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SUMMARY

Human language without analogy is like a zebra without stripes. The ability to un-
derstand analogies, or to engage in relational reasoning, has been argued to be
an important distinction between the cognitive abilities of human and non-human
animals. Current studies have failed to robustly show that animals can perform
more complex, relational discriminations, in part because such tests rely on lin-
guistic or symbolic experiences, and therefore are not suitable for evaluating
analogical reasoning in animals. We report on a methodological approach allow-
ing for direct comparisons of analogical reasoning ability across species.We show
that human participants spontaneously make analogical discriminations with min-
imal verbal instructions, and that the ability to reason analogically is affected by
analogical complexity. Furthermore, performance on our task correlated with
participants’ fluid intelligence scores. These results show the nuance of analogical
reasoning abilities by humans, and provide a means of robustly comparing this
capacity across species.

INTRODUCTION

Analogies are pervasive across human language and culture, defining the way we interact within, and un-

derstand, our world.1,2 When Forrest Gump told us that ‘‘. life was like a box of chocolates. You never

know what you’re gonna get’’,3 we intuitively understand that he was not suggesting a literal cocoa-quality

to life. Instead, he was acknowledging the unpredictability of life that resembles the arbitrary nature of

choosing one chocolate from an assortment of possibilities. Analogical reasoning, like that needed to un-

derstand Forrest’s insight, involves the transfer of knowledge between seemingly disparate objects or

ideas by finding the overlap or correspondence between them.4 It requires the ability to think abstractly,

pushing past simple perceptual characteristics to assess relational and configural details. Although previ-

ously thought to be merely a particular example or type of cognition,5 the ability to make the relational as-

sessments necessary to understand analogies is so fundamental to human cognition that it has led some

researchers to posit that analogical reasoning is the core of cognition.6 Indeed, analogies are present in

the way we understand language,7 social structures,8 and causal relations.9 Given that the use of analogy

weaves through so many of the abilities that define human cognition, it is not surprising some researchers

have argued that the capacity to understand higher-order relations communicated through analogy is one

of the major gaps between human and non-human animal cognitive abilities.10 However, this apparent dif-

ference may be due to methodological differences in the way humans and animals are tested for their

analogical reasoning ability.11

Researchers use a variety of procedures to assess analogical reasoning by humans.12 Many such tests

involve the identification or application of verbal analogies, which make it difficult to construct equivalent

tests for animals. Even within the realm of verbal analogies, there are distinctions between classic analogies

of the form A:B::C:D (verbalized in the form ‘‘A is to B as C is to D,’’ and also sometimes depicted as

A:A0::B:B0) and so-called ‘‘problem-solving’’ analogies.9,11 Classic verbal analogies place together pairs

of words (e.g., HAND:FINGER::FOOT:TOE). When presented with such a word pairing, participants

must determine whether an analogy is present. To solve the example analogy, participants must under-

stand the words, infer the relationship between HAND and FINGER, map the relationship between

HAND and FOOT, and apply that relationship to FOOT and TOE to assess whether an analogy is present.13

Problem-solving analogies, alternatively, require the application of knowledge or ideas from one domain

to solve some target problem in a seemingly unrelated domain. Perhaps most famous of these problem-

solving analogies is the Duncker’s radiation problem.14 During this task, participants are typically asked to
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pretend that they are a doctor with a patient who has an inoperable tumor. Participants must produce a

solution that will destroy the tumor without damaging healthy tissue, namely the application of small

amounts of radiation that converge on the tumor site. Crucially, if participants learned to solve an analo-

gous problem within a different context (namely one involving military tanks sieging a castle), they were

more likely to be able to solve the radiation problem, despite obvious differences in the surface content

of the tasks.12 The ability to reason in this manner, as a method of reducing uncertainty when dealing

with complex problems, is a useful method for handling real-world scenarios.15 Although these verbal

analogical reasoning tasks resemble the ways in which humans often use analogy in their everyday lives,

they are particularly difficult to translate into something testable in a comparative context due to their reli-

ance not only on language but also additionally on some fundamental real-world knowledge of concepts,

such as tumors and tanks in the case of Duncker’s problem. Thus, comparative researchers of analogical

reasoning must find ways of presenting similar analogical concepts in ways that do not rely on linguistic

or cultural knowledge.

In addition to verbal tests of analogy, analogies can be presented in a purely pictorial form, which lends

itself better to comparative applications. These kinds of tests are used in developmental psychology,

wherein children are required to complete analogies using concrete, real-world knowledge9 or abstract

stimuli.16 A recent study presented adult participants with abstract pictorial stimuli in the form of line draw-

ings.17 When pairs of stimuli were perceptually similar, participants could easily and quickly use perceptual

cues to discriminate, but as the perceptual cue faded and the pairs of stimuli became more visually dissim-

ilar, participants needed to transition to a conceptual approach. If the participants were also required to

perform a concurrent working memory task, their performance dropped if they were in the ‘‘conceptual

mode’’, indicating that the ability to make the conceptual-relational assessment relies on working memory.

Similarly, the Raven’s Progressive Matrices, a popular test of fluid intelligence, uses abstract pictorial stim-

uli and is solved using strategies that are also relevant for solving analogies.18 The Raven’s test is designed

such that items progress in difficulty; easy items are presented early in the test (solvable by more than 90%

of participants), whereas challenging items are presented at the end (solvable by fewer than 10% of partic-

ipants19). There is theoretical and empirical support showing that the more difficult items of the Raven’s

Progressive Matrices are more taxing on and require greater involvement of working memory capacities.20

For example, Little and colleagues19 showed an increase in item-wise correlations with measures of work-

ing memory capacity across item difficulty in both behavioral and simulated experiments. Furthermore,

recent research has shown convincing evidence that fluid intelligence is anchored by attentional processes,

with neurophysiological evidence demonstrating links between fluid intelligence and the brain’s multiple-

demand system.21 Due to the near ceiling performance on early items of the Raven’s Progressive Matrices,

not only are the correlations with working memory highest for items near the end of the test but also the

correlations are near zero for the earlier items because, regardless of working memory abilities, most

individuals are able to solve these problems.

