple choice task. 

Dean & Martin (2016) investigated choice consistency in household-level food grocery 

purchases in a panel study of 977 representative households in the Denver metropolitan area from 

1993 to 1995. The study did not find a significant influence of age on choice consistency at a 5% 

significance level. 

Chung, Tymula & Glimcher (2017) included 39 healthy adults over the age of 65 with 

functionally normal Mini-Mental State Examination scores for a study using whole-brain voxel-based 

morphometry. They used an experimental task conceptually similar to Harbaugh et al. (2001), where 

participants had to choose one out of a set of bundles of small presents. Each bundle consisted of 

specific amounts of two types of presents (e.g. sudoku books, cross word puzzles), which were 

previously rated to be desired by the participants. In their age restricted sample, they did not find 

that age was correlated with choice inconsistency. However, the authors largely attribute this to a 

statistical power problem. 

Overall, there is evidence that both young and old age compromise choice consistency to 

some extent. However, the reported effects of young age predominantly show for the number of 

inconsistent choices. This measure of inconsistency does not distinguish between minor and major 

violations of consistency, which could lead to an overestimation of the effect size. More research is 

necessary especially for the effect of young age, to provide more robust effect size estimations and 

to investigate the causal mechanisms for potential age effects on choice consistency. Moreover, in 

most samples, the age of children is confounded with the amount of formal education they received. 

We, therefore, evaluate the role of education in making consistent choices in the following. 
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Education 

Echenique et al. (2011) found that less educated households were significantly less 

consistent in their grocery purchases as measured by the money pump index (a consistency measure 

conceptually similar to the critical cost efficiency index). 

Cappelen et al. (2014) addressed the question whether there is a development gap in choice 

consistency between the United States and Tanzania. They included students from one of the most 

reputable universities in each country, namely UC Berkeley and the University of Dar es Salaam. 

Nevertheless, the Tanzanian and the US subjects differed substantially in sociodemographic and 

economic backgrounds.  The study used the experimental task of Choi et al. (2014), in which 

participants had to allocate monetary endowments between two risk accounts, for a total of 50 

trials. 126 students from the US and 216 students from Tanzania were included. They found that 

students from Tanzania were significantly less consistent than students from the US as measured by 

the critical cost efficiency index. However, both samples displayed a high degree of choice 

consistency and the authors consider the reported differences in choice consistency as economically 

irrelevant. 

Choi et al. (2014) also assessed the education level. They found that a high level of education 

was a significant predictor for scoring a higher critical cost efficiency index. 

Kim et al. (2018) investigated the effect of education in a randomized-controlled design, by 

randomly granting a 1-year financial support program for education among 2812 female Malawi 

students. The program reduced absence and drop-out rates and increased scores in a qualification 

exam. The study measured choice consistency by lab-in-the-field experiments. Their task consisted 

of 20 choice trials in the risk domain, and additional 30 trials in the time domain. The risk domain 

task was similar to the task of Choi et al. (2014). In the time domain task, participants had to allocate 

money between two accounts with different payment dates. The study found, that receiving the 

education intervention was a significant predictor for a higher critical cost efficiency index in ninth 

graders for both choice domains, but not for tenth graders. 
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Dean & Martin (2016) found no significant influence of education on choice consistency in 

their dataset. 

Banks, Carvalho & Perez-Arce (2018) assessed whether an educational reform in England 

affected choice consistency. They used the task of Choi et al. (2014) for a total of 25 trials. The 1972 

Raising of the School Leaving Age Order increased minimum allowed age to leave school from 15 to 

16. The authors carried out an online panel study with 2,700 participants born between September 

1, 1954 and August 31, 1960 who left school at age 16 or younger. They did not find an effect of the 

educational reform on choice consistency. 

Overall, there is evidence for a positive relationship of education on choice consistency. 

However, a causal effect of education seems to be especially pronounced in younger children, as the 

educational intervention in Kim et al. (2018) did affect choice consistency of ninth graders but not 

tenth graders and Banks, Carvalho & Perez-Arce (2018) did not find an effect of an educational 

reform increasing the minimum allowed age to leave school from 15 to 16. Since both studies used a 

large sample, their null (sub-)findings are unlikely due to a lack of statistical power. 

Intelligence 

Bruyneel et al. (2012) also assessed mathematical, language and creative abilities of children 

through teacher ratings. They found that lower mathematical abilities predicted inconsistent choices 

and a lower critical cost efficiency index. Interestingly, the opposite pattern was found for language 

abilities: Higher language abilities predicted inconsistent choices and a lower critical cost efficiency 

index. 

Choi et al. (2014) also assessed intelligence using the Cognitive Reflection Test (Frederick, 

2005), which consists of three arithmetic riddles. Importantly, every riddle has an intuitive, but false 

answer. The cognitive reflection test is strongly correlated with measures of intelligence, but is not 

an intelligence test per se (Frederick, 2005). It has been shown to be related to decision making 

biases. Choi et al. found that the score of the Cognitive Reflection Test was significantly correlated 

with the critical cost efficiency index. 
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Brocas et al. (2019) also assessed intelligence using Raven’s Matrices Test (Raven, 1983), a 

visual pattern-detection task. They found that lower intelligence was significantly correlated with 

number and severity of choice inconsistencies in the complex choice task. However, as the authors 

note themselves, a causal interpretation is not possible due to their sampling plan: They found that 

younger adults scored significantly higher in the Raven’s Matrices Test than older adults, which 

confounds the result on intelligence with an age effect. 

Harbaugh et al. (2001) investigated, in a subsample of 37 sixth graders (11 years old), 

whether choice consistency was related to performance in the Oregon Mathematics Problem Solving 

Assessment, an hour-long test of mathematical achievement for students. They did not find a 

significant correlation between both measures. However, due to the small size of the subsample the 

absence of evidence should not be interpreted as evidence of absence. 

Overall, there is preliminary evidence for the relationship of intelligence and choice 

consistency. However, as Bruyneel et al. (2012) note, there are meaningful differences between 

different measures of intelligence which can explain divergent results. Future studies on the 

relationship of intelligence and choice consistency should deploy standardized and validated 

measures of intelligence. 

Neurological status 

Camille, Griffiths, Vo, Fellows, & Kable (2011) investigated the impact of ventromedial 

frontal lobe damage on choice consistency. The ventromedial frontal cortex is a brain region 

relevant for the representation of choice value (Levy & Glimcher, 2012). Therefore, it is a natural 

region of interest for investigating questions of choice consistency in the sense of subjective value 

maximization. Camille et al. (2011) used the experimental task of Harbaugh et al. (2001), substituting 

bags of chips for chocolate bars as a second type of snacks besides boxes of juice. The study included 

9 participants with ventromedial frontal lobe damage and 22 age-, and education-matched controls. 

The study found that patients violated choice consistency significantly more often and scored a 

lower critical cost efficiency index than healthy controls. 
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Chung, Tymula & Glimcher (2017) also investigated the relationship of age-related grey 

matter brain atrophy and choice consistency. They found that a reduction of grey matter density in 

the ventro-lateral prefrontal cortex correlated significantly with higher frequency of inconsistent 

choices and a lower critical cost efficiency index. Furthermore, they found, in a meta-analysis, that 

the ventrolateral prefrontal cortex is often co-activated with regions relevant for choice value such 

as the ventro-medial prefrontal cortex, which substantiates the results of Camille et al. (2011). 

Overall, there is preliminary evidence for the impact of impairments of value-related regions 

on choice consistency. Note, that the reviewed studies used only a relatively small sample size, so 

that conclusions should be drawn cautiously. 

However, the importance of value-related regions for choice consistency finds additional 

support in the function brain imaging study of Kurtz-David et al. (2019). Kurtz-David et al. (2019) 

used the experimental task of Choi et al. (2014) for a total of 108 trials. The study found that trial-

specific choice inconsistency is correlated to functional activity in the ventro-medial prefrontal 

cortex, the anterior and the posterior cingulate cortex. Trial-specific inconsistency was measured by 

the money metric index (Halevy et al., 2018), which is conceptually similar to the critical cost 

efficiency index, applying a leave-one-out procedure. 

Sex and menstrual cycle 

Choi et al. (2014) found that female sex was a significant predictor for a lower critical cost 

efficiency index, but their correlational design does not allow for a causal interpretation. 

Lazarro et al. (2016) compared choice consistency of females over all phases of the 

menstrual cycle to male controls. They used the experimental task of Harbaugh et al. (2001), 

substituting bags of chips for chocolate cookies and boxes of juice for ounces of milk. The study 

included 39 females tested during all 4 phases of the menstrual cycle and 36 male controls. They 

found high levels of consistency (mean criticical cost efficiency index larger than 0.95) across all 

menstrual cycle phase and no difference to their male counterparts. 
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Overall, based on the reviewed studies there is no sufficient evidence for sex differences in 

choice consistency. 

Personality traits  

Cappelen et al. (2014) also assessed personality traits via the Big Five Inventory (John et al., 

1991). None of the Big Five factors, namely Openness, Conscientiousness, Extraversion, 

Agreeableness and Neuroticism, significantly predicted choice consistency as measured by the 

critical cost efficiency index. Concludingly, there is no evidence that personality traits affect choice 

consistency. However, this conclusion is only based on a single study. 

State factors of choice consistency 

In the next sections we are going to review studies that investigated the effect of state 

factors on choice consistency. As state factors we consider temporally dynamic factors which are 

subject to inter- and intraindividual variability 

Choice domain 

Choice consistency has been tested in various domains, such as food choice (Bruyneel et al., 

2012; Burghart et al., 2013; Camille et al., 2011; Harbaugh et al., 2001; Lazzaro et al., 2016), 

decisions under risk (Castillo et al., 2017; Choi et al., 2007, 2014; Drichoutis & Nayga, 2017; Kim et 

al., 2018), intertemporal choice (Andreoni & Sprenger, 2012; Chakraborty et al., 2017; Kim et al., 

2018), altruistic decisions (Andreoni & Miller, 2002) and moral intuitions (Barbato et al., 2017). 

However, direct cross-domain comparisons have not been attempted to date. So far, Kim et al. 

(2018) is the only study that assessed choice consistency in two domains within the same sample. 

They do not report stark qualitative or quantitative differences in choice consistency with regard to 

the two different domains. Harbaugh et al. (2001) note, that they find more violations of consistent 

choice in food choice than Andreoni & Miller (2002) in social choice. However, the studies vary in 

their statistical power to detect inconsistent choices and sample composition, so that any 

differences cannot be clearly attributed to an effect of the choice domain. 
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Overall, it is unclear whether there are choice domain effects on choice consistency. Future 

studies should deploy choice tasks in multiple domains to ensure generalizability of results. 

Furthermore, a direct test of choice domain effects is required. 

Cognitive Load 

Drichoutis & Nayga (2017) investigated the effect of cognitive load on choice consistency. 

They used the experimental task of Choi et al. (2014) for a total of 60 trials. Furthermore, 

participants underwent 5 trials of a mental addition task, a mental multiplication task and a click-a-

button task each. To manipulate cognitive load, participants had to solve an incentivized number-

memorization task in parallel to the main task of each trial. Subjects in the high cognitive load 

treatment had to memorize 8-digit numbers, participants in the low cognitive load treatment had to 

memorize 1-digit numbers. The experiment included a total of 178 undergraduate participants from 

the Agricultural University of Athens, Greece. While the cognitive manipulation affected 

performance in the two mental arithmetic tasks it did not affect choice consistency in any 

considered measure, including the critical cost efficiency index. A post hoc power analysis showed 

that the study design was able to detect even small differences in choice consistency. Concludingly, 

there is no evidence that cognitive load affects choice consistency. However, this conclusion is only 

based on a single study. 

