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Introduction

Number comprehension is critical for being a successful member of society. Recently,
Sixtus et al. (2023) proposed a sensorimotor grounding perspective in which number
comprehension emerges from the independently grounded concepts of magnitude,
ordinality, and cardinality. This perspective integrates the empirical state-of-the-art with
core elements from classical theories such as the Triple Code Model and ATOM, rendering
an integrative breakthrough in numerical cognition.

A key feature of the perspective by Sixtus et al. (2023) holds that ‘mental lines’ underlie
ordinality but not magnitude comprehension. This potentially oversimplifies magnitude
comprehension. Although we agree that ATOM’s original notion of a dedicated mental
number line in long-term memory (Walsh, 2003) is not tenable, we argue that an updated
notion of ‘mental lines’ may still be. Specifically, we propose that both ordinality and
magnitude meaning are contextually constructed in the moment through referential coding
within a spatially scaffolded, low-dimensional ranking-space that is itself grounded in
sensorimotor experiences. Thus, unless it suffices to merely label an isolated magnitude
instance at the cardinal level via counting or estimation (tagging a number-word or Arabic
number to it), making sense of a magnitude instance often requires relative magnitude to be
determined by placing it in a ranking-space with a contextually appropriate reference point.

Below we first outline the proposed ranking-space through ordinality studies (i.e.,
explicitly task-relevant ranking), detailing the differences with the conceptual grounding
of ordinality proposed by Sixtus et al. (2023). Next, as our core argument against the
proposal by Sixtus et al. (2023), we defend an intrinsic involvement of the ranking-space
in magnitude comprehension.

Constructing ordinal meaning

Working with arbitrary (and formally non-spatial) item sequences robustly interacts
with (external) spatial processing. Specifically, earlier items in a sequence systematically
trigger a relative leftward bias as compared to later items (e.g., Previtali et al., 2010; Van Dijck
et al, 2013; Hartmann et al., 2021; Sahan et al., 2021). As such, it is assumed that ordinal
context is maintained by spontaneously mapping items onto a mental line in a configuration
that reflects the order of items (Abrahamse et al., 2014, 2017; Sixtus et al., 2023).

Here we conceive of the mental line as a low-dimensional ranking-space that serves
mental coordination for goal-directed cognition and behavior, linked to more general
literatures on working memory (Oberauer and Hein, 2012; Abrahamse et al., 2017) and
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conceptual knowledge organization (cf. unidimensional image
space; Bottini and Doeller, 2020). The ranking-space is goal-
directed due to its flexibility in capturing relevant (hierarchical)
relations and its attentional exploitation, as suggested by work on
ordinal relations. First, items can be flexibly mapped onto positions
of the ranking-space, enabling it to deal with arbitrary or new
sequences (e.g., numbers in non-canonical order; Abrahamse et al.,
2017). Second, the ranking-space allows to map multiple relevant
items — within its capacity limits (e.g., Kreitz et al., 2015; Guida
et al,, 2017; cf. working memory capacity). The available space can
be calibrated to sets of at least 3-5 relevant items (e.g., Van Dijck
and Fias, 2011; Van Dijck et al., 2013, 2020). By flexibly calibrating
its ‘space’ to the relevant item set, contextually meaningful and
stable reference points can be established - such as (the item
mapped onto) the starting, mid, or endpoint of the ranking-space.
These stable reference points enable the maintenance of ordinality
via spatial referential coding: The serial position of each item is
reflected in its position in the ranking-space relative to a specific
reference point. Finally, internal spatial attention operates across
the ranking-space to select a specific item for focused use. Critically,
the latter attentional selection underlies the active construction
of grounded ordinal meaning during both encoding and retrieval,
as the focused item’s position in the ranking-space generates a
spatial code relative to the reference point — and this spatial code
grounds the ordinal meaning (and can interact with processing in
external space; Abrahamse et al., 2016, 2017).

The notion that ordinal meaning is grounded by relative
position in ranking-space, deviates from the proposal by Sixtus
et al. (2023). Whereas they argue for meaning to derive from
‘ordinality concepts’ in long-term memory, we propose meaning
to be actively constructed in the moment. As such, in contrast
to Sixtus et al. (2023), we argue that sensorimotor experiences
are not grounding conceptual knowledge per se, but rather the
spatially defined and attentionally exploited scaffolds that afford the
construction of meaning.