Within the comparative literature, there is debate about the ability of animals to perform analogical

reasoning, although there is a breadth of research findings supporting the existence of precursor faculties

necessary for analogical reasoning.22 Analogical reasoning, also known as second-order relational

reasoning due to its requirement for subjects to compare two sets of stimuli to evaluate whether the stimuli

relationships within each set is the same, builds upon the precursor abilities of relatively simpler first-order

same-different discrimination. This refers to the ability to determine if two individual stimuli are the same or

different from one another, and similar to analogical reasoning, was once thought to be an exclusively hu-

man ability. However, mounting evidence of same-different (i.e., first order) discrimination abilities have

accumulated for a variety of species.23 This includes not only species noted for their advanced cognitive

abilities such as non-human primates,24 corvids,25 and parrots26 but also species traditionally viewed as

having ‘‘lower cognitive’’ abilities such as pigeons,27 rats,28 and honeybees.29 However, the capacity of an-

imals to perform higher-order relational reasoning has been more elusive. This has been argued to be in

part due to qualitative differences in the same and different concepts possessed by humans and animals,

in that the human understanding of these ideas has specific linguistic qualities not present in animals.30

Language-trained primates outperform language-naive primates on these types of tasks, suggesting

that having experience with concrete symbolic systems may be important for analogical reasoning.31

Yet, there is some evidence that primates without language training can solve analogical reasoning prob-

lems.32,33 Thus, there appears some precedence in the notion that animals might be capable of analogical
2 iScience 26, 106392, April 21, 2023
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reasoning; however, both these experiments required animals to make comparisons along a single stim-

ulus dimension: size. Questions of whether size represents a unique stimulus dimension for reasoning by

analogy, or whether animals might be able to flexibly reason analogically using a variety of stimulus dimen-

sions, are not answerable using the above experimental paradigm. Therefore, to test for analogical

reasoning abilities without requiring specific token or symbol training, researchers have often employed

the relational matching-to-sample (RMTS) task, as it has no prerequisites for linguistic ability. Commonly,

this task involves presenting subjects with a sample pair of stimuli (although sometimes larger arrays34)

which are the same or different from one another, alongside two choice pairs of stimuli that either match

or mismatch the relationship presented in the sample stimuli. Subjects must decide which choice pair of

stimuli match the sample pair’s relation. Using the RMTS task, researchers have shown analogical reasoning

abilities in chimpanzees (but not rhesus monkeys),35 baboons,34,36 and recently in two avian species:

crows37 and parrots.38

During these latter two studies, avian subjects were presented with a target card that showed two sample

stimuli. These stimuli could be the sameor different according to three categories (size, shape, or color). The

birds needed to select one (of two) comparisonpairs (displayedon separate cards) thatmatched the relation

present in the sample pair. During 75% of the trials, the correct pairing was exactly the same as the sample

pair (Identity trials), whereas on the remaining 25% of trials, neither of the choice pairings matched identi-

cally the samplepair. Instead, the avian subject needed to select thepair that contained the samewithin-pair

relationship as the sample pair (Relational trials). Both crows andparrots were able to spontaneously choose

the correct stimuli during relational trials after having only been trained with identity trials, suggesting that

they were able to use their abstract concept of ‘‘sameness’’ to complete the analogical reasoning task.

It is possible, however, that the birds in those two studies were using simpler mechanisms to solve the pre-

sented analogies, revealing potential problems with many comparative tests of analogical reasoning. For

instance, Vonk39 argued that the spatial configurations of the stimulus pairings on each card were not suf-

ficiently varied to rule out whether the birds’ success could have been due to the application of simpler

perceptual, rather than relational, rules. For example, during a ‘‘color’’ trial in which the bird was presented

with a sample card displaying two stimuli of the same color, the bird could respond using the perceptual

rule of ‘‘one color in sample—choose one color in comparison’’39 (p. R70). Using a perceptual rule would

allow the subject to avoid encoding the individual shapes on the card as two independent stimuli because

the subject could more simply encode the entire card as the singular element with which to make compar-

isons (i.e., the subject could make first-order relational comparisons, rather than the higher-order analogy

the researchers were intending to study). Indeed, entropy cues provided by variability within a stimulus

arrangement have been shown to assist in both first-22 and second-order relational reasoning.40 This has

led some researchers to question the applicability of purely RMTS tasks to the question of whether animals

can reason by analogy.41 Specifically, Pepperberg41 argues for an alternate approach that requires animals

to make simultaneous evaluations of the similarities and differences of stimuli to ensure that no simpler

perceptual mechanisms are governing the animals’ behavior. Still, the question of which species are

capable of performing analogical reasoning remains important. In their seminal paper positing relational

reasoning as the point of cognitive discontinuity between humans and animals, Penn et al.10 provide exam-

ples of experiments that would be capable of demonstrating that animals are capable of performing

analogical reasoning. Our study presents a test analogous to Penn et al.’s proposed Experiment 1, and pro-

vides a comparative test capable of evaluating analogical reasoning ability across animal species in a

manner that requires subjects to attend to individual stimuli and the relationship between them.

We designed the first non-verbal test of analogical reasoning capable of evaluating analogical reasoning in

animals. To assess the suitability and utility of this test, we first evaluated how adult humans, who we know

are capable of reasoning by analogy, perform on this task (see Table 1). Adult participants were presented

with abstract pictorial stimuli, on a computer screen, which varied according to an A:B::C:D relationship. On

any particular trial, the participants were presented with two exemplar stimuli (sequentially) that depicted a

relationship (e.g., white heart and white triangle) followed by a third probe stimulus (e.g, a white plus), and

the participant was required to pick the single stimulus (e.g., a white circle) that completed the analogy (in

this example, a different shape relationship; see Figure 1A) from one or more distractors. Importantly, none

of the stimulus dimensions in the exemplar stimuli relevant to the comparison were present in the probe or

choice stimuli. Thus, the participant could not use any identity information, but could only respond accu-

rately on any given trial by attending to the relational information provided by the exemplar stimuli
iScience 26, 106392, April 21, 2023 3



Figure 1. Experimental stimuli and procedure

(A) Example of the experiment display during First Dimension Training. Text labels, with the exception of the word

‘‘Score’’, have been added for clarity and did not appear during the actual experiment. This is an example of a ‘‘Different

Trial’’ for a participant first trained with the Shape dimension. The circle shape is correct, as it has a different shape than

the probe stimulus. The ‘‘Score’’ represents the running total of the participant’s accumulated accuracy over the

experiment.