Sleepiness 

Castillo et al. (2017) investigated the effect of sleepiness on choice consistency. They used 

the experimental task of Choi et al. (2014) for a total of 50 trials. To manipulate sleepiness, 

participants were randomly assigned to an experimental session at a preferred time of the day 

relative to their diurnal preference or at a non-preferred time. The experiment included a total of 

202 participants, with 115 participants doing the experiment at a preferred time. While the 

manipulation successfully affected sleepiness, there was no significant difference in choice 

consistency between both groups as measured by the critical cost efficiency index. Concludingly, 
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there is no evidence that sleepiness affects choice consistency. However, this conclusion is only 

based on a single study. 

Alcohol 

Burghart et al. (2013) investigated the effect of blood alcohol concentration on choice 

consistency. They recruited participants from a bar in Manhattan, New York to conduct a field choice 

study. Blood alcohol concentration was measured by breath alcohol concentration. They used the 

experimental task of Harbaugh et al. (2001), substituting bags of chips for mini burgers and boxes of 

juice for dumplings. The study included a total of 101 participants with blood alcohol concentrations 

mostly uniformly distributed between 0.020% and 0.125%. Expected effects for these values range 

from minimal effects to major impairments of mental and physical control. The study found that 

blood alcohol concentration did not significantly predict choice consistency as measured by the 

critical cost efficiency index. Concludingly, there is no evidence that blood alcohol concentration 

affects choice consistency. However, this conclusion is only based on a single study. 

Methodological caveats 

Replications 

A problem with drawing conclusions from the current literature on choice consistency is the 

lack of replications. While a few factors of choice consistency, such as age and education, have been 

the target of multiple studies, many of the reported effects have neither been replicated directly nor 

conceptually. Direct replications accumulate data to improve the precision of effect size estimates 

via meta-analysis. This can contribute to weeding out false-positive results (Nosek & Lakens, 2014). 

While conceptual replications are not best suited for validating a particular effect, they allow to 

abstract a phenomenon from its original operationalization (Nosek & Lakens, 2014). This is especially 

important for lab-based experimental studies, which often struggle to establish external validity. 

Interpretation of effects and causality 

Most studies reported here use frequentist statistics, that is p-value-based null hypothesis 

testing. However, p-values are inversely correlated with sample size (Lantz, 2013; Sullivan & Feinn, 
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2012). Since there are huge differences in the sample sizes of large-scale panel studies and lab-based 

experimental studies, comparative interpretation is difficult and not straight-forward. A stronger 

focus on effect sizes could, for example, contribute to understanding conflicting results on the effect 

of sex on choice consistency. 

Another caveat lies in the interpretation of heterogeneous research designs. Some studies 

use a correlational approach for large representative datasets (Choi et al., 2014), sometimes using 

natural experiments to establish causality (Banks et al., 2018). These studies typically have a greater 

external validity, but do not contribute to understanding mechanisms and processes behind 

observed relationships. Other studies use pseudo-experimental approaches, often when the variable 

of interest cannot be manipulated (Bruyneel et al., 2012; Burghart et al., 2013; Cappelen et al., 2014; 

Chung et al., 2017; Harbaugh et al., 2001; Lazzaro et al., 2016). These studies essentially require the 

same caution in interpretation as correlational studies, as various confounds remain uncontrolled 

for. Furthermore, these studies often lack the large, representative samples of panel studies.  Finally, 

there are studies deploying randomized controlled experimental designs (Castillo et al., 2017; 

Drichoutis & Nayga, 2017) which arguably are the gold-standard for establishing causality. However, 

these studies do not necessarily have strong generalizability beyond their original operationalization.  

Kim et al. (2018) deserve a special mention here, as their randomized controlled lab-in-the-field 

experiment promises both, high internal and external validity. 

Process models 

Few studies have tackled the question of how certain factors might influence choice 

consistency, which is especially relevant from a cognitive psychologist and neuroscientific point of 

view. A positive mention deserve the few studies investigating the neural underpinnings of choice 

inconsistency (Camille et al., 2011; Chung et al., 2017; Kalenscher et al., 2010; Kurtz-David et al., 

2019), which suggest that value-encoding regions play a key role. Future studies should use a more 

theory-driven approach to identify moderators of choice consistency. Currently, it is unclear whether 
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choice consistencies arise at the level of preference representations, choice value integration or 

behavior (trembling hand). 

Choice of paradigm 

The studies on choice consistency we reviewed in this articled are all heavily influenced in 

their paradigms by the two seminal papers of Harbaugh et al. (2001) and Choi et al. (2007), which 

are rooted in the framework of revealed preference theory. While these paradigms allow for a 

statistically powerful test of choice consistency, there might be specific effects on choice inherent to 

the construction of the paradigms. That is, precise critical cost efficiency estimation requires a 

specific way the decision problem is presented, e.g. in forms of graded choice bundles. It is possible 

that the very structure of the problem presentation is insensitive to relative changes in choice 

consistency, while the same decision problem framed differently might reveal stronger changes in 

relative inconsistency. For example, other paradigms similar to the one deployed by Tversky (1969) 

have borne different results. To enable meaningful interpretation, effects or their absence should, 

ideally, be robust across different paradigms. 

Measure of consistency 

Another concern is that critical cost efficiency, which is the basic measure of consistency in 

most of the findings reviewed here, is a compelling specification of choice consistency but not 

without alternatives. By design, its magnitude is solely determined by the strongest incidence of 

choice inconsistency in a given dataset. Therefore, it might not be sensitive to detect more subtle 

changes in choice consistency, which was for example the case in Harbaugh et al. (2001) and 

Bruyneel et al. (2012). Besides the other already mentioned goodness-of-fit measures for revealed 

preference theory, such as the money pump index (Echenique et al., 2011) or the money metric 

index (Halevy et al., 2018), there are several conceptually distinct operationalizations of choice 

consistency.  

One approach is to parametrically estimate decision noise of a given choice model using a 

probabilistic choice rule (cf. Stott (2006) for an overview of probabilistic choice rules for binary 
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choice). This parametric estimation of decision noise is favorable when there is a designated 

candidate model for the decision problem at hand and a general test of choice consistency is not 

necessary (Chumbley et al., 2014; Margittai et al., 2018; Sokol-Hessner et al., 2009).  

Regenwetter et al. (2010) have proposed to conceptualize violations of choice consistency as 

the results of a mixture process of multiple for themselves consistent preference relations. 

Importantly, for each decision a consistent preference relation is probabilistically sampled from the 

collection of all consistent preference relations. Hence, their model treats choice inconsistency not 

as behavioral noise but as instable preferences. 

Finally, the critical cost efficiency index is based on revealed preference theory and, thus, its 

validity is tied to the validity of revealed preference theory itself. Revealed preference theory has 

been conceptually and empirically criticized on several grounds (Arkes et al., 2016; Berg & 

Gigerenzer, 2010; Cason & Plott, 2014; Kőszegi & Rabin, 2007). Again, conceptual replications of the 

studies reviewed here using alternative measures of choice consistency are necessary to strengthen 

our confidence in the results. 

Concluding Remarks 

Here, we have reviewed recent literature to identify state and trait factors that determine 

the degree of choice consistency of decision makers as defined by revealed preference theory. While 

choice behavior of real-world decision makers systematically deviates from perfect consistency, it 

appears that the baseline degree of consistency seems to be relatively robust to trait and state 

factors. There is no or only limited evidence for an influence of sex and menstrual cycle (Lazzaro et 

al., 2016), personality traits (Cappelen et al., 2014), cognitive load (Drichoutis & Nayga, 2017), 

sleepiness (Castillo et al., 2017) or alcohol (Burghart et al., 2013) on choice consistency. There is 

evidence for an influence of age (Bruyneel et al., 2012; Choi et al., 2014; Harbaugh et al., 2001), 

education (Cappelen et al., 2014; Choi et al., 2014; Kim et al., 2018), intelligence (Bruyneel et al., 

2012; Choi et al., 2014) and neurological status (Camille et al., 2011; Chung et al., 2017), but 

interpretation is often not possible without caution. Furthermore, there are also studies failing to 
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find an effect of age, education or intelligence (Banks et al., 2018; Chung et al., 2017; Harbaugh et 

al., 2001). Overall, this suggests that choice consistency, apart from natural behavioral variability, 

seems to be a relatively robust trait of decision makers. Only fundamental differences in decision 

making ability, which might, for example, be age, education, and intelligence related, have an impact 

on choice consistency. 

Future research on influence factors of choice consistency should replicate results directly 

and conceptually (in multiple paradigms), consistently report (standardized) effect sizes and develop 

a theoretical framework for the generative processes of choice inconsistency instead of endorsing a 

purely effect driven research agenda. 
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Table 1  

Different consistency principles and their implications 

Consistency principle Verbal description Implies 

First-Order Stochastic 

Dominance (FOSD) 

If A is at least as good as B in all attributes and better 

in at least one attribute, then a decision maker 

should choose A over B. 

GARP, IIA, SST, 

WST, Regularity 

Generalized Axiom of 

Revealed Preference 

(GARP) 

If a decision maker chooses A over B, and B over C 

then she should neither choose B or C over A, when 

A is strictly cheaper. 

IIA, SST, WST, 

Regularity 

Strong Stochastic 

Transitivity (SST) 

If a decision maker chooses A over B with at least 

50% probability and B over C with at least 50% 

probability, then she should choose A over C with a 

probability at least the larger of the probabilities of 

choosing A over B or C over B. 

IIA, WST 

Independence of 

Irrelevant Alternatives 

(IIA) 

If a decision maker chooses A over C with a 

probability at least as great as that with which she 

chooses B over C, then she should choose A over D 

with a probability at least as great as that with which 

she chooses B over D. 

SST, WST 

Weak Stochastic 

Transitivity (WST) 

If a decision maker chooses A over B with at least 

50% probability and B over C with at least 50% 

probability, then she should choose A over C with at 

least 50% probability. 

 

Regularity If a decision maker chooses options A and B each 

with a certain probability, then the addition of a 

third option C to the choice set may not increase 

these probabilities. 

 

Note. GARP: Generalized Axiom of Revealed Preferences, IIA: Independence of Irrelevant 

Alternatives, SST: Strong Stochastic Transitivity, WST: Weak Stochastic Transitivity. 
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Table 2 

Influence factors on choice consistency 

Influence Factor Trait or state? Number 

of studies 

Experimental designs Studies reporting a 

significant effect 

Age Trait 6 Correlational, pseudo-

experimental 

4/6 

Education Trait 6 Correlational, pseudo-

experimental, 

randomized controlled 

4/6 

Intelligence Trait 4 Correlational, pseudo-

experimental 

3/4 

Neurological 

status 

Trait 2 Correlational, pseudo-

experimental 

2/2 

Sex & menstrual 

cycle 

Trait 2 Correlational, pseudo-

experimental 

1/2 

Personality 

traits 

Trait 1 Correlational 0/1 

Cognitive load State 1 Randomized controlled 0/1 

Sleepiness State 1 Randomized controlled 0/1 

Alcohol State 1 Pseudo-experimental 0/1 
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Figure 1 

Schematic representation of consistent multi-attribute choice 

 
Note. Imagine decision maker wants to decide on which snack to buy. She can choose between 5 

different snacks (broccoli, grapefruit, peanuts, fries, chocolate), which all differ with regard to 

healthiness and taste. One option is very healthy but not tasty at all (broccoli). Another option is 

very tasty but not healthy at all (chocolate). Also, there are some compromise options (grapefruit, 

peanuts, fries) which are healthy and tasty to varying degrees. We call these 5 different snacks the 

choice set. Let us assume that the decision maker considers healthiness and taste equally 

important and prefers a compromise of health and taste over extreme options. When the 

preferences are well-defined like in our example, we can create collections of choice options 

which have the same overall subjective value to the decision maker (so-called indifference curves; 

dashed lines in the graph). Generally, collections of higher subjective value include options with 

higher healthiness and taste values. According to axiomatic choice theory, a decision maker 

should always choose the option from the choice set which is part of the collection of highest 

subjective value. In our example, the most preferred option is a perfect compromise of 

healthiness and taste (peanuts). 
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Abstract 

Neoclassic economic choice theory assumes that decision-makers make choices as if they 

were rational agents. This assumption has been challenged over the last decades, yet systematic 

evidence aggregation beyond single experiments is still surprisingly sparse. Here, we asked how 

robust choice-consistency, as a proxy for rationality, is to endogenous and exogeneous factors. To 

this end, we conducted a systematic quantitative literature research, reviewing 5327 articles, 

identifying 44 as relevant that contained hypothesis tests on possible influence factors of choice-

consistency. To assess the evidential value of any effect of such influence factors on choice-

consistency, we conducted a p-curve analysis. Our results indicate that choice-consistency is affected 

by endogenous or exogeneous factors. This result holds for multiple testing procedures and a 

robustness check. However, due to the breadth of the contemporary research agenda, the lack of 

replications and the unavailability of original data in the field of choice-consistency, it is currently not 

possible to draw meaningful conclusions regarding specific influence factors. Despite this lack of 

specificity, our results implicate that people’s decisions might be a noisier and more biased indicator 

of their underlying preferences than previously thought. Hence, we provide systematic evidence for 

the wide-spread belief that rationality cannot be assumed unconditionally. 

