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Abstract

How do systems of measurement influence our conceptualiza-
tion of relative magnitudes? This study investigates the cogni-
tive interplay between measurement precision and magnitude
categorization. By employing morphed shapes organized by
an arbitrary dimension, we examine whether exposure to high-
vs low-precision numerical systems affects conceptual judg-
ments and well-known phenomena such as semantic distance
and semantic congruity effects as found for familiar dimen-
sions. Participants trained on novel scales revealed differences
in their sensitivity that depended on the precision of the trained
measurement system, consistent with high-precision systems
leading to relatively expanded dimensional encodings com-
pared to low-precision systems. Our findings also shed light on
other topics such as the interplay of perception and language in
learning novel dimensions and the association of directionality
with a mental number line.

Keywords: magnitude; relative adjectives; measurement; nu-
merical cognition; perception

Introduction

How do different systems of measurement, such as inches
versus centimeters, pounds versus kilograms, or Fahrenheit
versus Celsius, influence how we perceive and conceptual-
ize relative magnitudes like height, weight, and temperature?
These systems differ in precision, linear relationships, and
reference points and are typically acquired after the concepts
are introduced. For example, children learn words/concepts
like fall and short by age three, yet their ability to associate
these adjectives with numerical scales such as “5 meters” or
“10 feet” develops much later (Tiemann, Hohaus, & Beck,
2012). This delayed mapping raises a key question: how do
numerical systems affect conceptual understanding of magni-
tudes like tall versus short or hot versus cold?

Although much research has explored magnitude percep-
tion (Cech & Shoben, 1985; Leibovich & Henik, 2013) and
numerical cognition, such as counting and symbolic number
processing (Gallistel & Gelman, 1992; Ansari et al., 2003;
Le Corre & Carey, 2007), little attention has been given to
the relationship between them. Concepts like fall are loosely
defined, with judgments becoming more variable as objects
approach the contextual standards (Tribushinina, 2011).

For familiar dimensions, studies have already shown that
people discriminate concepts or objects more easily when

they differ greatly, a phenomenon known as the semantic dis-
tance effect (Banks, Clark, & Lucy, 1975; Cech & Shoben,
1985; Cantlon & Brannon, 2005). Similarly, the semantic
congruity effect reveals that decisions are quicker when the
cue for comparison aligns with the magnitude of the stimuli
(Ryalls & Smith, 2000; Cantlon & Brannon, 2005). For ex-
ample, when given small collections of dots, people respond
faster to "choose smaller” than to ’choose bigger.”

While these effects are well-established for familiar di-
mensions, it remains unclear whether they extend to arbitrary
dimensions. If linguistic labels can be applied to arbitrary
dimensions and still exhibit semantic distance and seman-
tic congruity effects, this suggests that the mapping between
perception and language is more flexible than previously as-
sumed. Building on this, our findings show that arbitrary di-
mensions not only support conventional semantic effects af-
ter training, but are also sensitive to learning precision: when
symbolic measures were less precise, these effects were no-
tably reduced. This study thus addresses the generality and
fluidity of cognitive mechanisms underlying magnitude rep-
resentation.

Contribution

This paper contributes to the broader literature on categoriza-
tion and concept/manifold learning (Goldstone & Steyvers,
2001; Rogers, Kalish, Harrison, Zhu, & Gibson, 2010).
Building in particular on Rogers et al. (2010)’s claim that ar-
bitrary dimensions and manifolds are learnable but challeng-
ing, our study investigates whether arbitrary dimensions —
constructed by morphing between shapes — can be learned in
a similar way to familiar dimensions like height and weight.
Specifically, it explores the following questions:

» Can people acquire an arbitrary dimension with the guid-
ance of symbolic labels, such as novel adjectives and nu-
meric measures?

* Do people internalize the newly introduced dimension sim-
ilar to how they internalize familiar dimensions? In other
words, can the semantic distance and/or congruity effects
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still be observed after the acquisition of an unfamiliar di-
mension?

* Does measure precision impact categorization along the di-
mension?

Additionally, this work contributes to linguistic theories on
adjective pairs. For adjective pairs like “tall” and “short,”
only the ‘positive’ member “tall” naturally accept direct mea-
surements (e.g., “5 feet tall” versus the unnatural “5 feet
short”). This validates the ‘positive’ member “tall” as un-
marked and ‘negative’ member “short” as marked in direct
measurement contexts, and such an asymmetry is called a
markedness effect (Beck, Oda, & Sugisaki, 2009). To fore-
shadow our study, our results shows that directional asym-
metry (e.g., “tall” vs. “short”) emerges even from learning a
novel label pair.