(B) Examples of the possible colors, shapes, and patterns of stimuli. There were 8 levels of each stimuli, in addition to one

‘‘neutral’’ level used in earlier training phases (Color: ‘‘White’’; Shape: ‘‘Amorphous’’; Pattern: ‘‘Filled ’’).

ll
OPEN ACCESS

iScience
Article
(Table S1). To evaluate the effect of relational complexity, stimuli at the beginning of the experiment varied

only along a single dimension (shape, color, or pattern) but increased in complexity (i.e., More dimensions

were added that could differ between exemplars. Following the above example, the exemplar stimuli

might be a white heart and a blue triangle). By the final phase of the experiment, the stimuli could vary

along all three dimensions. During these latter trials, during which participants needed to attend to mul-

tiple stimulus dimensions, trials could be defined as more or less complex based on the number of

dimensions which differed between the provided example pair (i.e., A:B), and therefore needed to be

considered in order to select the correct choice stimulus. If complexity influences analogical reasoning abil-

ity, we expected participants to perform less accurately during trials with more dimensions that differed

between the exemplar stimuli. To validate this procedure for comparative studies of analogical reasoning

ability, participants were tested with minimal verbal instruction. They were told ‘‘Please begin. You may use

the mouse to click on the objects.’’ In addition, participants were instructed to respond as accurately as

possible to gain maximum points (see Appendix). Performance on the analogical reasoning task was

compared with performance on the Raven’s Progressive Matrices, a test of fluid intelligence, to examine

the relationship between these cognitive functions for humans.

RESULTS

Humans learn pictorial analogies

Participants were able to learn the task and required an average of 20.2G 0.86 (M G SE) trials to reach the

criterion of 5 consecutive correct trials to advance to transfer testing. When required to transfer their
4 iScience 26, 106392, April 21, 2023



Figure 2. Distribution of the number of correct responses by number of individuals

The dashed vertical line indicates chance, as determined by a binomial response.
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knowledge from one dimension onto a second, novel dimension, participants were able to do so with high

accuracy (Proportion of correct transfer testing trials: 0.82 G 0.02), indicating that they were able to reason

by analogy independent of the stimulus type. However, analysis of individual participants’ performance

showed that the apparent overall high accuracy was due to many participants performing with ceiling-level

accuracy. With eight trials, the chance probability of 0.05 for a binary choice would occur between 6 (p =

0.109) and 7 (p = 0.031) correct trials. Therefore, if we consider only scores of 7 or greater as indicative

of full transfer, then only 104 (of 180) participants successfully transferred to a novel second dimension (Fig-

ure 2). At the group level, there were no significant differences in the proportion of correct transfer trials

based on gender (Female = 0.81 G 0.02, Male = 0.84 G 0.02), F(1,178) = 0.769, p = 0.382; nor the first

dimension learned (Color = 0.81 G 0.03, Shape = 0.84 G 0.03, Pattern = 0.81 G 0.03), F(2,177) = 0.239,

p = 0.787; the interaction of gender and dimension was also not significant F(2,177) = 0.484, p = 0.617.

Throughout the course of the experiment, we observed no differences based on participant gender,

stimulus dimension, or the order of stimuli learned.

When the number of available dimensions increased to two, meaning that now the stimuli could differ ac-

cording to two stimulus dimensions, participants were on average slightly less accurate than with a single

dimension (0.74G 0.02). When a third dimension was introduced, but still only two dimensions could differ

on any particular trial, participants maintained a high level of overall accuracy (M = 0.80G 0.01), and finally,

when all three dimensions could vary freely, participants were still able to complete the task with a high

level of overall accuracy (0.82 G 0.01). Thus, despite minimal verbal instruction, participants were able

to use analogical reasoning to successfully complete all trials, up to at least a maximum of three varying

stimulus dimensions.

Relational complexity reduces analogical reasoning accuracy

The ‘‘difficulty’’ of any given trial could be determined by the complexity of the relationship between the

stimuli from which the participants needed to build their analogy. Within-relationship complexity (WRC)

was defined as the number of dimensions that differed between the exemplar stimuli. When the stimuli

could only differ along a single dimension, there was a significant effect of WRC, F(1,177) = 4.13, p =

0.044 (0 Dimensions Different = 0.85G 0.02, 1 Dimension Different = 0.80G 0.02). Thus, already at this early

stage in testing, participants had greater difficulty on ‘‘different trials’’ than ‘‘same trials’’. In addition, there

was an effect of WRC on reaction time, F(1,178) = 92.0, p < 0.001, with participants responding faster on

trials with 0 dimensions different (M = 1.34G 0.05 s) than trials with 1 dimension different (M = 1.94G 0.08).

When the exemplar pair were composed of two dimensions, and as a result there were three possible levels

of complexity, the significant effect of WRC was even more pronounced (0 Dimensions Different = 0.90 G

0.03, 1 Dimension Different = 0.70G 0.03, 2 Dimensions Different = 0.69G 0.03; F(2,177) = 31.1, p < 0.001).

Reaction time showed a significant effect of WRC, with participants requiring more time to make a decision
iScience 26, 106392, April 21, 2023 5



Figure 3. Proportion of correct trials during the Triple Combination Testing

The proportion correct is based on the number of dimensions differing (i.e., WRC) between the exemplar stimuli. Error

bars show Standard Error of the Mean.
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with additional complexity (0 Dimensions Different = 1.94G 0.15 s; 1 Dimension Different = 3.33G 0.15 s; 2

Dimensions Different = 4.22 G 0.24 s), F(2,177) = 69.9, p < 0.001. Similarly, when the third dimension was

incorporated but the exemplar stimuli still only varied according to two dimensions, there was still a signif-

icant effect ofWRC on accuracy (0 Dimensions Different = 0.94G 0.02, 1 Dimension Different = 0.75G 0.02,

2 Dimensions Different = 0.73 G 0.02), F(2,177) = 77.3, p < 0.001), and reaction time (0 Dimensions

Different = 2.10 G 0.09 s; 1 Dimension Different = 3.83 G 0.15 s; 2 Dimensions Different = 4.84 G

0.22 s), F(2,177) = 187, p < 0.001.