Introduction 

Which career should I pursue? Which party should I vote for in the 2021 German federal 

elections? Decisions shape human lives and society, arguably, like no other psychological entity. The 

question of how to make good or rational decisions has puzzled philosophers, economists, and 

psychologists for centuries until today.  

The predominant theory of rational choice is subjective utility maximization (SUM). In a 

nutshell, decision-makers are assumed to rank order all available choice options according to their 

subjective utility and select the one ranked highest. However, to this day it is not completely clear 

how, if at all, subjective utility values are represented (neuro-)psychologically (Hayden & Niv, 2020). 
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If treated as an non-psychological entity, subjective utility cannot be measured directly (Gul & 

Pesendorfer, 2008). Given this measurement problem, it is non-trivial to evaluate whether a specific 

decision was made for the option with maximum subjective utility and, therefore, was a good 

decision. Contemporary research generally uses tests on the choice structure of preferences. A 

milestone of 20th century economics lies in the proof that SUM requires consistency of the choice 

structure (Afriat, 1973; Houthakker, 1950; Samuelson, 1938; Varian, 1982): the choice of an option 1 

over another, less expensive option 2 implies higher subjective utility of option 1. 

Neoclassic rational choice theory has been criticized on several grounds (e.g. Arkes et al., 

2016; Cason & Plott, 2014). However, a surge of recent publications pictures rationality as 

surprisingly robust (Nitsch & Kalenscher, 2020). A systematic and quantitative integration of these 

conflicting lines of research is currently missing, which we seek to provide here.  

Specifically, we posed the research question of how robust choice-consistency, as a proxy 

for rationality, is to endogenous and exogeneous factors, such as age, drugs, education, emotions, 

financial status, intelligence, neurological status, personality, sex and gender, sleep deprivation, or 

stress. Importantly, we were interested in the influence of factors that may vary between 

participants, but are assumed to be constant within participants during the period of observation, so 

that covert responsive preference adaptation can be excluded as underlying source of overt 

inconsistency. 

Results & Discussion 

To answer how robust choice-consistency, as a proxy for rationality, is to endogenous and 

exogeneous factors, we conducted a systematic quantitative review of 5327 articles, identifying 44 

research articles that contained hypothesis tests which addressed the influence of at least one of the 

predefined (see above), or related factors. To quantitatively aggregate the evidence in the literature, 

we conducted a P-curve analysis. P-curve analyses test how reliably a given effect is replicated in the 

literature by quantifying the evidential value and statistical power (Simonsohn et al., 2014, 2015). 
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The rationale behind this analysis is that, under the null hypothesis of no effect of endogenous or 

exogeneous factors on choice-consistency, the distribution of p-values of the effect of any such 

factor on choice-consistency in the published literature should follow a uniform distribution. On the 

other hand, in the presence of a true effect, the distribution of p-values should be positively and 

exponentially skewed. To account for the file drawer problem in scientific publications (Ioannidis et 

al., 2014; Nosek et al., 2013), the analysis only considers significant p-values (p<.05). Hence, to test 

our hypothesis, we considered independent significance tests for which the full test-statistic was 

reported or could be recalculated (N=29) and for which results indicated a significant effect (p<.05; 

N=21).  

Descriptively, 17 of all 21 significant p-values (81%) fell in the lower half of the range of 

significant p-values (p<0.025; see figure 1, panel A). In line with this, our P-curve analysis indicated 

evidential value for that choice-consistency is affected by endogenous or exogeneous factors (see 

table 1; binomial test: p=.0036; Stouffer method: Z=-10.97, p<.0001 for full p-curve and Z=-11.42, 

p<.0001 for half p-curve). Further, we find no evidence that studies’ evidential value is inadequate 

(see table 1; binomial test: p=.9028; Stouffer method: Z=7.08, p>.9999 for full p-curve and Z=11.04, 

p>.9999 for half p-curve). The statistical power estimate of the included studies amounted to 98% 

(90%-CI: 94%-99%). 

Overall, it is important to point out that the breadth of the search for influence factors 

(roughly more than 20 different influence factors in 44 articles; see figure 2, panel B for a 

bibliographic analysis) stands in contrast to the severe lack of replications. Hence, it is currently not 

possible to draw meaningful conclusions regarding specific influence factors. Future research in the 

field should be careful to not only focus on finding novel influence factors but also validate the 

replicability of findings and find a common conceptual structure. In line with that, we should strive 

to rigorously make original data available to enable more efficient methods of data accumulation 

than the p-curve analysis utilized here. 
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Related to this, it is important to consider the heterogeneity of the investigated paradigms 

and influencing factors in the interpretation of the results: while we can infer that there are 

conditions under which rationality is compromised, this does not imply that rationality is 

compromised in the presence of every single influence factor investigated here.  

The robustness of rationality has been a long-standing question in economics and 

psychology. Our results show that rationality cannot just be assumed for all decision-makers under 

all circumstances but instead endogenous and exogenous factors must be considered, even if these 

factors remain unchanged during the time period of observation. However, while our analysis 

unequivocally reveals that people’s decisions might be a noisier and more biased indicator of their 

underlying preferences than previously thought, it remains unclear what it is exactly that makes 

them leave the path of rationality. 
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Figure 1 

P-Curve and Co-Citation analysis 

 
Panel A. P-curve analysis indicated evidential value for that choice-consistency is affected by 

endogenous or exogeneous factors. Further, we find no evidence that studies’ evidential value is 

inadequate. The statistical power estimate of the included studies amounted to 98%. Panel B. The 

Article number refers to the bibliographic ID in the disclosure table (available online: 

https://doi.org/10.17605/OSF.IO/PAQ43). We were able to retrieve the full bibliographic record 

(including references) for 38 out of 44 articles from SCOPUS. The heatmap visualizes the overlap in 

referenced articles among the set of articles (Spearman rank correlation) as a rough quantitative 

measure of conceptual connectedness. In alignment with a qualitative coding of the investigated 

influence factors (see disclosure table), this quantitative analysis suggests little overlap in the 

conceptual structures of the included articles, undermining the breadth of the current research 

program on influence factors of choice consistency. 
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Table 1 

 Binomial test  

(Share of results p<.025) 

Continuous Test  

(Stouffer Method) 

1) Studies contain evidential 

value. (Right skew) 

p=.0036 Full p-curve 

(p<.05) 

Half p-curve 

(p<.025) 

Z=-10.97, 

p<.0001 

Z=-11.42, 

p<.0001 

2) Studies’ evidential value, if 

any, is inadequate. 

(Flatter than 33% power) 

p=.9028 Z=7.08, 

p>.9999 

Z=11.04, 

p>.9999 

Statistical Power of tests 

included in p-curve (correcting 

for selective reporting) 

Estimate: 98% 

90% Confidence interval: (94% , 99%) 
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How robust is rational choice? – Supplemental Material 
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Methods 

Models of choice consistency 

Neoclassic economic choice theory assumes that decision-makers behave as if maximizing 

the subjective value or utility obtained with their choices. Subjective utility can be understood as the 

integrated hedonic value of a choice option and is by definition a latent variable. Hence, it is non-

trivial to evaluate whether a specific decision was made for the option with maximum subjective 

utility and, therefore, was a good decision. If treated as an non-psychological entity, subjective utility 

cannot be measured directly (Gul & Pesendorfer, 2008). This measurement problem poses a 

significant challenge to empirical applications of utility theory. Contemporary research generally 

uses tests on the choice structure of preferences. A milestone of 20th century economics lies in the 

proof that subjective utility maximization (SUM) requires consistency of the choice structure (Afriat, 

1973; Houthakker, 1950; Samuelson, 1938; Varian, 1982).  

How can choice consistency be operationalized? For the scope of this article, we did not 

restrict our operationalization of choice consistency to a single model. This reflects the state of 

literature as well where a variety of choice consistency models is used. In the following we will give 

an overview of the most important model classes. 

Perhaps the simplest model of choice consistency is choice variability. That is, we define 

consistency by the degree with which decision makers show identical choices for identical choice 

problems. According to this model, a decision maker is consistent if, and only if the choice of option 

A over option B, everything else equal, implies that option B is not chosen over option A. Choice 

consistency in this sense can be quantified by the relative choice frequencies in identical choice 
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problems. A decision maker always choosing option A over option B is considered maximally 

consistent. A decision maker choosing options A and B with equal frequency is considered maximally 

inconsistent.  

The advantage of this operationalization lies in its strict parsimony. It requires few 

theoretical assumptions and can be applied to virtually any domain and presentational format of 

choice, thus, being quite general. A disadvantage is, arguably, that only very little information about 

the choices and their context is used, as the model does not make any predictions on the relation of 

non-identical choice problems. Further, it is unclear what can be defined as an identical choice 

problem. It is virtually impossible to keep all variables constant across two choice problems, even in 

the context of a laboratory experiment and much less under realistic conditions. As the model does 

not make any assumptions about which variables are relevant, the analysis usually relies on ad hoc 

assumptions of the researchers, which might be difficult to make for complex choice problems. Most 

importantly, however, the model does not differentiate between inconsistency and indifference. 

A generalization of the choice variability model of consistency is choice transitivity. 

According to this model, we define consistency by the degree to which decision makers’ choices 

adhere to the mathematical property of transitivity: A decision maker is consistent if and only if the 

choice of option A over an intermediate option B and the choice of intermediate option B over 

option C, everything else equal, implies that option C is not chosen over option A. More generally, 

we can allow for multiple intermediate options B1, B2, … BN for which a fully connected chain of 

choices from options A to C can be identified. We can indicate the number of allowed intermediate 

options as the degree of transitivity, so that allowing for only one immediate option would be 

indicated as transitivity of the first degree. The choice variability model can then be reformulated as 

transitivity of degree zero. 

An advantage of the transitivity over the variability model is that not only identical, but all 

choice problems are considered for the evaluation of choice consistency. Thus, it uses much more of 

the information in the data. Still, it can be applied to most domains and presentational formats of 
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choice. Commonly, a threshold is imposed on the relative choice frequencies for identical choice 

problems, so that an option A is only considered not indifferent to option B for the decision maker, if 

it is chosen in a clear majority or minority of cases. However, the aggregation of multiple choices in 

combination with the problem of defining what are identical choice problems can lead to 

paradoxical conclusions. For example, aggregated choices might appear intransitive even when they 

consist of fully transitive subsets (i.e. preference states) and vice versa  (also called Condorcet 

paradox; see Regenwetter & Davis-Stober, 2012). Again, as the model, too, does not make any 

assumptions about which variables are relevant for evaluating identity of choice problems, the 

analysis usually relies on ad hoc assumptions of the researchers, which might be difficult for complex 

choice problems. 