More broadly, our findings support and extend the pro-
posal by Goldstone and Steyvers (2001) that training can
lead to the formation of new psychological dimensions be-
yond the reweighting of existing ones. We demonstrate that
arbitrary dimensions can come to support conventional se-
mantic phenomena, including semantic distance and semantic
congruity effects, and may be conceptualized in a number-
line-like manner after training. Furthermore, our results re-
veal that precision of learning matters: when symbolic mea-
sures were presented with low precision, such semantic ef-
fects were attenuated.

Methodology

Subjects

A total of 108 students from the course PSY-P 101: Intro-
ductory Psychology at Indiana University Bloomington were
recruited via Psychological and Brain Sciences (PBS) Experi-
ment Management System (SONA). All were native speakers
of English with no history of vision, speech, or hearing dis-
order. Out of the total participants, only those who had an
accuracy of 65% or higher in the differentiation testing block
were considered for analysis.

Stimuli

20 stimuli from a morph sequence representing a novel scale
were generated for participants to learn. The two ends of the
scale are labeled with a pair of nonce words (for instance,
one end is labeled as most “frimble”, the other as most “orpi-
tal”). “Orpital” and “frimble” are always put in opposition —
the more “orpital” something is, the less “frimble” it is. The
assignment of specific labels was randomized across partici-
pants.

The stimuli were created as morph sequences within a two-
dimensional morph space using Bezier curves. One dimen-
sion determined the target concept pair (e.g., “orpital” versus
“frimble”’), with distortions globally controlled by a percent-
age parameter ranging from O to 1 in even increments of 0.05.
The second dimension introduced noise to simulate natural
variability in categorization tasks, encouraging participants

to focus on the primary target continuum. Noise values were
randomly sampled within defined ranges during both train-
ing and testing. Figure 1 illustrates the stimulus continuum
without the application of noise.
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Figure 1: The space of morphed stimuli. Participants during
training are only exposed to the figures in the inner square.

The experiment was broken down into blocks, and each
block contained pairs of stimuli generated with parametric
distances between pairs carefully controlled. The controlled
distances between the pairs vary by block type (Learning and
Testing), as described later. In all learning blocks, the con-
trolled distances between the pairs ranged between 0.25 and
0.45, whereas they ranged between 0.10 and 0.90 in all testing
blocks. A wider range of distances was applied to the testing
stimuli in order to assess participants’ ability to extrapolate
their training to new values along the trained dimension. Fi-
nally, both the stimulus generation and presentation programs
were written in JavaScript with the jsPsych library.

Experiment design and conditions

The experiment was designed to include two comparison
groups, termed the High Precision group and the Low-
Precision group. Participants in both groups were intro-
duced to a novel pair of labels in a label familiarization block
(Learning Block I). They were then trained on degree mea-
surements using a numerical scale in a degree-learning block
(Learning Block II), where subjects were divided into a High-
Precision group and a Low-Precision group via random as-
signment. The 0.25-0.45 range of distances between stimuli
was divided into 4 vs. 2 categories in the High- versus Low-
Precision conditions, respectively.

These conditions were designed to test the effect of preci-
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sion on the learning and generalization of the morph contin-
uum, as well as the use of linguistic labels.

Experiment procedure

The experiment consisted of two learning blocks and three
testing blocks.

Learning blocks Learning blocks consisted of 1) the Label
Familiarization Block (15 passive learning trials and 35 active
learning trials) and 2) the Degree-Learning Block (15 passive
learning trials and 45 active learning trials).

* the Label Familiarization Block (Learning Block I) ac-
quainted participants with the novel labels “orpital” and
“frimble.” On passive trials, pairs of stimuli were shown
with a description (e.g., “Compared to the left one, the
right one is more orpital”). On active trials, participants
were asked to decide if the right stimulus was more “orpi-
tal” or “frimble,” receiving feedback (“correct” vs “incor-
rect”) and only proceeding to the next trial upon a correct
answer.

¢ the Degree-Learning Block (Learning Block II) trained
participants on degree measurements using a numerical
scale from 1 to 4. On passive trials, participants were in-
formed of the distance between stimuli pairs (e.g., “Com-
pared to the left one, the right one is 3 degrees more
orpital”), varying by condition (high-precision vs. low-
precision). On active trials, participants were asked to
specify the distance between stimuli pairs, proceeding only
upon a correct answer.