Lastly, when all three dimensions could vary freely, there was again a significant effect of WRC F(3, 176) =

58.3, p < 0.001. However, unlike earlier test phases, accuracy did not decrease linearly with increased rela-

tional complexity (Figure 3). Participants showed the best accuracy when WRC was zero (M = 0.95 G 0.01),

and equivalent accuracy during trials in which the exemplar stimuli had 1 dimension different (M = 0.85 G

0.01) or all 3 dimensions different (M = 0.84 G 0.02), but performed least accurately when 2 dimensions

differed (M = 0.74 G 0.02). Interestingly, analysis of reaction times revealed a linear effect of relational

complexity, F(3,176) = 183, p = <0.001, wherein participants took the longest to respond to trials with

the greatest relational complexity (Ms = 2.69, 4.74, 5.94, 6.23 s for trials with 0-, 1-, 2-, and 3-dimensions

different, respectively).

Analogical performance is correlated with fluid intelligence

Overall, participants were very accurate in responding to the Raven’s Progressive Matrices (M = 0.86 G

0.005). All participants completed all aspects of the experiment within the requisite time frame. However,

closer examination of responses revealed that participants scored near ceiling for Sets A (M = 0.99G 0.002)

and B (M = 0.96 G 0.004), whereas there was much lower accuracy, and more variability, for responses on

Set C (M = 0.626 G 0.015). Indeed, responses on several of these most difficult questions fell to chance

levels (Figure 4). Because comparisons using Sets A and B would have been obfuscated by the observed

ceiling effects, we decided to use only Set C scores for comparisons with performance during the computer

task, as it appeared most diagnostic of problem-solving ability.

There was a significant, albeit weak, correlation between performance on Set C of the Raven’s matrices, and

accuracy during the first transfer test, r = 0.234, p = 0.003. Similarly, there was a significant correlation be-

tween performance on Set C and accuracy during the final, most complex phase of the experiment, wherein

all three stimulus dimensions could differ, r = 0.355, p < 0.001.

DISCUSSION

During the present study, human participants were able to reason by analogy when presented with a non-

verbal task, and variations in the complexity of the presented relationships influenced the difficulty in mak-

ing those analogical assessments. Furthermore, we observed that analogical reasoning ability correlated

with participants’ fluid intelligence. These results validate that our paradigm can be used to test analogical

reasoning without requiring language or real-world knowledge of concepts, making it particularly suitable
6 iScience 26, 106392, April 21, 2023



Figure 4. Proportion of correct responses for individual questions in the Raven’s Progressive Matrices, Sets A

(1–12), B (13–24), and C (25–36)
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for use in cross-cultural, developmental, or species comparisons of analogical reasoning. Our results show

that human participants were able to spontaneously complete analogies using visual stimuli that could vary

with up to three dimensions. We found that accuracy during the analogy task was strongly influenced by the

complexity of the relationships being compared. Accuracy decreased for trials containing relational pairs

which were more complex, in that they were composed of a larger number of different relations within the

pair. This result was not linear, as accuracy during the latter tests with three dimensions was higher for trials

in which all three dimensions differed between the exemplar stimuli, when compared to trials in which only

two dimensions differed. In addition, our results show variability in the success with which participants

identified and completed the analogical rule, resulting in high levels of individual variability. Indeed, per-

formance on the analogical reasoning task was correlated with performance on the Raven’s Progressive

Matrices. Taken together, these results indicate that the complexity of the relationship being analyzed

has a stronger influence on the apparent difficulty of a test of analogical reasoning than does the physical

(perceptual) features, or the familiarity with specific dimensions.

Participants, across all phases of the experiment, performed most accurately when the two sample stimuli

were the same across all relevant dimensions, as these ‘‘same’’ trials simplified the task greatly; the partic-

ipant needed only to select whichever choice stimulus was an exact match of the probe stimulus. There is an

existing body of evidence indicating that complexity influences analogical reasoning ability. One popular

test that has many similarities to the present study is the People Pieces Analogy (PPA) task, which previous

researchers have used to demonstrate the effect of complexity on analogical reasoning ability.42 Partici-

pants in that study were cued to attend to a certain number of stimulus dimensions and the more dimen-

sions to which they needed to attend, the worse their performance. This effect was most pronounced in

middle- and older-aged individuals, leading the authors to suggest that the decline in reasoning perfor-

mance may be explained by a decline in attention and inhibitory functions associated with age.

Unlike the PPA task, however, trials in the present study were not preceded with a description of the rela-

tionship between stimuli, meaning that the participant was required to generate the sample relationship on

their own, before beginning to evaluate candidate choice stimuli. Thus, in addition to the demands of

attentional and inhibitory functions, participants in the present study likely experienced a demand of work-

ing memory processes. This may explain the significant decrease in accuracy as a function of complexity, as

previous research has shown that analogical reasoning requires the use of executive processes in working

memory, and the ability deteriorates if interfered with by a concurrent working memory task.43,44 As the

number of relevant stimulus dimensions increased, the status of each dimension’s relationship between

the sample pair would have to be held in memory during search for the choice stimulus (e.g., SAME color,

DIFFERENT pattern, SAME shape). Indeed, some participants could be heard verbalizing these observa-

tions during the experiment, perhaps as an attempt to deal with increased cognitive load (personal

observation). However, the present study was not designed to disentangle the competing influences of in-

hibition, attention, and working memory, and so future research should explore the relationship of these

processes to analogical reasoning. Similarly, the present study linearly increased the potential for relational
iScience 26, 106392, April 21, 2023 7



Table 1. All levels of within-relationship complexity (WRC) for trials from Triple Combination Testing

Color Shape Pattern

Same Same Same

Same Same Different

Same Different Same

Same Different Different

Different Same Same

Different Same Different

Different Different Same

Different Different Different
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complexity over the course of the experiment (i.e., started with only one stimulus dimension before

advancing to two and finally to three). Whether participants would have responded differently had they

started the experiment with the higher dimensional stimuli is not known. However, we speculate that a

similar same pattern of results would be likely, as participants would still need to contend with the percep-

tual differences afforded by differences in relational complexity, regardless of how many stimulus dimen-

sions are present.