Specifically, the multi-item ranking-space develops over a
mosaic of sensorimotor experiences — potentially starting off
from an innate ability to make spatially supported, direct
comparisons between two events (e.g., comparison between two
current inputs, or between an input and an adapted reference;
e.g., De Hevia et al., 2017). For example, multi-item ordinality
increases in relevance when a child learns to count, requiring it
to functionally organize more than two items and their specific
relations. Here, finger counting allows for cognitive offloading by
mapping items (e.g., numbers) onto an external, spatially defined
‘coordination’ system (i.e., fingers) that is exploited by external
spatial attention. This triggers a hippocampal-parietal network
involved in externally oriented spatial processing (cf. Bottini and
Doeller, 2020). Over practice, these externally directed procedures
are gradually internalized into mental equivalents (i.e., ‘cognitive
uploading’) that remain supported by the (partially) repurposed
hippocampal-parietal network: A mental line serves as an internal
coordination system that is operated by internal spatial attention
(Abrahamse et al., 2017).

1 An ability potentially shared with animals (Rugani et al., 2015).
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In support of such sensorimotor-driven development, (a) the
maintenance and/or retrieval of ordinal information involves
the hippocampal-parietal network (Cristoforetti et al., 2022),
(b) shifting internal attention across ranking-space induces
electrophysiological signatures similar to those obtained from
attention shifting in external space (Rasoulzadeh et al, 2021),
and (c) the shaping of ranking-space may be functionally affected
by early blindness (but see Crollen et al, 2013; Bottini et al,
2016). Finally, once repurposed via sensorimotor experiences
such as finger counting, the sensorimotor machinery continues
to be shaped by sensorimotor experiences, with ordinal coding
increasingly following the dominant reading direction across age
(Guida et al, 2018; Van Dijck et al, 2020). Even transient
sensorimotor experiences can affect ordinal processing (Guida
etal., 2020), serving its goal-directedness.

The development of a dedicated ranking-space may correspond
to a gradual transformation of the intraparietal sulcus (IPS).
Sensory and motor codes meet in IPS (Sato et al, 2016),
including spatial and sensory-magnitude information. Based on
ongoing sensorimotor experiences, the IPS may gradually be
trained (e.g., through hippocampal and/or prefrontal interactions)
into a supramodal, low-dimensional ranking-space that affords
goal-directed coding of multiple items and their hierarchical
relations. Hence, reminiscent of the role of IPS in spatial
cognition for computing object-centered part relations (Ayzenberg
and Behrmann, 2022), the IPS involves goal-centered coding of
temporarily relevant rankings.

Below, we argue that the IPS-centered ranking-space also
underlies the construction of context-specific — and thus relative —
magnitude sense. Indeed, this fits findings that the IPS (i) is critical
for both ordinal and magnitude information (Fias et al., 2007), (ii)
codes for both absolute and relative magnitude or number (Jacob
and Nieder, 2009; Mock et al., 2018; Bhatia et al., 2022), and (iii) is
modulated by task-relevance in its numerosity-selective responses
(Castaldi et al., 2019; Cai et al., 2022).

Constructing (relative) magnitude
meaning

According to Sixtus et al. (2023), “instances of magnitudes
can be mentally ordered and mapped onto linear space” (p. 372),
but the resulting ordinal relations imply no magnitude relation.
However, refuting an intrinsic role of mental lines in magnitude
comprehension may be premature. We argue that ranking-space
- once developed - is reflexively employed in the construction
of context-specific magnitude sense or meaning. This fits with
SNARC-like effects obtained from magnitude stimuli that do not
provide (explicit) ordinal information (Ren et al., 2011; Fumarola
et al,, 2014; Macnamara et al,, 2018; Richter and Wuehr, 2022; e.g.,
object size). It can also explain why such effects are sometimes
absent when magnitude is task-irrelevant (Cleland et al., 2020), as
sensory magnitude cues may be processed but not mapped in the
goal-directed ranking-space.