Testing blocks There were three testing blocks: Pretest (be-
fore Learning Block I), Post label-familiarization test (be-
tween Learning Block I and II), and Post-degree test (after
Learning Block II). There were three types of trials in these
testing blocks:

* XAB: Participants were presented with three items and
asked to identify which of the latter two items (A or B)
was identical or more similar to the first item (X).

 Differentiation: Participants were asked to decide if one
item from a pair was more A-like or more B-like, deciding
which item exhibited a higher degree of a specific charac-
teristic (A-er or B-er).

* Comparison: Participants were asked to judge whether an
item compared to the one next to it was more A-like, more
B-like, equally A-like or equally B-like, thus evaluating the
degree to which items exhibit characteristics A or B, as in
figure 2.

The pretest included 16 XAB trials, while the other two
testing blocks included all three types of tasks (16 XAB, 40
differentiation, and 30 comparison trials). Identical stimuli
were presented across all tests but in a randomized order.

Compared to the left one, the right one is...

1: more frimble. 2: more orpital. 3: equally frimble. 4: equally orpital.

Figure 2: A sample trial from the Comparison task

Results

Out of the 108 total participants, 67 were included in the anal-
ysis based on a criterion of test trial accuracy exceeding 65%.
35 participants were in the high precision condition, and 32
participants in the low precision condition.

Accuracy and Extrapolation

Participants demonstrated effective learning, maintaining
solid accuracy even when tested on entirely new dimension
values beyond their training experience. During training, they
only encountered stimuli with distortions from 0.1 to 1.0,
noise values from —0.16 to 0.16, and stimulus pairs with dis-
tances along the target dimension ranging from 0.25 to 0.45,
with the noise dimension differing by at most 0.16. How-
ever, during testing, they successfully generalized to a much
broader range: stimuli spanned the entire continuum from 0
to 1, noise extended from —0.26 to 0.26, target-dimension
distances ranged from 0.1 to 0.9, and noise-dimension dis-
tances increased to 0.26.

Remarkably, participants demonstrated robust generaliza-
tion across all dimensions, with performance remaining high,
especially for larger distances (> 0.45). Even for smaller dis-
tances (< 0.25), accuracy stayed above chance, indicating ef-
fective learning beyond trained conditions. As shown in Fig.
3 (top row), participants successfully extended their knowl-
edge to a broader stimulus and noise range. This ability to
extrapolate beyond the training conditions highlights the ro-
bustness of their learned dimension.

Precision and Semantic Distance Effect

A semantic distance effect was observed across Differenti-
ation, and Comparison trials (see fig 3). On Differentia-
tion trials, accuracy significantly increased with greater dis-
tance (p = 0.000, p < 0.05, Pseudo-R? = 0.1438; correct ~
distance), while reaction time decreased, as indicated by
an Ordinary Least Squares (OLS) regression (p = 0.000, p <
0.05, R? = 0.003; RT ~ di stance). Similarly, in Comparison
trials, participants were significantly less likely to judge stim-
ulus pairs as equal with increasing distance (p = 0.000, p <
0.05, Pseudo-R? = 0.098; sensitivity ~ distance).
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Measure  Predictor u (Posterior) 95% CI P(B>0)  p-value
Accurac distance 4.329 [3.867,4.843] > 0.99 0.000
Y distance x precision group —1.410 [—2.338,—0.509] <0.01 0.003
. distance 12.814 [11.462,14.205] < 0.00 0.000
Sensitivity , o
distance X precision group —1.723 [—3.769,0.032] >0.97 0.000

Table 1: Comparison of Bayesian and Frequentist Results for Accuracy and Sensitivity

Interestingly, a by-group difference in the semantic dis-
tance effect emerges for both differentiation and Compar-
ison trials (see fig 3). Specifically, the group exposed
to low-precision degree comparisons shows a diminished
semantic distance effect compared to the high-precision
group. For differentiation trials, the low-precision group
demonstrates lower accuracy as the distance increases, com-
pared to the high-precision group (p = 0.025,p < 0.05,
Pseudo-R”> = 0.1462; frequentist logit model: correct ~
distance X precision group X task), with the effect ob-
served more clearly on post-training trials(p = 0.003,p <
0.01), Pseudo-R*> = 0.1383; logit model: correct ~
distance X precision group).