Our finding that relational reasoning ability correlated with performance on themost difficult problems (Set C)

of theRaven’smatrices (RPM)provides further support to the idea that increased relational complexity results in

an increase in cognitive load. Performanceon theRPM isgenerally argued tobe related tofluid intelligenceand

is dependent in part onworkingmemory capacity.Moredifficult questionswithin theRPMcanbecharacterized

by having more abstract rules than less difficult questions, but also by the increased number of incremental

steps involved in solving them.20 Carpenter et al.20 argued that solving the more complex RPM problems

requires breaking down the larger visual problem into smaller subcomponents (what Carpenter refers to as

‘‘tokens’’) which are simpler to process, and incrementally addressing each token. They argued that the

more challenging RPM questions were composed of a higher number of subcomponents that needed to be

systematically processed, in turn, suggesting that the limiting factor in this chain is working memory capacity.

This process of decomposition-processing-recomposition is also necessary to solve our analogical task, partic-

ularly in the later phases of testing where the number of relevant stimuli dimensions increase. Alternatively,

subsequent experiments which controlled for working memory capacity found that RPM performance is not

dependent strictly onworkingmemory capacity, but rather on the ability of the individual to control their atten-

tion andeliminate itemsof distractionand interference.45,46 Althoughwedid not test specificallywhetherwork-

ingmemory capacity or attentional componentsmight have led to greater errors, all of the relevant stimuli (i.e.,

the two exemplars and the probe) for any particular trial were available on the screen when the participant

needed to make a choice. This along with the fact that participants were at most required to keep three items

(shape, color, and pattern) in workingmemory suggests that workingmemory capacity was not likely the main

sourceof errors in thepresent study. Instead, the ability to adequately attend to the relevant stimuli dimensions

was most important in accurate responding, as shown by high overall accuracy, even with greater numbers of

stimulus dimensions. Using a novel set of relationalmatrices, Duncanet al.47 identified attentional control func-

tionsas key in these kindsof testsof fluid intelligence.Whensolvingcomplexproblemscommonly found influid

intelligence tests, participants need to deconstruct the task into simpler components, to which they must

individually attend. Attention, then, plays a key part in performance during the present computer-based

experiment, as the stimuli used in this experiment can similarly be deconstructed into individual (in our case,

dimensional) components.

Multiple different brain regions have been implicated in tests of fluid intelligence and analogical reasoning.

The multiple-demand system, that includes, among other regions, the lateral frontal surface, anterior in-

sula, and dorsomedial frontal cortex, has been found to be involved in tests of cognitive control and fluid

intelligence due to those regions’ importance in attentional control.21 The importance of attention and

abstraction has long led researchers to implicate the prefrontal cortex (PFC) in analogical reasoning abil-

ity.48 Specifically, Holyoak and Kroker48 argued that the PFC evolved to deal with the analysis of ‘‘relation-

ships at increasing levels of complexity’’ (p. 257). These theoretical considerations have subsequently been

validated with experimental observations, as individuals with damage to their prefrontal lobes demon-

strate selective deficits to their relational reasoning ability.49 Subjects with prefrontal lobe damage
8 iScience 26, 106392, April 21, 2023
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exhibited no decrements to episodic memory or semantic knowledge, whereas subjects with intact pre-

frontal cortex (but damage to anterior temporal regions) showed no deficits to their analogical reasoning

ability. This suggests the PFC is essential for the type of relational processing required by analogies. Re-

sults from brain imaging experiments further clarify this, with participants performing analogy problems

under fMRI demonstrating greater activation in the PFC, particularly the left anterior and rostral

PFC.50,51 Children show an ability to perform relational reasoning as young as 4 and 5 years old52 and

the development of their analogical ability is correlated with increased engagement of the left anterior

PFC.53 This has led some researchers to suggest that one major point of discontinuity between human

and animal cognition is related to differences in prefrontal cortices.10 These neurological differences, as

well as differences in language capacity, have long led analogy to be considered capable by only humans,

or language- or token-trained non-human primates.54 However, recent evidence has shown that analogical

problem solving by monkeys (capuchins;33 baboons34,36) is not limited by lexical training nor symbolic rep-

resentation. Similarly, the ability to recognize relational similarity by apes is not dependent on linguistic

training,32 suggesting that analogical reasoning abilities may be more widely distributed across species

than previously thought.

Recent work with avian subjects has broadened the conversation on which species might be capable of

analogical reasoning even further. Birds, although lacking a PFC, possess a corresponding structure—

the nidopallium caudolaterale—that has anatomical and functional similarities to the PFC,55 including gov-

erning tasks requiring executive control and in particular working memory.56 Using a relational matching-

to-sample paradigm, crows37 and parrots38 showed an ability to perform analogical reasoning. Subsequent

commentary, however, has questioned the strength of these initial findings.39,57 Specifically, it is possible

that rather than using the intended relational rules, subjects could have used simpler perceptual or config-

ural cues to appear to be responding relationally.39 Such alternative strategies would not be possible in the

present study, as participants needed to find and select the single stimulus that would complete the

pattern from stimuli that were not physically adjacent to the probe stimulus (as was the case in the study

by Smirnova et al.37). Thus, participants could not use within-pair variability or entropy to respond accu-

rately, and therefore had to use a relational rule. In addition, the relational reasoning task used to test par-

rots and crows was simpler than the one used in the present study, in that it employed a binary choice, and

therefore could not measure the limits of a subject’s analogical reasoning ability; subjects either could or