The even more sophisticated revealed preference theory can be considered the dominant 

theory of consistent and, thus, rational choice in neoclassic economics. In a way, it can be seen as an 

extension of the choice transitivity model. In a nutshell, it maintains the requirement of transitivity, 

but takes a different approach to differentiating preference from indifference than only looking at 

relative choice frequencies. Instead, an additional assumption is made: The choice of an option A 

over another option B does not preclude indifference as long as option B is normatively better than 

option A in at least one relevant variable. Put in a more standard economic setting with positively 

priced goods, the choice of an option A over another option B does not preclude indifference as long 

as option B is at least as expensive as A (note, however, that revealed preference theory can be 

generalized to non-economic choice problems; see Nitsch & Kalenscher, 2020b). While revealed 

preference analysis also requires, but does not impose, a definition of relevant variables, it is much 

more explicit about this fact than the two previously discussed models. Extensions of revealed 

preference theory further allow for the quantification of inconsistency, for example via the threshold 

of just noticeable differences in the variables of interest (Afriat, 1972; Dziewulski, 2018). 

A common characteristic of the three aforementioned models of choice consistency is that 

they impose restrictions on observed choice behavior, but make no or very little assumptions on the 
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cognitive processes generating the behavior. Generally, this theoretical parsimony is bought dearly 

by requiring ad hoc assumptions of what are relevant variables by researchers in scientific practice.  

Generative models take an orthogonal approach to this, by making specific assumptions 

about generative processes, from which variables of interest can be deducted. The advantage of 

these models is that they are well-specified and usually do not require auxiliary assumptions beyond 

their specification. Often, these models contain a nuisance parameter that captures how well actual 

behavior is aligned with the model predictions. This nuisance parameter can then be interpreted as a 

measure of choice consistency. 

 A problem with generative models is that the assumed generative process might be 

(severely) mis-specified. Therefore, the nuisance parameter does always include both, choice 

inconsistency and model specification error, and critically hinges on model validity. In conclusion, 

each discussed model is probably more desirable than the others in at least one relevant aspect. 

Note, that there also models that do not require choice consistency in the sense of 

economic theory (and, thus, were not considered here) but which still imply goal-directed, non-

random behavior (i.e. heuristics; Gigerenzer & Selten, 2002). 

Search strategy and data extraction 

To answer whether and which influence factors compromise choice consistency, we aimed 

to include literature on a wide range of candidate factors, which we identified based on a previous, 

non-systematic review of the literature (Nitsch & Kalenscher, 2020a). These candidate factors were 

age, drugs, education, emotions, financial status, intelligence, neurological status, personality, sex 

and gender, sleep deprivation, and stress. In May 2020, we queried four literature databases for the 

fields of psychology and economics (PubPsych, PsycInfo, EconBiz, Web of Science) resulting in 5327 

articles found (3064 without duplicates). Articles retrieved from the databases were considered 

eligible if and only if they addressed the influence of at least one of the predefined factors (or 

related factors) on choice consistency. Eligibility was verified iteratively in two steps. For the first 

eligibility check we only considered the title and abstract of the articles, yielding 201 articles. 
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Unfortunately, for 37 of those articles we could not retrieve the fulltext. For the remainder of 164 

articles we checked eligibility by reading the fulltext, yielding a final sample of 44 articles. The final 

amount of articles yielded by the systematic search is aligned with preliminary scoping of the 

literature. The low inclusion rate was driven by the precision of our research question. For these 

articles, we identified all investigated influence factors of choice consistency and extracted the p-

value of the corresponding hypothesis test according to the P-Curve User-Guide (Simonsohn, Nelson, 

et al., 2015). If multiple tests were reported for a single influence factor, we selected the first 

significant test reported in manuscript for the main analysis and the second significant test reported 

for the robustness check. If no significant test was reported we included the first test reported 

overall. As the latter step was partly subjective, two people conducted this procedure 

independently, of whom one was blind to the research question of this article. Any discrepancies 

were resolved by discussion. Due to the nature of our analysis, we excluded articles that did not 

report p-values. Exact p-values were recalculated from the reported test statistics. If this was not 

possible, we excluded the article from the analysis. The full disclosure table is available online: 

https://doi.org/10.17605/OSF.IO/PAQ43If. 

Data Analysis 

P-Curve analysis was conducted using the P-Curve App (Simonsohn et al., 2014; Simonsohn, 

Simmons, et al., 2015). Articles and test-statistics were included following the P-Curve User Guide 

(Simonsohn, Nelson, et al., 2015; see disclosure table).  The bibliometric analysis was conducted 

using Bibliometrix (Aria & Cuccurullo, 2017). The full output of the P-Curve App and the R-Code for 

the bibliometric analysis area available online: https://doi.org/10.17605/OSF.IO/PAQ43If. 

Robustness Check 

The results for the robustness check (see Search Strategy and Data Extraction) confirm our 

main results. Descriptively, 17 of all 21 significant p-values (81%) fell in the lower half of the range of 

significant p-values (p<0.025). In line with this, our P-curve analysis indicated evidential value for 
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that choice-consistency is affected by endogenous or exogeneous factors (binomial test: p=.0036; 

Stouffer method: Z=-10.52, p<.0001 for full p-curve and Z=-10.93, p<.0001 for half p-curve). Further, 

we find no evidence, that studies’ evidential value is inadequate (see table 1; binomial test: p=.9028; 

Stouffer method: Z=6.65, p>.9999 for full p-curve and Z=10.58, p>.9999 for half p-curve). The 

statistical power estimate of the included studies amounted to 97% (90%-CI: 92%-99%). 
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Abstract

Contemporarily, experimental investigations of revealed preference choice consistency utilize

different tasks interchangeably. However, the reliability of choice consistency measurements

among (inter-method) and within tasks (test-retest) has not been determined so far. Hence, it is

unclear whether estimations of choice consistency fulfill a basic requirement of valid

psychometric measures. Further, it is unclear how far results from different studies using

different methodologies are comparable. In the study described here, we investigated the

reliability of two established and one novel choice consistency tasks in an online-experiment

under non-incentivized conditions in the choice domain of social decisions. Our results

confidently indicate generally poor inter-method reliability and at best moderate test-retest

reliability for the two indices, the Critical Cost Efficiency Index (CCEI) and the

Houtman-Maks-Index (HMI), with the CCEI being the tentatively more reliable measure. This is

especially concerning, since the full experiment (including test and retest measurement) lasted on

average less than 45 minutes. Hence, it appears that estimations of choice consistency do not

fulfill a basic requirement of valid psychometric measures. Further, results from different studies

using different methodologies should not be compared without caution. Future work should

investigate the impact of incentivization as well as the choice domain generality of our results.

Keywords:  GARP, revealed preference, choice consistency, rationality, reliability
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The Reliability of Choice Consistency

Revealed preference theory (Houthakker, 1950; Samuelson, 1938; Varian, 1982) assumes

that any collection of choices by a rational decision maker can be reconciled with a definite

structure of wants, cost efficiency and transitivity (Afriat, 1973). Specifically, for the typically

considered two-dimensional choice objects (e.g. bundles of two different goods) the Generalized

Axiom of Revealed Preference requires that if a decision maker accepts costs to choose a choice

object over another (strict direct revealed preference), they may, ceteris paribus, in fact never

choose the latter over the former choice object (no direct revealed preference) as long as it is not

associated with higher costs (Banerjee & Murphy, 2006).

The most prominent way to quantify revealed preference choice consistency is Afriat’s

Critical Cost Efficiency Index (CCEI; Afriat, 1972; Varian, 1991): “The critical cost efficiency

index (CCEI) is inspired by the fact that inconsistent choice behavior is not cost efficient. With

given prices of choice options, the budget determines all affordable choice options. A revealed

preference violation occurs when the decision maker does not choose the most preferred

alternative that was affordable given the budget, but selects another less preferred option. This

can be interpreted as a waste of money, as the decision maker did not obtain the maximum

subjective value for [their] money. The critical cost efficiency index denotes the minimal

hypothetical reduction of the budget of the decision maker necessary, so that all more preferred

but not chosen options become unaffordable when the revealed preference violation occurs. A

critical cost efficiency index of 1 denotes perfect consistency: The budget does not need to be

reduced. The index approaches zero as the behavior becomes more inconsistent and the budget

needs to be reduced starkly to eliminate inconsistency.” (Nitsch & Kalenscher, 2020a). A
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drawback of the CCEI and conceptually similar indices is that it is entirely determined by the

least cost-efficient choice and, thus, inherently is quite susceptible to outliers.

The Houtman-Maks-Index (HMI; Heufer & Hjertstrand, 2015; Houtman & Maks, 1985)

on the other hand does not consider the severity of choice consistency violations but instead

determines the size of the largest subset of choices consistent with GARP (or any other choice

consistency axiom). Hence, the measure is possibly more robust to single outliers but also more

sensitive to multiple but practically negligible violations.

Contemporarily, experimental investigations of revealed preference choice consistency

utilize different tasks interchangeably. One line of research uses a task introduced by Choi et al.

(2007). In their elaborate and widely used paradigm (henceforth “Diagram task”), participants

must allocate a budget between two dimensions (e.g. two investment accounts, oneself and a

co-player, apples and oranges) using a cartesian coordinate display. The task is mostly applied in

the investigation of choices under risk (e.g Castillo et al., 2017; Cettolin et al., 2019; Choi et al.,

2014; Kurtz-David et al., 2019) but also intertemporal choices (Chakraborty et al., 2017; Kim et

al., 2018). It has the appeal that it transparently depicts all economic parameters (budget, prices,

budget line etc.) and even allows for a visual identification of inconsistent choices. A potential

drawback is that the task can be hard to understand for people without experience in the

interpretation of diagrams and the theoretically large number of potential choice options.

Another line of research uses a more simplistic choice bundles task that was first

prominently used by Harbaugh and colleagues (2001) and many others since (e.g. Bedi &

Burghart, 2018; Burghart et al., 2013; Chung et al., 2017; Nitsch et al., 2021). In the choice

bundles task (henceforth “Bundles task”), the budget line is divided into (equidistant) discrete

points which are subsequently presented as a discrete set of choice options to the participant.
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Conveniently, in this task participants can ignore the underlying economic parameters and must

only choose the most liked choice bundle. This significantly reduces the cognitive demand of the

task and is desirable for indivisible goods (e.g. food items), specific participant groups (e.g.

children) and research questions (e.g. decisions under stress). A drawback of the task is that

discrete choice options can only approximate optimal choices from a continuous budget line,

which might introduce inconsistency by itself (see Dziewulski, 2018, for a psychophysical

interpretation of choice consistency; see Nitsch & Kalenscher, 2020b for an application). A

compromise (which so far has not been applied, however) would be to present participants with a

slider (henceforth “Slider task”; see Methods), that allows for the continuous allocation of the

budget while concealing economic parameters to a degree that allows for an intuitive approach to

solving the task.

Problematically, however, the reliability of choice consistency measurements among

(inter-method) and within tasks (test-retest) has not been determined so far. Hence, it is unclear

how far estimations of choice consistency fulfill a basic requirement of valid psychometric

measures. Further, it is unclear how far results from different studies using different

methodologies are comparable. Lastly, it is an open question which type of consistency

quantification, CCEI or HMI, is more desirable in terms of reliability. In the study described

here, we investigated the reliability of social choice consistency measured via the three above

described choice consistency tasks in an online-experiment under non-incentivized conditions.