To further validate these findings, a Bayesian logistic re-
gression was employed to compute posterior estimates and
credible intervals for the interaction between distance and
precision group. For differentiation trials, the Bayesian
model indicates that the posterior mean of the interaction term
(distance X precision group) demonstrates a substantial
effect (95% credible interval: [-2.338, -0.509]), with the
probability of the coefficient being less than zero (P( > 0))
exceeding 95% (see table 1).

On the Comparison trials, the results indicate that the
low-precision group is significantly more likely than the
high-precision group to respond ‘equally frimble/orpital’ for
stimuli pairs with larger distances. (p < 0.001, Pseudo-
R?> = 0.1013; logit model: sensitivity ~ distance x
precision group). Bayesian analysis further supports this
finding, with the posterior estimate for the interaction term
(Bpp = 1.723) showing a credible interval [—0.032,3.769].
Although the interval includes zero, it trends positive, pro-
viding moderate evidence for an effect of precision group on
distance sensitivity (see table 1).

Precision and Semantic Congruity

Semantic congruity effect was also observed across Differ-
entiation trials. According to a semantic congruity effect, if
the tested shapes are closer to the “orpital” than “frimble”
end of the continuum, then responses to “orpital” (congruent)
questions should be more accurate than “frimble” questions
(incongruent), and vice versa for “frimble” questions.

For response accuracy, a significant semantic congruity ef-
fect was reported with paired-samples z-test (z-statistic = -
2.9389, p-value = 0.00 < 0.05) with mean accuracy for con-
gruent trials at 0.6429 (SD = 0.1033) and for incongruent tri-
als at 0.5777 (SD = 0.1171). However, no significant effect
was found for reaction time.

High Precision Group Low Precision Group

— Pre-Degree
Post-Degree

Accuracy

o1 02 03 o4 [ 06 o7 o8 o1 02 03 04 [ 3 07 o8
Distance Distance

High Precision Group Low Precision Group

— Pre-Degree
Post-Degree Post-Degree

— Pre-Degree

Sensitivity
Sensitivity

0000 0025 0050 0075 0100 0125 0150 0175 0200 0000 0025 0050 0075 0100 0125 0150 0175 0200
Distance Distance

Figure 3: Comparison of semantic distance effects between
high precision versus low precision groups. Top row: seman-
tic distance effect on Differentiation trials. Bottom row: se-
mantic distance effect on Comparison trials.

Figure 4: The congruity effect in differentiation trials

This congruity effect slightly reduced after degree train-
ing for both groups — both improved their performance on
incongruent cases while showing worse performance on con-
gruent cases. This effect was more pronounced in the low-
precision group, though no significant between-group differ-
ences were observed (see fig 4). However, this result should
be interpreted with caution, as the pseudo-R? for the model
was negative, indicating weak explanatory power, and the in-
teraction term in the logistic regression model (accuracy ~
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congruity X training) was not significant.

Inherent directionality

Finally, after the Label Familiarization block, greater accu-
racy was consistently observed in both differentiation trials,
post-label and post-measure trainings. for the stimuli which
were displayed on the right side of the screen (position vector
> .5) than the ones on the left (position vector < 0.5) (See fig
5).

Incongruit accuracy by stimuli position

08 N \

T W

Mean Accuracy

mm post-label
0.0 = post-measure

stimuli < 0.5 stimuli > 0.5
Incongruity Condition

Figure 5: The directionality effect in incongruity trials

Using the logit regression model (correct ~
incongruity condition) with the 2-level incongruity
condition (one if stimuli position < .5, one if > .5), this
directionality effect seems to be significant (pseudo-R> =
0.0161, p-value = 0.000, coefficient = 0.6135).

Discussion

This study investigated whether arbitrary or otherwise un-
familiar dimensions are indeed learnable, and how such
an acquisition influences people’s conceptualization and/or
perception of dimensions. By introducing high- and low-
precision numerical scales in a novel morph space task, we
explored the interplay between measurement precision, mag-
nitude categorization, and linguistic concepts. The findings
highlight the general interplay and alignment between per-
ception and language, while offering other notable insights
on how measurement precision impacts categorization and
the relationship between dimension magnitude and the men-
tal number line.