could not reason analogically. Using this approach does not permit one to determine at which levels of

complexity an individual might be able to perform analogical reasoning, and at which levels they might

not. The present study has the advantage of doing so in that even incorrect responding can elucidate pre-

cisely which cues subjects are using, when not using relational cues. That is, our method allows us to detect

if participants respond on the basis of familiarity (that is, showing biases toward previously learned stimulus

dimensions) or perceptual similarity by examining their incorrect choices and evaluating which (if any) of the

individual dimensions were correct. For example, subjects might show higher accuracy for first stimulus di-

mensions learned, which would indicate limitations in the flexibility of their analogical ability. Alternatively,

they could show higher accuracies for one particular stimulus dimension over another, whichmight indicate

natural perceptual biases, perhaps even on a species level. Overall, however, subjects in the present study

must not simply recognize analogical relationships, as in previous studies, but must construct and com-

plete them independently. This is a more stringent requirement than that used in many previous studies,

but may more unambiguously determine which species are capable of using relational reasoning.

Species within the families Corvidae and Psittacidae remain some of the best candidates for investigating

the ability of animals to understand analogies, given their evidence of complex cognition in a variety of

relevant areas. However, our paradigm can be valuable for evaluating the relational reasoning abilities

of a range of species using a more stringent test, wherein configural strategies cannot lead to accurate re-

sponding (as criticized by Vonk39 for prior tests of analogical reasoning by animals). Future research em-

ploying our procedure could determine whether factors of complexity or familiarity influence the rudiments

of analogical reasoning across a range of species. Because the proposed method relies only on the ability

to interact with a touchscreen monitor, it may be applied not only to the parrots, corvids, and primates pre-

viously studied but also a diverse breadth of other species.

In conclusion, the present study developed and tested a non-verbal task for analyzing analogical

reasoning. The task was designed to allow direct cross-species comparisons on analogical reasoning abil-

ity. Here, we tested and validated the procedure using adult human participants. Participants given
iScience 26, 106392, April 21, 2023 9
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minimal verbal instructions were able to solve the analogical reasoning task. Analogical reasoning ability

was found to be correlated with fluid intelligence, as measured by the Raven’s progressive matrices, and

relational complexity was found to influence analogical ability. Thus, themethods here produce similar pat-

terns of results reported in previous research on human analogical reasoning ability, indicating construct

validity. This provides a benchmark of human performance, against which the performance of animals

may be compared, broadening our understanding of the importance and prevalence of relational

reasoning.

Limitations of the study

The main limitation of the present study is that, although it provides a methodology for comparative

studies of analogy across species, we have only evaluated the procedure with human participants. Modi-

fications to the experimental procedures outlined here might be necessary to conduct the experiment

with non-human animals (e.g., to accommodate species differences in color perception). In addition,

because relational complexity increased linearly over the course of the experiment, we are unable to assess

how participants may have responded if given complex relationships at the onset of the experiment.
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Deposited data

Data from "Relational Complexity Influences

Analogical Reasoning Ability

This paper, deposited in Zenodo https://doi.org/10.5281/zenodo.7212949.

Software and algorithms

SUMO Paint software www.Python.org N/A

Other

Human Participants This paper Study Protocol Number: #HS22741 (University

of Manitoba - Psychology/Sociology Research

Ethics Board)
RESOURCE AVAILABILITY

Lead contact

Further requests for information, data, and code should be directed to the Lead Contact, Debbie M. Kelly

(Debbie.kelly@umanitoba.ca).
Materials availability

This study did not generate new unique reagents.

Data and code availability

d Data: The data for this study are available at: https://doi.org/10.5281/zenodo.7212949.

d Code: Reasonable requests for coding used in this study is available by the corresponding author upon

request.

d All Other Items: Any additional information is available by the corresponding author upon request.

Accession codes are not applicable for this study.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Participants

Participants were undergraduate Psychology students (n = 180, 90 self-identified as female and 90 self-

identified asmale) from the University of Manitoba. Participants ranged in age from 18 to 30 years. Students

volunteered through the online participant system, SONA. Written informed consent was obtained by

all participants. Students were compensated for their time with participation credits towards their final

grade in the PSYC1200 course. All participants were required to have normal or corrected-to-normal

vision. All procedures were carried out under the approval of the University of Manitoba Psychology/

Sociology Research Ethics Board (Protocol Number: HS22741). Informed consent was obtained from all

participants.
METHOD DETAILS

Participants experienced three tasks during the course of the experiment: an analogical reasoning task, a

colour blindness test, and the Raven’s progressive matrices. The analogical reasoning task was conducted

on a desktop computer, with stimuli presented to the participant via a monitor (1920x1080, LG Flatron

W2442PA). The computer program was written in Python 3. During the experiment, the overhead lights

in the room were extinguished and the room was dimly lit by a desk lamp (40 watts) to allow for better

salience of the visual stimuli. During the analogical reasoning task, participants sat with their chin rested

on a chin rest (135cm height, 70cm from screen) to maintain a consistent viewing angle across participants.

Participants interacted with the computer program via a computer mouse, situated on their preferred side.
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Experimental Stimuli

All stimuli in the experiment were designed using SUMO Paint software. The stimuli were all approximately

the same size (surface area ranged between 6200 – 7600 pixels). Stimuli were created to vary along three

dimensions: Colour, Shape, and Pattern. For each dimension we created 8 variations (i.e. 8 different col-

ours, 8 different shapes, and 8 different patterns), resulting in 512 possible unique stimuli. Additionally,

we created a single variation as aNeutral exemplar of each dimension (i.e., Colour: ‘‘White’’; Shape: ‘‘Amor-

phous’’; Pattern: ‘‘Filled’’). These Neutral exemplars were used to generate stimuli which corresponded to a

specific dimension before the participant encountered variability within that dimension (See Figure 1B for a

list of stimuli dimensions).
General procedures

Participants were allotted 65 minutes maximum to complete the entire experimental session: 30 minutes

maximum for the analogical reasoning task, then approximately 5 minutes for the Ishihara colour blindness

test, and a final 30 minutes maximum for the Raven’s 2 Progressive Matrices (Sets A, B, C). Each participant

was assigned to a different group, which determined the sequence in which they would be presented with

the stimulus dimensions during the analogical reasoning task (6 groups: e.g. Colour-Shape-Pattern,