Specifically, we tested the following hypotheses:

H1: There is a significant, large correlation between the CCEI estimates of the Bundles,

Slider and Diagram task. This means that the tasks are reliably measuring the same

psychological construct.
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H2: There is a significant, large test-retest reliability for CCEI estimates of the Bundles,

Slider and Diagram task. This means that the tasks do reliably measure choice consistency for

two subsequent measurements.

H3: There is a significant, large correlation between the HMI estimates of the Bundles,

Slider and Diagram task. This means that the tasks are reliably measuring the same

psychological construct.

H4: There is a significant, large test-retest reliability for HMI estimates of the Bundles,

Slider and Diagram task. This means that the tasks do reliably measure choice consistency for

two subsequent measurements.

H5: The CCEI and HMI show significantly different test-retest reliability.

Statistical and econometric power analyses confirmed sufficient power of our design.

Analyses of the distribution of consistency indices showed that our participants, despite

non-incentivization, behaved on average highly consistent (in line with previous reports in the

literature) and significantly more consistent than bootstrapped random deciders. Given this, our

results confidently indicate generally poor inter-method reliability and at best fair test-retest

reliability for CCEI (H1 and H2) and HMI (H3 and H4), with the CCEI being the tentatively

more reliable measure (H5). This is especially concerning, since the full experiment (including

test and retest measurement) lasted on average less than 45 minutes. Hence, it appears that

estimations of choice consistency do not fulfill a basic requirement of valid psychometric

measures. Further, results from different studies using different methodologies should not be

compared without caution.
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Methods

Participants

101 adult, English-speaking participants completed our experiment. 48 were randomly

assigned to an experimental manipulation group that is irrelevant to the presented research

question and were, thus, discarded for all analyses. No other participants were excluded resulting

in a final sample size of N = 53 participants. Table 1 gives an overview of the demographics.

Procedure & Design

Participants were recruited via Prolific receiving a compensation of 4.50 pounds. The

experiment was programmed in jsPsych (de Leeuw & Motz, 2016) and hosted on Pavlovia.

Before the start of the experiment, all participants were fully debriefed about the content and aim

of the research project and provided informed consent via a check box. After providing consent,

we asked for their demographic information. Next, participants underwent the first measurement

of all three experimental tasks in randomized order. For the first measurement, each task entailed

a detailed description and 5 practice trials. After completion of the first measurement participants

solved a filler task that consisted of reading three informational texts about unrelated topics and

answering three quiz questions on the content of the texts (see Appendix B). Then participants

underwent the second measurement of all three experimental tasks, again in randomized order.

At the end of the experiment, participants answered several questions regarding their decision

strategies and experiences solving the tasks. Then they were redirected back to Prolific to receive

their compensation.

Our experimental design was completely within-subject. Participants solved all three

decision tasks for two measurements (3 x 2 within-subject design).
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Experimental Tasks

Generally, all decision tasks consisted of decisions per measurement where𝐼 = 20

participants, hypothetically, had to allocate a budget between them and their best friend,𝑚
𝑖

resulting in a final monetary split of . Importantly, the monetary endowment𝑥
𝑖

= (𝑥
𝑖
𝑆𝑒𝑙𝑓, 𝑥

𝑖
𝐹𝑟𝑖𝑒𝑛𝑑)

and the “prices” of keeping and giving money varied per decision. Hence,𝑚
𝑖

𝑝
𝑖

= (𝑝
𝑖
𝑆𝑒𝑙𝑓, 𝑝

𝑖
𝐹𝑟𝑖𝑒𝑛𝑑)

and , with the share indicating the relative fraction of the𝑥
𝑖
𝑆𝑒𝑙𝑓 =

𝑠ℎ𝑎𝑟𝑒
𝑖
𝑆𝑒𝑙𝑓𝑚

𝑖

𝑝
𝑖
𝑆𝑒𝑙𝑓 𝑥

𝑖
𝐹𝑟𝑖𝑒𝑛𝑑 =

𝑠ℎ𝑎𝑟𝑒
𝑖
𝐹𝑟𝑖𝑒𝑛𝑑*𝑚

𝑖

𝑝
𝑖
𝐹𝑟𝑖𝑒𝑛𝑑

budget (0 to 1) allocated to each account. Budgets and prices were randomly sampled per trial:

and . Note, that for our analysis we𝑚
𝑖

∈ 2, 3, 4, 5, 6, 7, 8, 9, 10[ ] 𝑝
𝑖
𝑆𝑒𝑙𝑓, 𝑝

𝑖
𝐹𝑟𝑖𝑒𝑛𝑑 ∈ 1, 2, 3[ ]

normalized prices and budgets so that and .∑ 𝑝
𝑖

= 1 𝑚
𝑖

= 𝑥
𝑖
𝑆𝑒𝑙𝑓𝑝

𝑖
𝑆𝑒𝑙𝑓 + 𝑥

𝑖
𝐹𝑟𝑖𝑒𝑛𝑑𝑝

𝑖
𝐹𝑟𝑖𝑒𝑛𝑑

For each task and measurement, we further included two attention check trials where

participants were instructed to allocate the full budget either to themselves or their best friend.

Those trials were not included in the analysis. If participants failed an attention check for a given

measurement of a task, we excluded that measurement of the task from our analysis specifically.

A screenshot of a trial from each task is available in Appendix A.

Diagram Task

For each decision participants had to choose a point on a diagonal line in a coordinate

system. The points on the diagonal line represented the possible money allocations between them

and their best friend that they might choose. In each coordinate system, the vertical axis

corresponded to the money chosen for themselves (“You“), and the horizontal axis corresponded

to the money chosen for their best friend (“Friend“). While they were making their decision, they

could see which amount of money they had chosen for themselves and for their best friend in the
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upper right corner of the coordinate system. The flatter the lines, the more money their best

friend could receive as a maximum compared to them. The steeper the lines are, the more money

they could receive as a maximum compared to their best friend.

Bundles Task

For each decision participants had a choice of 5 different money allocations and were

instructed to simply choose the allocation that they thought was best.

Slider Task

For each decision participants had to choose a point on a horizontal slider, which

represented the possible allocations of money amounts between them and their best friend. While

making their decision, they could see which amount of money they had chosen for themselves

and their best friend in two boxes above the slider. The labeling of the endpoints and spatial

presentation was randomized from round to round.

Task Questionnaires

At the end of the experiment participants were asked to answer how they reached their

decisions (“How did you reach your decisions?”) and what they considered particularly

important in their decisions (“What was particularly important to you in your decisions?”) in

open text format. Further they were asked multiple questions regarding their experiences with the

specific task formats that will be reported elsewhere.

Analysis

Revealed Preference Analysis

Let be the number of different commodity types in a commodity bundle. Let be the𝑁 𝑋

non-negative, -dimensional space of commodity bundles. Let be the non-negative,𝑁 𝑃 𝑁

-dimensional space of prices of commodities. Let be the non-negative, one-dimensional space𝑀
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of budgets. Let . denote observations of choice. Let be the chosen commodity𝐼 = 𝑖, 𝑗,...,  𝑛 𝑥
𝑖

bundle of an observation . Each bundle is a N-dimensional vector of the shape𝑖 𝑥
𝑖

, with each scalar component representing the quantity of commodity type𝑥
𝑖

= (𝑥
𝑖
1, 𝑥

𝑖
2,... ,  𝑥

𝑖
𝑛) 𝑥

𝑖
𝑛

within bundle . Let be the given prices of commodities of an observation . Each prices p𝑛 𝑥
𝑖

𝑝
𝑖

𝑖

are a 𝑁-dimensional vector of the shape ,, with each scalar component𝑝
𝑖

= (𝑝
𝑖
1, 𝑝

𝑖
2,... ,  𝑝

𝑖
𝑛) 𝑝

𝑖
𝑛

representing the price of commodity type per unit size. Then the scalar product𝑛 𝑥
𝑖

• 𝑝
𝑖

represents the total price of a commodity bundle at some prices . Let be the given budget𝑥
𝑖

𝑝
𝑖

𝑚
𝑖

of an observation . We assume, that a decision maker spends all their budget so that𝑖 𝑥
𝑖

• 𝑝
𝑖

= 𝑚
𝑖

.

Definition 1 (Direct Revealed Preference). A bundle is directly revealed preferred to𝑥
𝑖

another bundle if and only if . Then we denote .𝑥
𝑗

𝑥
𝑗

• 𝑝
𝑖

≤ 𝑚
𝑖

𝑥
𝑖
𝑅

𝐷
 𝑥

𝑗

Definition 2 (Revealed Preference). A bundle is revealed preferred to another bundle𝑥
𝑖

if there exists a transitive preference relation between both bundles.We denote𝑥
𝑘

𝑥
𝑖
𝑅

𝐷
 𝑥

𝑗
 𝑅

𝐷
 𝑥

𝑘

.𝑥
𝑖
𝑅𝑥

𝑘

Definition 3 (Strict Direct Revealed Preference). A bundle is strictly directly revealed𝑥
𝑖

preferred to another bundle if and only if . Then we denote .𝑥
𝑗

𝑥
𝑗

• 𝑝
𝑖

< 𝑚
𝑖

𝑥
𝑖
𝑃

𝐷
 𝑥

𝑗

Axiom 1 (Generalized Axiom of Revealed Preference). .𝑥
𝑖
𝑅𝑥

𝑗
⇔ ¬ 𝑥

𝑗
𝑃

𝐷
 𝑥

𝑖

In this framework, the CCEI presents a relaxation of Defintion 3, so that only

is required. The CCEI is then the highest possible value so that𝑥
𝑖
𝑃

𝐷
 𝑥

𝑗
← 𝑥

𝑗
• 𝑝

𝑖
< 𝐶𝐶𝐸𝐼 * 𝑚

𝑖
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Axiom 1 holds for all observations. The HMI on the other hand denotes the largest number of

observations for which Axiom 1 holds.𝐻𝑀𝐼 ≤ 𝐼

Statistical Analysis

To quantify the reliability of choice consistency we calculated the Pearson correlation

coefficient between the variables of interest. Reliability indicates how much of the total variance

in the variable of interest is not caused by measurement error. A reliability of 1 indicates a

perfect measurement: all variance in the measurement is caused by true differences in the

variable of interest. As reliability approaches zero, the measurement is becoming less precise and

a higher fraction of variance is due to measurement error (Kimberlin & Winterstein, 2008). In

accordance with our hypotheses, we tested for a positive correlation using one-sided t-tests.

Specifically, for hypothesis 1 and 3 we calculated the correlation of consistency measures among

tasks for each measurement (3 x 2 = 6 comparisons). For hypothesis 2 and 4 we calculated the

correlation of consistency measures within tasks across measurement (3 comparisons). To test

whether the HMI is a more reliable measure than the CCEI (hypothesis 5), we pairwisely tested

for differences in the test-retest reliability of CCEI compared to HMI per task (3 comparisons;

Diedenhofen & Musch, 2015). The level of statistical significance was set a priori to alpha = .05.

However, since we conducted multiple comparisons for each hypothesis, we applied a

Bonferroni correction resulting in a significance-threshold of alpha = .05/6 =~ .008 for

hypotheses 1 and 3, and alpha = .05/3 =~ .017 for hypotheses 2, 4 and 5. Further, for qualitative

interpretation of reliability we will adhere to the following standards: a reliability coefficient of

below .40 is considered poor; when it is between .40 and .59 it can be considered fair; when it is

between .60 and .74, it can be considered good; and when it is between .75 and 1.00 it can be

considered excellent (Cicchetti, 1994).
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Power Analysis

We a priori defined the required sample size of our experiment using a statistical power

analysis in G*Power (Erdfelder et al., 1996). As mentioned above, we would only deem a

correlation between and within tasks large enough, if the effect size is r >= 0.5. Additionally, we

aimed for a statistical power of 1-Beta = .90 and considered the lowest Bonferroni-corrected

significance level of alpha = .05/6 =~ .008. Results indicated that we would need at least 44

participants to reach our power goal.