How is magnitude meaning obtained from spatial ranking? To
efficiently work with magnitudes and their metrics across different
contexts (e.g., dimensions or ranges), internal magnitude codes
need to capture relative magnitude to be inherently meaningful
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(Van Opstal and Verguts, 2013; Bonn and Cantlon, 2017). Like
ordinality, then, magnitude sense requires a specific reference
context. Two proposed candidates for relative magnitude are
ratio and rank (Bonn and Cantlon, 2017). We argue that both
boil down to relative positions in ranking-space: Spatial ranking
can provide the cognitive scaffolds for processing ratios or
fractions. For example, maintenance of a fraction (e.g., 2/5)
will involve the mapping of the nominator input (2) onto an
unidimensional ranking-space (i.e., mental line) that is calibrated
to represent denominator range (5). When attentionally focused,
the nominator input generates a spatial code in function of
its position in the ranking-space, in line with SNARC-like
effects obtained from processing fractions (Bonato et al., 2007;
Toomarian and Hubbard, 2018) as well as from processing
non-symbolic magnitude ratios (Fornaciai et al, 2016; Meng
et al,, 2019; Wuhr and Richter, 2022). Overall, relative position
in ranking-space is the formal code that provides a sense
of magnitude.

More generally, we propose that the brain reflexively
determines a relative position for each single magnitude instance it
processes (in a goal-directed manner). Hence, whenever a relevant
or highly salient magnitude instance is physically presented
in isolation of context, the brain will mentally construct both
a ranking-space with a contextually meaningful range, and a
reference point from the overall psychological (task) context. The
formally isolated input is then placed in the ranking-space based
on an interaction between overall task context (top-down) and
the physiological excitation that the input’s sensory magnitude
cues produce (cf. Gebuis et al, 2016). Thus, in itself, such
physiological excitation is not equated to meaning as the categorical
transformation into sense or meaning requires a relative magnitude
to be constructed; yet, sense or meaning may evolve very rapidly
if the referent (top-down component) is already attentionally
established to bias bottom-up processing of a new input
(cf. Castaldi et al., 2021).

So, what is the reference point for a single magnitude instance?
In some cases, the overall relevant item set will determine the
reference point. For example, when presenting objects of different
sizes across trials, the average size across them is learnt and then
mapped in ranking-space, serving as the reference point against
which each new input is compared in order to form relative
magnitude senses (e.g., Wuhr and Richter, 2022). In other cases,
the reference point may derive from previous stimuli. For example,
when sequentially presenting participants with two different-sized
stimuli, the second stimulus will generate a magnitude sense
relative to the first (Ren et al., 2011). Indeed, a similar logic can be
applied to numerosity studies that use explicit adapter stimuli (e.g.,
Fornaciai et al., 2016), suggesting that non-symbolic numerosity
sense behaves like other magnitude dimensions (Dehaene, 2003;
Anobile et al., 2021).

Reference points may also derive from outside the explicit task
set. For example, an ink stain on a computer screen may obtain a
sense of relative magnitude in reference to the overall screen size,
and an animal may make rapid estimation of the relative number
of enemies or food sources in an environment by comparing it
to a running average that the animal has acquired across life (cf.
Cicchini et al., 2016). Such involvement of general experience can
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also be seen in humans, such as with SNARC-like effects by task-
irrelevant pitch in musicians but not in non-musicians (Cho et al.,
2012).

Finally, magnitude sense obtained via spatial ranking can also
account for the type of cross-domain interactions that are typically
considered as support for a generalized magnitude system. When
multiple ordinal and/or magnitude dimensions are relevant (or
saliently present), parallel lines may be formed within the overall
ranking-space — one for each dimension (cf. Sheahan et al,, 2021).
When these parallel lines are normalized for comparing different
dimensions to each other (Sheahan et al., 2021), cross-dimension
interactions may follow because attention shifts along one mental
line affect the processing of information on a parallel line. Overall,
then, ranking-space may not be incompatible with the notion of a
generalized magnitude system, even more when considering spatial
distance to a reference point to approximate a prothetic dimension
(cf. Walsh, 2003).2

Conclusion

We propose a goal-directed ranking-space centered on the
IPS to underlie the construction of both ordinal and (relative)
magnitude meaning. Whether a task emphasizes ordinal or
magnitude information, ultimately both need ranking-space to
construct categorical decisions about contextually relative meaning
(e.g., is the input more or less, small or large, closer to 1 or to
5, Ist or 3rd?). As such, number comprehension may not evolve
from sensorimotor grounded concepts (Sixtus et al., 2023) but
be contextually constructed in the moment via spatial scaffolds
that develop and shape through sensorimotor experiences (much
like has been proposed for other abstract concepts; Kintsch and
Mangalath, 2011). Future studies should empirically scrutinize our
proposal and its relation to the perspective of Sixtus et al. (2023) as
either complementary or competitor accounts.
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