Colour-Pattern-Shape, Pattern-Colour-Shape, Pattern-Shape-Colour, Shape-Colour-Pattern, Shape-

Colour-Pattern). At the beginning of the session, the experimenter met with the participant, explained

the general sequence of events, answered any general questions, and asked them to sign an informed

consent form. The experiment began when the participant was seated in the chair and placed their chin

on the chin rest.
Analogical reasoning task

Once the participant was seated in the chair, they were read a script of instructions (see Appendix 1). The

instructions were designed to provide the minimum required information to the participant to more closely

mirror the methodology of operant experiments with non-human animals and to avoid potentially cueing

the participant that the experiment involved the topic of analogy. Importantly, the participant was in-

structed to respond as accurately as possible to gain maximum points (see below) during the experiment.

The experimenter then initiated the program and sat behind the participant in the same experimental

room, out of sight of the participant.

First Dimension Training

Trials were presented in a consistent format. At the beginning of each trial, two white rectangular presen-

tation frames (10 px line width) on a black background were presented in the upper left-hand corner of the

screen. One stimulus would be presented in either the left or right half (counterbalanced) of the upper

white frame. The stimulus would be neutral along two dimensions and varied along the participant’s

training dimension (e.g. stimuli for participants starting with Shape would be white, with the filled pattern

but be varying along the shape dimension). The participant was required to use the mouse to click on this

stimulus, which triggered a second stimulus to appear in the other half of the upper white frame. This newly

presented stimulus would either be identical to the first stimulus (Same Trial) or would be different along

the training dimension (Different Trial). Together, these first two stimuli composed the sample pair that the

participants would use as the basis for the relational assessment for that trial. Clicking on the second sam-

ple stimulus caused a new stimulus to appear in the lower white frame in either the left or right position

(counterbalanced). This was the probe stimulus, which composed one half of the relationship which the par-

ticipants needed to create. The probe stimulus was never identical to either of the sample stimuli, meaning

that the only relevant characteristics of the sample stimuli that the participant could use was the relation-

ship between the sample stimuli themselves. During the first four trials, clicking the probe stimulus caused

one choice stimulus to appear in the larger area of the screen outside of the presentation frames. The

choice stimulus would be related to the probe stimulus in the same relational manner as existed within

the sample pair (Correct Stimulus; e.g. during a ‘‘Same trial’’, the correct choice stimulus would be the

same as the probe stimulus). During all trials from the fifth trial onward, clicking the probe stimulus caused

two choice stimuli to appear, the correct stimulus as described above, as well as another choice stimulus

(Incorrect Stimulus) which would be incorrect according to the trained dimension (e.g. during a ‘‘Same

trial’’, the incorrect stimulus would be different from the probe stimulus along the training dimension;

see Figure 1). When the participant clicked either of the choice stimuli, the screen went black and a large

message displayed the score the participant received for their choice: ‘‘+5’’ or ‘‘+0’’ for correct and
14 iScience 26, 106392, April 21, 2023
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incorrect choices, respectively, for the duration of a 3 second inter-trial interval. The updated score would

be reflected in the participant’s cumulative total during subsequent trials in the upper right corner of the

screen. If the participant chose the incorrect stimulus, they received a correction procedure in which they

repeated the same trial. Once the participant had completed a minimum of 8 trials, and completed 5

consecutive trials correctly, they would advance to Transfer Testing.

First transfer testing

Eight transfer test trials were conducted to examine whether participants could transfer their learning of the

analogical rule to a novel stimulus dimension. Transfer test trials were conducted in the same manner as

training trials, with the exception that all of the stimuli were now varying along one of the other two dimen-

sions and the trained dimension was neutral along all test trials (e.g. participants trained with Shape as their

first dimension would be tested using either Color or Pattern; counterbalanced). Additionally, transfer test

trials, and all subsequent test trials, were conducted without reinforcement. Once the participant

completed all transfer test trials, they automatically advanced to second dimension training, independent

of their accuracy during testing.

Second dimension training

The second dimension training trials were identical to those from First Dimension Training, but were now

conducted with the new stimulus dimension which the participants encountered during the Transfer

Testing. This training was conducted to ensure that participants were able to discriminate relational

differences along the second dimension. As in training for the first dimension, participants advanced to

the subsequent testing phase when they completed a minimum of 8 trials and completed 5 consecutive

trials correctly.

Dual Dimension Transfer Testing

Eight dual dimension test trials evaluated whether participants could discriminate relationships of

increased complexity. During these trials, all stimuli were constructed using the two stimulus dimensions

encountered thus far. Note that this resulted in novel degrees of relationships that the sample pair could

be related. Specifically, the two stimuli in the sample pair could be Same-Same, Same-Different, Different-

Same, or Different-Different along the First-Second dimension, respectively. This was defined as the within-

relationship complexity, as it was assumed that trials in which stimuli were the same across all dimensions

would be easier to solve than those in which they were different across all dimensions. During combination

testing, participants received two trials in each variation of WRC. Additionally, to account for the increased

number of ways that the stimuli could be defined along 2 dimensions, the number of choice stimuli was

increased to four: One correct along both dimensions, one correct along the first dimension but not the

second, one correct along the second dimension but not the first, and one incorrect along both dimen-

sions. This allowed us to examine whether there were particular dimensions that participants tended to

use when making relational assessments, as well as how relational complexity influenced this ability.

Once the participant completed all Dual Dimension Transfer Testing trials, they automatically advanced

to Dual Dimension Training.

