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Because of inherent limitations of the human visual system,
some movements are more difficult to perceive than others are.
This may result in those movements being dispreferred in sign
languages. I explore this possibility for two notable visual lim-
itations: the difficulty in perceiving motion-in-depth and the
horizontal-vertical illusion. Across signs with two-handed path
movement in the lexicons of 24 sign languages, I find evidence
that motion-in-depth is indeed statistically underrepresented,
while the horizontal-vertical illusion seems to play no role in
the lexical distribution of path movements. As a contribution to
the growing field of sign language phonetics, this work expands
our understanding of how the physical properties of the human
body do (and do not) shape the structure of language.

1 Introduction

Although the human visual system is generally well understood, our knowledge of its relationship to
sign language is still rather incomplete, especially in comparison to the extensive knowledge we have of the
analogous auditory phonetics of spoken language. In this work, I consider two properties of human visual
perception that may be relevant to sign languages. First, humans have difficulty in perceiving motion-in-
depth, which means that horizontal and vertical movements are easier to perceive than movements towards
or away from the viewer. Second, the horizontal-vertical illusion causes vertical movement to be perceived as
longer (and thus, more perceptually salient) than equally long horizontalmovement. These two factors predict
that motion-in-depth should be noticeably marked in sign languages and that vertical movement should be
noticeably unmarked. I test these predictions by looking at the lexical frequency of different directions of
movement in signs with two-handed path movement across 24 sign languages.

I find some evidence for a crosslinguistic bias against motion-in-depth but no evidence of a crosslin-
guistic preference for vertical movement, suggesting that path movement may indeed be sensitive to the
difficulty of perceiving motion-in-depth but perhaps not to the horizontal-vertical illusion.

I begin in Section 2 by defining relevant sign language terminology and notation used in the rest of
the paper. In Sections 3 and 4, I describe the two properties of the visual system studied in this work (the
difficulty in depth-in-motion perception and the horizontal-vertical illusion) and explain the predictions they
make about the structure of sign language lexicons. In Section 5, I explain the methodology used to test
these predictions and discuss the results. Finally, in Section 6, I summarize the consequences of this work
and offer suggestions for expanding and improving upon it, particularly some ideas on how the horizontal-
vertical illusion may yet still play a role in the structure of sign languages.
*Thanks to Donna Jo Napoli for inspiring me to work on this topic. Thanks also to audiences at Haverford College,
the University of Delaware, the University of Toronto, Carleton University, and SUNY Buffalo for their feedback on
this research as it has evolved.
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2 Background

Manual movement in sign languages takes place in three-dimensional space, so any given movement
can be described in terms of its component movements along a basis of any three linearly independent axes.
Sanders and Napoli (2016a) propose a framework for analyzing bimanual movement in sign languages, using
the axes in Figure 1: the away-toward (AT) axis, a dorsoventral axis that points forward and backward from
the signer; the up-down (UD) axis, a craniocaudal axis that points vertically up through the signer’s head and
down through the signer’s feet; and the left-right (LR) axis, a horizontal axis that points laterally through the
signer’s left and right sides.

Figure 1: Three axes of movement (Sanders & Napoli, 2016a: 281)

In Sanders and Napoli’s system, signs and their movements are categorized based on how the hands
move along these three axes. For each axis, if the hands move parallel to that axis in the same direction, the
sign is coded with a plus sign (+); if the hands move parallel to that axis in opposite directions, the sign is
coded with a minus sign (–); and if the hands do not move parallel to that axis at all, the sign is coded with a
zero (0). For example, the sign activity in Figure 2 is coded as 0AT (because there is no movement parallel
to the AT-axis), 0UD (because there is no movement parallel to the UD-axis), and +LR (because the hands
move left together and right together parallel to the LR-axis).1

Figure 2: Monoaxial activity in ASL, with 0AT 0UD +LR movement (+LR for short)

1All example signs in this paper are from American Sign Language (ASL). Images of these signs are annotated video
stills taken from the online ASL dictionary Signing Savvy (2009/2018).
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Similarly, the sign maybe in Figure 3 is coded as 0AT (because there is no movement parallel to the
AT-axis), –UD (because the hands move parallel to the UD-axis, with one hand moving up when the other
moves down), and 0LR (because there is no movement parallel to the LR-axis). Because these two signs
involve movement parallel to only a single axis, they are classified as monoaxial and can be coded with an
abbreviated notation using only the one axis the hands move parallel to, so that activity can be coded simply
as +LR and maybe can be coded as –UD.

Figure 3: Monoaxial maybe in ASL, with 0AT –UD 0LR movement (–UD for short)

Of course, signs may have movement parallel to two or three axes, in which case, the movement is
classified as multiaxial and is coded for all three component axes. For example, the sign bicycle in Figure 4
has alternating circular movement that is coded as –AT (because when one hand moves foreword, the other

Figure 4: Multiaxial bicycle in ASL, with –AT –UD 0LR movement

moves backward), –UD (because when one hand moves up, the other moves down), and 0LR (because there
is no movement parallel to the LR-axis). Similarly, the sign Spanish in Figure 5 is coded as +AT (because
the hands move forward together), +UD (because the hands move down together), and –LR (because when
one hand moves left, the other moves right).