Bronars’ Power

To determine the statistical power of our GARP test we bootstrapped 1000 virtual

participants from our dataset (Bronars, 1987). Results showed that Bronars Power = 91,8%

bootstrapped participants did not pass GARP.

Qualitative Content Analysis

In order to gain a further understanding of the decision-making process and to further

validate our data we conducted an inductive, qualitative content analysis (Mayring, 2004) using

the two free-text responses about the decision strategy of our participants. For our analysis, we

concatenated the answers of our participants to both questions. Using an inductive approach, 5

exhaustive and mutually-exclusive categories were generated. Lastly, we compared the relative

frequencies of categories to identify key decision-making strategies.

Results

Reality Check

To ensure that our collected choice data can be meaningfully interpreted we tested for a

difference in choice consistency of our participants to a benchmark of 53 bootstrapped
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participants using a non-parametric Mann-Whitney-U test. Results indicated that our participants

were significantly more consistent in their choices for all tasks and measurements according to

both CCEI and HMI (see table 2 for descriptive statistics and significance tests, and figure 1 and

figure 2 for the full distribution of the data).

H1: Inter-method Reliability of CCEI

Our results indicate poor inter-method reliability, with 1 out of 6 comparisons showing a

significant correlation of the measured CCEI values (see table 3) and a mean correlation of

r=0.237.

H2: Test-Retest Reliability of CCEI

2 out of 3 comparisons showed a significant correlation of the measured CCEI values

(see table 3). Further, results indicated a mean correlation of r=0.459 (r=0.537 excluding the

novel Slider task), which can be considered fair. The average absolute difference between first

and second measurement amounted to M_delta_CCEI = 0.084 for the Diagram task,

M_delta_CCEI = 0.111 for the Bundles task and M_delta_CCEI = 0.113 for the Slider task (see

Appendix C for visualization).

H3: Inter-method Reliability of HMI

Our results indicate poor inter-method reliability, with 1 out of 6 comparisons showing a

significant correlation of the measured CCEI values (see table 4) and a mean correlation of

r=0.254.

H4: Test-Retest Reliability of HMI

1 out of 3 comparisons showed a significant correlation of the measured HMI values (see

table 4). Further, results indicated a mean correlation of r=0.428 (r=0.471 excluding the novel

Slider task), which can be considered fair. The average absolute difference between first and
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second measurement amounted to M_delta_HMI = 0.791 for the Diagram task, M_delta_HMI =

1.042 for the Bundles task and M_delta_CCEI = 0.837 for the Slider task (see Appendix C for

visualization).

H5: Test-Retest Reliability Comparison of CCEI and HMI

Our results indicate a significantly higher test-retest reliability of the CCEI compared to

the HMI for the Diagram task (z =-2.283, p=.022), but neither for the Bundles task (z =0.858,

p=.391) nor the Slider task (z=0.502, p=.616).

Qualitative content analysis of reported decision strategies

Our results indicated that the vast majority of participants either tried to fairly share the

payout (23 participants, 43.396%) or maximize the total payout (20 participants, 37.736%). Few

participants decided with an egotistical (6 participants, 11.321%) or prosocial bias (2

participants, 3.774%).  For 2 participants (3.774%) we could not determine a strategy from their

response. For an overview see figure 3.

Discussion

So far the reliability of revealed preference choice consistency measurements among

(inter-method) and within tasks (test-retest) has remained an untouched topic. Any

interpretations of rationality as a valid psychometric trait variable, as well as comparisons

between studies of different methodology, therefore, relied on a leap of faith in this aspect. In the

study described here, we investigated the reliability of social choice consistency measured via

three choice consistency tasks in an online-experiment under non-incentivized conditions. We

operationalized choice consistency via two popular and conceptually dissimilar quantitative

indices, namely Afriat’s critical cost efficiency index (CCEI) and the Houtman-Maks-Index

(HMI).
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Statistical and econometric power analysis confirmed sufficient power of our design.

Analyses of the distribution of consistency indices showed that our participants, despite

non-incentivization, behaved on average highly consistent and significantly more consistent than

bootstrapped random deciders. Given this, our results confidently indicated generally poor

inter-method reliability and at best fair test-retest reliability for CCEI (H1 and H2) and HMI (H3

and H4), with the CCEI being the tentatively more reliable measure (H5). This is especially

concerning, since the full experiment (including test and retest measurement) lasted on average

less than 45 minutes. Hence, it appears that estimations of choice consistency do not fulfill a

basic requirement of valid psychometric measures. Further, results from different studies using

different methodologies should not be compared without caution. However, there are three

important limitations to our study.

First and foremost, neither of our choice tasks was incentive-compatible, which is an

important feature in economic decision-making. While we cannot rule out that our participants

might have behaved differently under full incentivization, we can robustly show that our

participants behaved significantly more consistently than random bootstrapped deciders. Further,

participants’ introspections on their decision strategies do not raise concerns regarding artificial

or non-interpretable response behaviour (see figure 3). Lastly, we imposed higher standards of

valid choices than previous studies by implementing multiple attention checks. Therefore,

overall, our data does not provide evidence for random or artificial behaviour.

The second limitation is that we only used tasks in the social domain of choice, similar to

Andreoni et al. (2002). Hence, we cannot speak to the domain generality of our results, which is

an important question for future research as we recently formulated elsewhere (Nitsch &

Kalenscher, 2020a).
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The third limitation is that we only investigated reliability for two out of many (however,

conceptually closely related) consistency indices, e.g. the Money Pump Index (Echenique et al.,

2011), Varian’s Index (Varian, 1991) or the Minimum Cost Index (Dean & Martin, 2016). While

an exhaustive evaluation of all existent consistency indices is beyond the scope of this paper, our

openly shared dataset (https://doi.org/10.17605/OSF.IO/QNFTU) allows for the conceptual

replication of our results via other consistency measures.

In conclusion, despite the above mentioned limitations, our results indicate that

rationality in the interpretation of revealed preference consistency does not meet a fundamental

requirement of valid psychometric measures, i.e. reliability. This suggests that choice

consistency might rather be considered a characteristic of a specific collection of choices than an

underlying trait variable of the decision-maker. This calls for caution in the interpretation of

previous results in the field.
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Tables

Table 1

Demographics

Variable Frequency Percent
Total 53
Gender
Male 23 56.604%
Female 20 43.396%
Education
No high school diploma 1 1.887%
High school diploma 22 41.509%
Jr./Comm. College degree /
Undergraduate degree

23 43.396%

Masters Degree / Professional
schools degree (Law, Medicine,
etc.)

7 13.208%

Monthly Net Income (in Pounds)
0-499 16 30.189%
500-999 13 24.528%
1000-1499 8 15.094%
1500-1999 3 5.660%
2000-2999 5 9.434%
>3000 3 5.660%
Omitted 5 9.434%
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Table 2

Choice consistency of participants compared to bootstrapped virtual deciders

Task 1 Measurement Index M (SD) W p
Diagram 1 CCEI 0.904 (0.183) 2309 <.001*
Bundles 1 CCEI 0.858 (0.157) 2162 <.001*
Slider 1 CEEI 0.891 (0.166) 2289 <.001*
Diagram 2 CCEI 0.929 (0.169) 2457 <.001*
Bundles 2 CCEI 0.867 (0.151) 2135 <.001*
Slider 2 CEEI 0.935 (0.148) 2488 <.001*
Diagram 1 HMI 19.065 (1.357) 2366 <.001*
Bundles 1 HMI 18.388 (1.483) 1979 <.001*
Slider 1 HMI 19.250 (1.014) 2476.5 <.001*
Diagram 2 HMI 19.458 (0.922) 2574 <.001*
Bundles 2 HMI 18.692 (1.322) 2098.5 <.001*
Slider 2 HMI 19.365 (1.172) 2504 <.001*
Bootstrap CCEI 0.738 (0.151)
Bootstrap HMI 17.906 (1.197)

Note: The asterisk denotes significance at p<.05/12=.004 (Bonferroni corrected for 12 parallel
tests).
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Table 3

Reliability of the Critical Cost Efficiency Index

Task 1 Task 2 Measurement t(df) r p
Diagram Bundles 1 t(40)=0.043 0.007 .483
Diagram Slider 1 t(37)=1.250 0.201 .110
Bundles Slider 1 t(39)=-0.284 -0.045 .611
Diagram Bundles 2 t(46)=0.752 0.110 .228
Diagram Slider 2 t(45)=7.866 0.761 <.001*
Bundles Slider 2 t(49)=1.248 0.176 .109
Diagram Diagram 1 & 2 t(41)=5.088 0.622 <.001*
Bundles Bundles 1 & 2 t(46)=3.324 0.440 <.001*
Slider Slider 1 & 2 t(41)=1.864 0.280 .035

Note:  The asterisk denotes significance according to the predefined threshold per hypothesis.
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Table 4

Reliability of the Houtman-Maks-Index

Task 1 Task 2 Measurement t(df) r p
Diagram Bundles 1 t(40)=0.438 0.069 .332
Diagram Slider 1 t(37)=0.690 0.113 .247
Bundles Slider 1 t(39)=0.422 0.067 .338
Diagram Bundles 2 t(46)=1.577 0.226 .061
Diagram Slider 2 t(45)=7.584 0.749 <.001*
Bundles Slider 2 t(49)=0.743 0.106 .230
Diagram Diagram 1 & 2 t(41)=2.651 0.383 0.006*
Bundles Bundles 1 & 2 t(46)=4.468 0.550 <.001*
Slider Slider 1 & 2 t(41)=2.296 0.338 .013*

Note:  The asterisk denotes significance according to the predefined threshold per hypothesis.
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Figures

Figure 1
Distribution of CCEI in participants and bootstrapped virtual participants

Histograms of the Critical Cost Efficiency Index (CCEI) distribution of our participants (dark
grey) in comparison to bootstrapped random deciders (light grey) for the 3 different tasks and
2 measurements. In all cases, real participants behaved significantly more consistently than the
bootstrapped random deciders. Furthermore, the absolute levels of consistency are in
alignment with consistency levels reported in the literature.