Dual Dimension Training

Dual Dimension training was conducted using the same stimuli dimensions presented in Dual Dimension

testing. Additionally, because there were now four choice stimuli, the feedback of reinforcement that the

participants received was modified from the First Dimension and the Second Dimension training. A fully

correct response still elicited a message of ‘‘+5’’ (points), and a fully incorrect response ‘‘+0’’, but now

choices which were correct along one dimension but incorrect along the other elicited a message of

‘‘+2’’ to indicate to the participant that they were partially correct. Anything other than a fully correct

response resulted in a correction trial. Participants advanced to the subsequent testing phase when they

completed a minimum of 8 trials and completed 5 consecutive trials correctly on their first attempt.

Third dimension transfer testing

This phase of testing allowed us to examine whether participants could transfer to a new stimulus dimen-

sion without increasing the complexity of the stimulus relationship. To control for the potentially confound-

ing influence of complexity that comes from adding a third stimulus dimension, on any given test trial dur-

ing this phase only two of the three stimulus dimensions varied between stimuli and were therefore relevant
iScience 26, 106392, April 21, 2023 15
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in the analogical assessment; the third dimension was randomly selected and held constant across all stim-

uli during the trial (e.g. if the third dimension was shape, all stimuli would share the same shape). This main-

tained the relational complexity the same as during the Dual Dimension testing. Participants again

received 2 trials for each level of WRC, with the addition of counterbalancing for each combination

of two relevant stimulus dimensions (i.e. Colour-Shape, Colour-Pattern, Shape-Pattern), for a total of

24 test trials. Once the participant completed all test trials, they automatically advanced to training that

incorporated the third dimension.

Third dimension transfer training

Training with the third dimension was conducted identically to previous training phases, with the stimuli as

in Third Dimension Testing.Which two of the three stimulus dimensions were relevant for any particular trial

was determined randomly. Participants advanced to the final testing phase when they completed a

minimum of 8 trials and completed 5 consecutive trials correctly.

Triple combination testing

This final phase of testing allowed us to examine whether participants could make analogical assessments

with an increased level of relational complexity. During this phase of testing, all three stimulus dimensions

could vary, and were all relevant for responding correctly on each trial. With three free-to-vary dimensions,

8 different variations of WRC were possible based on how many (and which) dimensions were the same or

different within the exemplar relationship (Table 1). Participants received 3 trials for each of the 8 variations

of WRC, for a total of 24 test trials. During any particular trial, there were still four choice stimuli available:

one that was correct along all three dimensions, one that was correct along two dimensions but incorrect

along the third, one correct along one dimension but incorrect along the other two, and one that was incor-

rect along all three dimensions. The frequency with which particular stimulus dimensions (i.e. colour, shape,

pattern) were correct/incorrect was counterbalanced across trials. Once the participant completed all test

trials, a completion message was displayed on the screen, the analogical reasoning task was ended, and

the participants proceeded to complete the Ishihara test.

Ishihara colour-blindness test

The Ishihara colour-blindness test was conducted on the same computer screen as the analogical

reasoning task. The Ishihara test is used to test for deficiencies in colour-vision ability. The participant

kept their chin on the chinrest, and was presented with 15 slides of numbers composed of small dots of

varying colours. Participants were asked to respond quickly (within 3 seconds) with what number they

saw on the slide. Aminimum score of 13/15 correct was required to show sufficient colour vision for a partic-

ipant to have their data included in the results. The Ishihara test was administered after the computer task

so as not to cue the participants to the idea that colours might be relevant for that task. Following the Ishi-

hara test, participants completed the final component of the experiment, the Raven’s 2 progressive

matrices.

Raven’s 2 progressive matrices

The Raven’s 2 Progressive Matrices (henceforth referred to as Raven’s 2) is a standardized, non-verbal test

of ‘‘deductive’’ reasoning and fluid intelligence. The test consists of multiple-choice items, wherein each

item presents an abstract pattern composed of a matrix of cells. All cells, except for one, contain a segment

of the pattern. The participant is required to identify the missing segment from the choice items that would

best complement the pattern. We chose to administer the Raven’s 2, in paper format, as a measure of

external validation of our computer task, as it is the most popular test of general intelligence and fluid in-

telligence (Gignac, 2015), involving elements of visual problem solving and working memory (Carpenter,

Just, & Shell, 1990). Thus, we expected that performance during the computer task would be correlated

with performance on the Raven’s 2. Problem sets in the Raven’s 2 steadily increase in complexity, so we

asked participants to complete sets A, B, and C. Each set is composed of 12 items. Participants were al-

lowed a maximum of 30 minutes to complete the three sets of problems. Once participants finished,

they were debriefed on the true purpose of the computer task as a test of analogical reasoning.

QUANTIFICATION AND STATISTICAL ANALYSIS

For First Dimension training, we conducted an ANOVA on the number of trials required to reach criterion,

with Gender and First Dimension Learned as between-subjects factors, to see if either gender, or the
16 iScience 26, 106392, April 21, 2023
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physical properties of certain stimulus dimensions allowed for easier relational assessments. For each

testing phase, we measured the proportion of correct responses. Due to the multi-dimensional nature

of the stimuli, ‘‘correct’’ could be identified in two ways: (1) Overall Correct – meaning the stimulus selected

was the single correct stimulus available, and (2) Dimensionally Correct – meaning the stimulus selected

was correct along a particular stimulus dimension (e.g. colour), but not necessarily correct along the other

available dimensions. We conducted ANOVAs based on the proportion of overall correct responses at

each test level (i.e., overall accuracy), gender and dimension order as within-subjects factors. Similar

ANOVAs were conducted on the proportion of dimensionally correct responses (i.e., dimensional accu-

racy). Additionally, we examined whether WRC would explain differences in performance. We predicted

that as WRC increased, as defined by a greater proportion of ‘‘Different’’ relationships between the sample

pair, overall accuracy would decrease. ANOVAs were conducted on the number of relations that differed

(i.e., 0, 1, 2, or 3). Additionally, ANOVAs on the reaction time of participants was conducted, to examine

whether participants required more time to respond during the more difficult trials. Reaction time was

defined as the time between when the participant was shown all of the available choice stimuli and

when they clicked on an individual stimulus to make a choice. Pearson’s correlations were conducted be-

tween overall accuracy during each testing phase, and performance on Set C of the Raven’s matrices, to

evaluate whether success on one task was related to another.
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