Alignment between Perception and Language

Humans readily organize familiar dimensions, such as height
and width, in terms of spatialized magnitude but often strug-
gle to learn arbitrary manifold structures. However, research
suggests that they can acquire these structures when condi-
tions strongly favor their formation (Rogers et al., 2010). In
this study, participants, when strongly prompted to engage
with arbitrary dimensions and novel categories, demonstrated
significant generalization across novel contexts. This sug-
gests that humans are highly adaptable and capable of learn-
ing complex dimensions beyond their prior experience. Our

findings further demonstrate that learning abstract shapes and
unfamiliar dimensions is achievable with the support of lin-
guistic labels and measurement systems, highlighting a flexi-
ble relationship between perception and language.

Acquired Equivalence

Our results align with the acquired equivalence literature
(Folstein, Palmeri, & Gauthier, 2014), demonstrating how
category learning influences representational sensitivity. Us-
ing pre-degree learning as a baseline, we found that the low-
precision group exhibited a reduced semantic distance ef-
fect after training, while the high-precision group showed a
slightly greater (though non-significant) distance effect after
training. Similarly, for semantic congruity, the low-precision
group exhibited a smaller congruity effect compared to the
high-precision group. Both groups demonstrated signs of ac-
quired equivalence within categories, likely due to receiving
fewer numerical categories (i.e., degree values) during learn-
ing, which may have led them to treat more stimuli as equiv-
alent or similar.

This pattern mirrors an expansion-based mechanism: high-
precision training effectively stretches the relevant dimen-
sion, enhancing sensitivity to differences. As in plasticity
effects observed in the somatosensory cortex (Kaas, 1991),
where neural representations expand with increased sensory
discrimination demands, high-precision training appears to
expand the conceptual space for magnitude comparisons,
making differences more distinguishable. Conversely, the
low-precision group, showing less expansion and even com-
pression, showed reduced sensitivity in categorization, lead-
ing to a weaker distance effect and reduced semantic con-
gruity effect. These findings suggest that the scale of learned
distinctions influences perceptual resolution, shaping the way
novel dimensions are processed and categorized.

Mental Number Line

Finally, our results revealed that accuracy was higher for
stimuli corresponding to the right-hand key response (i.e., ‘p’
for stimuli with greater vector positions and ‘q’ for smaller
positions), suggesting a directional sensitivity aligned with
the mental number line (Fias & Bonato, 2018). This bias is
consistent with SNARC-like effects (Wood, Willmes, Nuerk,
Fischer, et al., 2008), where numerical or magnitude-related
judgments tend to be spatially mapped, reinforcing the idea
that novel dimensions, just like familiar ones, are mentally
structured along a left-to-right continuum.

Moreover, participants consistently learned “orpital” and
“frimble” as direct opposites, such that the more “orpital”
something was, the less “frimble” it was. This opposition
suggests that participants treated these novel adjectives as po-
lar ends of a single underlying magnitude dimension, much
like “tall” and “short” in linguistic markedness. The fact that
“orpital” (or “frimble,” depending on condition) was con-
sistently associated with the right side of the keyboard fur-
ther supports the idea that learned dimensions adopt a spa-
tial structure, mirroring established cognitive frameworks for
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representing magnitude.

This finding provides further evidence that humans au-
tomatically map newly acquired dimensions onto a mental
number line, reinforcing the idea that perception, language,
and magnitude cognition are deeply interconnected.

Conclusion and Future Directions

Our study demonstrates that an entirely arbitrary dimension
can be learned and categorized using novel adjective labels.
Crucially, this categorization exhibits key properties of fa-
miliar dimensions, such as the semantic distance and seman-
tic congruity effects, indicating that newly acquired dimen-
sions integrate into existing cognitive structures. Further-
more, we show that measurement precision plays a critical
role in shaping the acquired dimension. Participants trained
with fewer numerical categories (low-precision degrees) ex-
hibited reduced stimulus discrimination, as reflected by their
weaker semantic distance and congruity effects.

Additionally, our findings suggest that participants may be
mapping the arbitrary dimension onto a mental number line,
pointing to a more general and flexible mechanism under-
lying magnitude and adjective acquisition. This aligns with
prior research on the spatial representation of magnitude and
extends it to arbirary dimensions, highlighting a deep-rooted
cognitive bias toward structuring information along a contin-
uum.

Future studies should explore how these effects manifest
in different learning conditions. One promising avenue is to
include a control condition without linguistic labels to ex-
amine whether explicit labels are necessary for structuring
the arbitrary dimension. Additionally, alternative tasks, such
as forced-choice comparisons (“Which of these two objects
is more?”), relative estimation (“How many more is X than
Y ?”), or absolute estimation (“How many is X?”), could pro-
vide deeper insights into how individuals encode and map
novel dimensions.
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