The Reliability of Rationality 26

Figure 2
Distribution of HMI in participants and bootstrapped virtual participants

Histograms of the Houtman-Maks-Index (HMI) distribution of our participants (dark grey) in
comparison to bootstrapped random deciders (light grey) for the 3 different tasks and 2
measurements. In all cases, real participants behaved significantly more consistently than the
bootstrapped random deciders. Furthermore, the absolute levels of consistency are in
alignment with consistency levels reported in the literature.
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Figure 3
Qualitative content analysis of self-reported decision strategies

Relative frequency of self-reported decision strategy categories (N = 53). Results do not raise
concerns regarding artificial or non-interpretable response behaviour.
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Appendix A - Screenshots from Diagram, Bundles and Slider task

Depicted are the Diagram task (upper left), the Bundles task (upper right) and the Slider task

(lower left).
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Appendix B - Filler Task

Text 1: I start in Munich. I want to go to the Gassmanns. Alexandra Gasmann was nice on the phone, but also direct.
She has nine children and she's a CDU (German political party) woman. She will tell me off, just think of Seehofer
with Röttgen (German politicians) back then. They know how to do that. I'm here because sometimes I would like to
have an even bigger family, but my wife doesn’t really, and our life is also not exactly what I would call zen. I will test
this, being a “dad for a day”, because the real dad is at work until noon. Let's do it! Mrs. Gasmann gets up at 5 am
every day because she also just wants to take a breath for five minutes in the morning without hearing “Mommy” right
away and having to be there. It's her chill area in the kitchen while making sandwiches from 5-6 am in the morning. I
get that. Samantha has to go to school, Ferdinand too, Jakob is still hanging around before daycare starts, and I'm
about to take Gwendoline to the school bus. The older ones are already on their way. I'll say it right away, this is not a
posh family, wrong channel. I have to drag the toddler to daycare, he doesn't want to walk at all. His peers and his
friends don't have as many siblings as he does, but he thinks it's “cool”, and he wouldn't want to be alone with mom
and dad under any circumstances. Next, I go grocery shopping with Mrs. Gasmann and ask her if she sometimes
gets stupid remarks. “Don't you have a TV at home? Did you really need that now, too?”. Remarks like “Are you too
stupid to use contraception” are part of the daily routine. Mrs. Gasmann has days on which such remarks bounce off
of her and days on which she gets really grumpy. However, when asked if she wants to have more children, she
replies that she would be very happy if that worked out. Alexandra buys huge bags of groceries every day. How do
they manage with the money? They have a fantastic rental contract, then child support, Alexandra is paid a little for
her work in the district parliament and her husband Arthur is a master butcher. It is enough for private schools, but
food is mostly from the discounter. Alexandra buys 22 pounds of potatoes and about 125-134 cups of milk a week.
The Gasmanns have two apartments: Downstairs the youngest live with the parents, upstairs the older kids, and
there is also the laundry room. They have three washing machines and Alexandra washes 18 loads a week and also
irons everything. She always has the best ideas, she tells me.

Text 2: “You are what you eat”, goes the popular saying. It means what we eat is the cornerstone of our life. It
determines our health, our mobility and also our education. But you can't teach an old dog new tricks. In other words,
if you don't learn to eat healthy as a child, you won't learn later, and then you won't teach your children either. In
Germany it is particularly serious. There is hardly any other European country with so many malnourished adults and
children. Fortunately, there is school, where you learn for life. In the best case scenario, nutrition would be a
compulsory subject and the students would go to the cafeteria with their teachers after class. There, the food would
be prepared by trained chefs, and the students could immediately apply what they have just learned. But the reality is
different. In Germany, it has to be practical - and cheap. More than a third of the schools we surveyed complained
about a budget that was too tight. On average, a meal may only cost students €2.50, but a healthy meal costs at least
€4 per serving. In many schools, good quality is, therefore, not possible. Most of the time, the food is cooked
elsewhere and then delivered hot, so it is kept warm for several hours. This is also the case in about half of the
schools we surveyed, including two-thirds of the elementary schools. What finally ends up on the plate is overcooked
with no trace of vitamins. There is hardly any variety. If several dishes are offered at all, the students often have to
decide a week in advance what they would like to eat. By far not every school, where students eat, has its own
cafeteria, and if one exists, it is often cold, cramped or uncomfortable. Churches are no different, to save money, the
food is often prepared and served by unlearned and poorly paid helpers. Hygiene regulations are rarely known, or
adequate washing or sanitizing facilities are lacking. As a result, no one likes to go there. If they can, students prefer
to go to the kiosk instead and eat there. According to experts, it would cost the state about 500 million euros a year to
provide all students with a healthy lunch. That is only a fraction of what is spent on military weaponry every year. Why
are investments made for this, but not for the children? In fact, responsibility is shifted from the state to the
communities and often from the communities to the schools. They, in turn, transfer much of the responsibility to
caterers who are supposed to deliver cheaply. No one wants to be responsible. Yet, good school catering would have
many advantages. The children would not only be healthier and perform better, but they would also know more about
healthy eating. In the long run, this would even save money, because, in the future, there would be fewer cases of
illness society would have to pay for, and there would be more educated people who also earn more. The bottom line
is a healthier and richer society.

Text 3: This is me, Tobias. Normally I see the world from 6 feet. For seven days, I want to leave this perspective and
explore the world of the little ones. This daycare here in Otterndorf on the North Sea is perfect for that. 130 children
come and go here. What do they do all day? What does life look like from a height of 3’6’’? What do children think of
our adult world? What can I perhaps learn from them? - That's what this text is about. Food determines the time
reckoning here. There are three times of day: Before the meal, after the meal and of course the meal itself. The entire
process is accompanied by an impressive ritual: “Beep, beep, little mouse, come out of your little house. Little mouse
says “beep, bon appétit!”. On my first day, the little ones eat large amounts of rice and a strange brown sausage
gravy. The rest of the week, the menu includes woodruff jello and whole wheat pasta with custard. All that
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high-energy food must of course be broken down, preferably by “fighting”. Imagination is the best recipe. Everyone
used to have it. The children say they have coffee here, but that it doesn't taste good and that you get a stomach
ache if you drink too much of it. Rationality always comes at the expense of fun. This sobering principle becomes
clear when adult voices interfere with the little ones' plans and routines: The kids have to help clean the bathroom if
they don't behave well. During sports, it quickly becomes evident that with the first leap over the box, the
disappointment of earlier is forgotten: Life is always lived in the here and now. The moment counts. All the things that
we adults have to painstakingly relearn in yoga-zen-mindfulness seminars, they can all do here, just like that. When
did I lose that? A daycare day lasts about three adult days, but at some point, it is still closing time, usually around 5
pm.

Memory test:

1. What time does Mrs. Gassmann get up every morning?

1. 5 am

2. 6 am

3. 7 am

2. How much would it cost the German government to provide a healthy lunch?

1. 200 million pounds

2. 300 million pounds

3. 500 million pounds

3. According to the children, which drink causes a stomach ache?

1. Coffee

2. Coke

3. Beer
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Appendix C - Test-Retest Reliability

Depicted are the test-retest reliability of each task for the CCEI and HMI (in black). For

comparison, in grey, 53 bootstrapped deciders are depicted. The dashed line indicates optimal

test-retest reliability (r=1).
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General Discussion 

Summary of results 

The work reported in this dissertation contributes to a contemporary research program in 

neuroeconomics that identifies factors, which could potentially compromise decision quality. 

In our first study, using a well-established social stress induction protocol, we found 

strong evidence against a temporally dynamic effect of acute stress on revealed preference 

consistency in a food choice task. Stressed and non-stressed participants showed comparable 

levels of choice consistency in two time-windows, which is in line with a previous study 

(Cettolin et al., 2020). The ability to comply with incentive structures under acute stress might 

also serve as an explanation of divergent observations of stress effects in other choice domains 

such as social choice (Faber & Häusser, 2021). In addition, further exploration tentatively 

suggested that revealed preference consistency might be impaired with increasing levels of 

chronic stress, which we are currently trying to confirm in an ongoing investigation.  

In our second study, we used a novel multi-attribute visual choice (MAVC) paradigm, 

that allowed us to transfer revealed preference theory to visual similarity-based decisions. 

Specifically, we experimentally tested the influence of memory retrieval of exemplar stimuli, as 

a model of choice goals, on the choice consistency of similarity-based preference decisions. 

Memory retrieval was manipulated by varying the retention time between exemplar presentation 

and choice. Results showed strong evidence against our hypothesis that revealed preference 

consistency decreases with increasing retention time. However, quality controls indicated that 

the choice consistency level of our participants was non-discernable from random behavior. 

Based on oral feedback of participants and further exploration we attributed this to too difficult 

visual object discrimination in the choice set. Therefore, we deem our results only interpretable 
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to a limited extent regarding our initial hypothesis. However, our paper lays the theoretical 

foundation and has important implications for the design of further studies on revealed visual 

preference consistency. 

Next, we set out to answer, the question whether economic rationality is malleable by any 

external or internal factors granted everything else equal. Using an unsystematic, qualitative 

approach to review the literature specifically for revealed preference consistency in a strict sense, 

we found that for many possible factors there is only ambiguous or no evidence of influence 

(Study 3). However, after extending the scope for a more liberal definition of consistency, a p-

curve analysis yielded clear evidence that at least some factors indeed compromise rationality 

(Study 4). Still, given the current state of research, it is difficult to draw synthesized conclusions 

beyond such general statements, which is aggravated by the fact that choice consistency research 

is conceptually diverse and only loosely connected as indicated by bibliometric indicators. 

Further, in the interpretation of our results, the findings of our fifth study must be taken into 

consideration as we aggregated evidence across a wide range of research designs (see below). 

In our fifth study, we investigated the reliability of revealed preference consistency in the 

domain of social decisions. First, in line with previous studies, we found that overall choice 

consistency was relatively high, and that self-reported decision strategies had intuitive appeal. 

However, our results also indicated generally poor inter-method reliability and at best moderate 

test-retest reliability, which is devastating for the identification of replicable relationships with 

other variables (Hedge et al., 2018). Specifically, endeavors to correlate choice consistency to 

demographic variables (Choi et al., 2014, American Economic Review), education level (Kim et 

al., 2018, Science) or brain structures (Chung et al., 2017, The Journal of Neuroscience) might 

not be fully interpretable, despite wide reception of the aforementioned publications.  
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From our finding in Study 5, we can derive the hypothesis of low replicability of 

influence factors on choice consistency, especially for correlational designs. This is, tentatively, 

in line with our findings from Study 3 (see table 2 of Study 3), which indicated generally mixed 

results for various influence factors, despite the typically large sample sizes deployed in 

economic panel studies. However, it appears likely that the true extent of the problem is still 

shrouded by the lack of replications and publication bias.  

Taken together, the work in this dissertation subjected economic rationality to a stress test 

using multiple approaches. Our findings tentatively suggest that choice consistency is neither a 

robust nor reliable trait of decision makers, but our empirical work also highlights that not every 

nuisance (i.e. acute stress) must immediately lead to reduced rationality. Further, our work 

highlights that economic concepts ought not be naively mistaken for psychometric variables for 

theoretical (see below) and practical reasons. 

A note on the relevance of expected utility theory 

In the context of this dissertation, it appears necessary to address the elephant in the room 

that is the arguable relevance of continued work on EUT.  

From a descriptive perspective, people’s decisions are, generally, not perfectly consistent. 

Consistency principles must be relaxed significantly in order to capture actual behavior 

(Rieskamp et al., 2006), and it is still an open discussion how expected utility is represented 

(neuro-)psychologically, if at all (Hayden & Niv, 2020).  

From a predictive perspective, the predictive accuracy of EUT is comparatively lower 

than for more complex models across multiple studies in different contexts, and especially for 

larger datasets (Abellan-Perpiñan et al., 2009; de Moraes Ramos et al., 2011; Harless & 

Camerer, 1994; Peterson et al., 2021), which can be explained by its strict parsimony and 
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disregard of the choice context (Plonsky & Erev, 2021).  Concretely, expected utility models 

show only moderate out-of-sample predictive performance (about 67% correct in binary choice, 

compared to 65% for simple expected value maximization), even in the context of a low-

dimensional experimental task (Garagnani, 2020). 

Lastly, from a normative perspective one might argue that we cannot require decision-

makers to do what is not (neuro-psychologically) possible (ought implies can; see Foley, 1993, 

pp. 159–160, for an exemplary argument), and that EUT is too ambiguous to derive prescriptions 

from in practice (Tversky, 1975). 

However, it is also worthwhile to note that EUT, despite its strict parsimony, can account 

for many regularities of choice behavior, deviations are often of limited severity in terms of costs 

(Choi et al., 2007), and simple extensions (such reference-dependence and divisive 

normalization) can explain many systematic deviations. In the domain of predictions, EUT can 

likely still remain relevant in certain niches that are problematic for more data-intensive 

technology, e.g. in where the available information is sparse. Generally, “[w]e cannot declare a 

single winner among theories - much as we cannot declare a best ice cream or university -  

because the best theory depends on one's tradeoff between parsimony and fit.” (Harless & 

Camerer, 1994, p. 1285). But also, beyond sparse information availability, there are imaginable 

scenarios where EUT might outperform other theories. It is ultimately an empirical question to 

identify conditions under which EUT performs well, predictively. Lastly, EUT still has wide 

traction as a normative theory in economics and decision analysis (Małecka, 2020) and despite 

various criticisms, no outstanding successor theory has established itself so far (Moscati, 2016). 

Further, it should be noted that criticisms often do not question the normative plausibility of the 
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choice axioms (e.g. the independence axiom), and that expected utility is still considered a 

“rational bedrock” (Briggs, 2019). 

Figure 3: Guidelines for Future Research on Economic Rationality 

 
Based on theoretical and empirical considerations in this dissertation, four guidelines for future research on economic 
rationality can be derived that that in the thought tradition of scientific instrumentalism. First, EUT rationality should be 
treated as a normative benchmark, not as a descriptive model of decision-making. As in our empirical work, EUT can be used 
as a normative benchmark, for example to identify conditions under which decision-makers’ (relative) rationality deteriorates. 
Second, due to reliability issues in contemporary measurements of rationality that we have identified in Study 5, research 
should utilize factorial rather than correlational designs. Third, when drawing conclusions based on empirical data we must 
consider the context of measurement and evaluate the validity of our ad-hoc assumptions (e.g. via domain expertise or self-
reports). Fourth and lastly, theoretical work should advance past pure demonstrations of the fallibility of EUT and engage in a 
constructive theoretical approach. 

 

In any case, a general note of caution seems in place to be given to the current generation 

of researchers working on EUT (such as myself). At this point, it is absolutely necessary to 

specify which interpretation of EUT – descriptive, predictive, or normative – is being used to 

derive experimental hypotheses from, for else the interpretation of any results is ambiguous as 

well. For example, as outlined above, it is common grounds across disciplines and for multiple 

years, that descriptive EUT, in its typical application, is inaccurate; pure demonstrations of its 

descriptive shortcomings without any constructive contribution appear unnecessary (as I once 

learned from an anonymous editor). This criticism, however, does not apply if we are 

intrinsically interested in the influence of some factor on decision quality in comparison to the 

Rationality as Benchmark
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benchmark of economic rationality, e.g. to identify risk factors in the decision-making of 

practitioners, like it is the case for the work reported in this dissertation. I believe that this 

framing of EUT as a tool, i.e. the instrumentalist perspective in the philosophy of science, is also 

most suitable for the interpretation of our empirical work (see Figure 3). 

Methodological limitations 

Beyond placing our work in the long-standing debate around EUT, I must also address 

some methodological concerns.  

Generally, in our experimental work we made the typical ceteris paribus assumption: we 

assumed that inconsistencies did not arise due to uncontrolled changes in variables that are 

relevant to the decision process. For Study 1, we facilitated this condition by placing our 

behavioral tests in distinct neurohormonal time windows of the stress response, as deducted from 

theoretical work and checked via hormonal assessment. In addition, in Studies 1, 2 and 5 we took 

care to prevent choice repetition effects, by either fully or partially randomizing choice options. 

Lastly, in Studies 1, 2 and 5 our consistency tests generally did not last more than a few minutes 

each. For Studies 3 and 4 we rely on the diligence of the original experiments in the literature. 

However, theoretically, it is still almost always possible to construe a post-hoc rationalization of 

inconsistencies due to changes in decision-relevant variables, which are, strictly speaking, 

unknown to us (Edwards, 1954; Regenwetter & Davis-Stober, 2012 give a very illustrative 

example on the overt inconsistency of a PhD advisor). Such data aggregation artifacts 

(Regenwetter et al., 2011) pose a challenge to the validity of choice consistency tests as 

measurements of rationality. Fortunately, the severity of this challenge to the interpretability of 

our experimental work is limited. As in all of our studies we are making only relative and 

comparative statements of rationality, aggregation artifacts can be neglected as long as they are 
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not linked to experimental conditions or predictor variables. A priori, the existence of such a link 

appears the most likely for Study 1 due to dynamic changes of preferences in the stress group. 

However, the presence of this (as of any other) group effect is not supported by the data, given 

strong evidence for a null result. As for our literature work, however, a final evaluation of this 

problem is naturally difficult – and goes to show the importance of creating awareness of 

aggregation artifacts in experimentalists. A second concern of internal validity arises from the 

results of our own Study 5: given that choice consistency measures show low reliability, 

correlational designs such as in Study 2 and many original studies included in Studies 3 and 4 are 

problematic (Hedge et al., 2018) – future research must show the consequences of this (late) 

realization. 

A concern regarding the generalizability of our results arises given the limited 

representativeness of our participant samples, mostly recruited from the local student body and a 

click worker platform. This is not only a platitude, given that we (see Study 3) and others (Choi 

et al., 2014) found evidence that demographic variables could affect choice. Currently, it is 

unclear whether there are also interaction effects with other variables, as demographic variables 

are often neglected or only considered as linear covariates in statistical models. Hence, we can 

neither confirm nor rule out whether our results would hold up in a more representative sample. 

A second concern of generalizability arises given that we only conducted laboratory (or online) 

experiments. Especially if the goal of research on EUT is to be relevant the practitioner 

disciplines it is necessary to move away from ‘lab-only’ research (as already argued by 

Kahneman, 1991).   

Our literature work, specifically, might also be affected by typical biases in the scientific 

literature. While our P-Curve analysis (Study 4) tentatively suggests that findings in the literature 
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are not driven by publication bias or p-hacking, a critical reader of recent publications notices 

that transparency, open data and publications of null results are still lacking in the field, which is 

aggravated by the ongoing hunt for ‘spectacular’ deviations from rationality. Therefore, in our 

experimental work, we tried our best to follow open scientific practice (see Open Science 

statement). 

Lastly, it must be made clear that all of the work reported in this dissertation trivially 

does not allow for final conclusions – despite demarking the finale of my doctoral studies – but 

should rather be framed as a contribution to the scientific evidence accumulation process. 

Outlook for future research 

An exploratory result in Study 1 tentatively suggested a negative relationship of chronic 

stress and choice consistency. However, due to the nature of our design we could only perform a 

correlational analysis of choice consistency with a self-report measure of chronic. Future 

research should provide a confirmatory account of this hypothesis, ideally using more valid 

measures of chronic stress (e.g. biological markers). It could also be interesting to translate the 

paradigm to an animal model similar to Hu et al. (2021), which would allow an experimental 

intervention of chronic or early-life stress and a better understanding of the neurobiological 

underpinnings (Cameron & Schoenfeld, 2018; Friedman et al., 2017). 

Motivated by new methodological insights from Study 2, I believe that experiment 

should be repeated, drawing from the acquired learnings with an improved design. Specifically, a 

relatively consistent baseline choice behavior must be established via intensive piloting and 

perhaps individualized (and adaptive) difficulty adjustment of the task. Further, it might be 

useful to rely on a more easy to process and validated class of stimuli (Lebaz et al., 2020; Liu & 
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Kersten, 1998). Lastly, work on the connection of economic and psychophysical concepts akin to 

Dziewulski (2020) appears to be an interesting interdisciplinary theoretical perspective. 

More generally, since decision analysis and applied economics seem to make up the 

largest part of the actual userbase of EUT, further research and development could start with the 

identification of problems, challenges and questions that arise in practice. Concretely, the 

theoretically well-founded integration of domain expertise within EUT could begin with a better 

understanding of how practitioners perceive and cognize typical problems. Here, EUT research 

could look for inspiration in the field of naturalistic decision-making (Hoffman & Klein, 2017; 

Klein, 2015; Walker, 2017) and cognitive task analysis, specifically, which specifically targets 

the needs of practitioners in theory development. Further, if the field manages to move from 

small-sample lab experiments to larger scale behavior measurements, neural network models 

might be used to uncover multi-dimensional representations of choice objects as well as improve 

predictive accuracy (for some interesting applications see: Hebart et al., 2020; Ma & Peters, 

2020; Peterson et al., 2021). 

Lastly, reflecting on the theoretical criticism of EUT outlined above, interestingly, similar 

arguments emerge from multiple perspectives. For example, we can neither describe, predict or 

normatively evaluate decisions regarding their subjective rationality if we completely disregard 

the subjective representation of choice objects, as well as the environment and context of the 

decision-maker. While this is not a challenge to the logical consistency of EUT, it shows that the 

theory needs to be extended to be actually applicable to data. This short-coming is indirectly 

reflected both, in the neuroeconomic pursuit of complementing EUT with insights from 

neuroscience and psychology, as well as decision analysis infusing domain knowledge, both in 

an attempt to bridge the gap between theory and data.  



A Stress-Test of Economic Rationality 179 

Another example, is the limited neuroeconomic realism of EUT (e.g. van Rooij et al., 

2018) which is, of course, a direct issue from a descriptive perspective, but also curtails the 

normative force of the theory if we follow the ought implies can principle. We must ask 

ourselves, intuitively, is it rational to chase a utopia (Foley, 1993; Zynda, 1996)?  

Conclusion 

This dissertation reports on a series of studies stress-testing the concept of economic 

rationality from multiple perspectives. Our findings contribute to the emerging picture that 

relative choice consistency is neither a robust nor reliable trait of decision makers. Beyond the 

reported studies, this dissertation provides a theoretical embedding – specifically the 

instrumental perspective (see figure 3) – which is indispensable to the utility of contemporary 

research on EUT. Future research is still and always indebted to address challenges of external 

validity and generalizability (Kahneman, 1991), to more transparency, as well as to the 

development of a theoretical successor of EUT. 

Open Science Statement 

All data and code to reproduce the results reported in this dissertation have been made 

publicly available on the Open Science Framework. In addition, for Study 1, we created a Data 

in Brief publication (Study 1b) to facilitate the reuse of our resources. With the exception of 

Study 1, where journal guidelines prohibited this, all manuscripts have been published as 

preprints. Study 2 has been performed as a registered report. Finally, 2 out of 5 studies reported 

in this dissertation describe null effects. 
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Appendix A – The Dutch book argument 

The Dutch book argument (Ramsey, 1926) has the following structure:  

Preposition 1. Rationality excludes non-sensical behavior.  

Preposition 2. If subjective probabilities do not follow the axioms of probability, this allows non-

sensical behavior.  

Conclusion: Hence, rationality requires subjective probabilities to follow the axioms of probability 

(i.e. normality, non-negativity, additivity for mutually exclusive events).  

I shall provide a partial proof of Preposition 2 for the axiom of additivity, that is !(#) +

!(&) = !(# ∨ &).  

Let us assume a gambler names honest prices for which they are accepting to both, take 

and offer bets on a coin flip against the house. We can imagine that the honest price corresponds 

the product of the utility of the potential earning )(*) and the corresponding subjective 

probability ! of the outcome (or a homogeneous function thereof). Let us assume that there are 

three bets: a bet on #, that wins * if the coin shows heads, a bet on &, that wins * if the coin 

shows tails, and a bet on # ∨ &, that wins * if the coin shows either heads or tails, for which the 

gambler assigns the prices ℎ = !(#) × )(*), - = !(&) × )(*), and . = !(# ∨ &) × )(*), 

respectively. If the gambler would then agree to offer bets on # and & and take a bet on # ∨ &, 

each at their fair price, then, for any outcome of the coin flip, they would earn ℎ + - − . and if 

. > ℎ + -, they would lose to the house (Dutch book). If the gambler would conversely agree to 

take bets on # and & and offer a bet on # ∨ &, each at their fair price. Then, for any outcome, 

they earn . − 1 − - and if . < ℎ + -, they would lose to the house as well. Hence, . = ℎ + - and, 

thus, !(#) + !(&) = !(# ∨ &) must hold, else it allows non-sensical behavior. ∎ 

 