Figure 5: Multiaxial Spanish in ASL, with 0AT –UD +LR movement
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Sanders and Napoli (2016b) use this framework to analyze signs from 24 sign languages in the online
database Spreadthesign (2012). The signs of interest to Sanders and Napoli are those with (i) bimanual
movement (because they are concerned with reduction of articulatory effort, which is expected to be more
relevant with the extra mass involved in two-handed movement), (ii) path movement (that is, movement at
the shoulder and/or elbow, again, increasing the amount of moving mass), (iii) paths with relatively simple
structure, such as arcs, circles, and straight lines without angles, to reduce complexity in coding the data, and
(iv) both hands unconnected for at least some portion of the path (to exclude signs like America in Figure 6,
because the hands cannot move in opposite directions along any axis). See Sanders and Napoli 2016b for
more information about the selection and coding of signs.

Figure 6: America in ASL, with fully connected hands

Communication normally involves at least two interlocutors, one to produce a message and one to
receive it, and each side of the conversation requires some effort. Ideally, both articulatory and perceptual
effort would be reduced, but there is no perfect balance. Indeed, reducing one type of effort typically results in
an increase in the other effort (mumbling is easy to articulate but hard to understand, while complex sounds
like clicks are difficult to articulate but very perceptually salient). Both concerns play a role in shaping
language, so we expect to see the effects of both. Sanders and Napoli (2016a, 2016b) argue that articulatory
effort is a factor that affects which types ofmovement are over- or underrepresented in sign language lexicons,
so I expand upon their work by exploring the complementary role of perception. The underlying premise of
this work is the perceptual analogue of Sanders and Napoli’s: the more difficult it is to perceive a movement,
the less frequently that movement should appear in the lexicon, and inversely, the more perceptually salient
a movement is, the more frequently it should appear.

Because articulatory effort in spoken languages and sign languages operates on the same basic princi-
ples (muscles, mass, energy, etc.; see Napoli, Sanders, and Wright 2014 for discussion and references), just
with different articulators, Sanders and Napoli (2016a, 2016b) are able to generalize from articulatory effort
in spoken language to inform their analysis of articulatory effort in sign language. However, auditory and
visual perception differ quite drastically from each other because the relevant systems function in completely
different ways. Thus, it is crucial to discuss some specific aspects of visual perception that cannot be directly
analogized from the behaviour of auditory perception.

3 The difficulty of perceiving motion-in-depth

Humans perceive much of the three-dimensional world as a binocular composite of two monocular
images, which are each two-dimensional in the vertical and horizontal dimensions. This means that we can
directly observe movements along the UD- and LR-axes, since these axes correspond to the dimensions that
form our two-dimensional monocular images. But motion-in-depth, which occurs along the AT-axis, is in
the third dimension missing from our perceptual images, so it must be indirectly inferred from other cues
(Regan, Erkelens, & Collewijn, 1986; Regan & Kaushal, 1994).
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One of the most important cues to motion-in-depth is how an object appears to be larger when it is
closer, and how it appears to be smaller when it is farther away. As shown in Figure 7, the size of the image
projected on the retina by light coming off an object of constant size depends on the distance between the
object (the black oval) and the eye because of how light travels from the object through the lens to the retina
(the dotted lines). From farther away, the light travels at a shallower angle, projecting a smaller image on the

Figure 7: Relationship between motion-in-depth and retinal image size

retina (the central dark grey shape on the right), and as the object approaches the eye via motion-in-depth, the
angle of the light gets steeper, resulting in a larger retinal image (the larger light grey shape on the right). Of
course, retinal image size also varies with the actual size of the object, so if the object itself changes in size
(such as with an inflating balloon), the retinal image will change size just as it would for motion-in-depth for
an object of constant size. Crucially for sign language, the size of the manual articulators remains constant,
so we interpret any change in their retinal image size as motion-in-depth (Boring, 1940; Emmert, 1881).

Another important cue to motion-in-depth, especially at distances relevant to sign language commu-
nication, is binocular disparity, in which the apparent position of an object differs between the individual
monocular images of the two eyes. As shown in Figure 8, as an object moves directly at the observer, its
retinal image in the right eye moves rightward, while its retinal image in the left eye moves leftward. Since
the observer knows that objects cannot normally move in opposite directions at the same time, this binocular
disparity is reinterpreted as motion-in-depth.

Figure 8: Relationship between motion-in-depth and binocular disparity

There are many other pieces of information that our visual system uses as cues for motion-in-depth.
For example, if we retain focus on an object as it moves towards us, our eyes will rotate inward to follow it.
Our sense of oculomotor proprioception allows us to feel the changing position of the eyes as the object of
focus moves along the AT-axis. All of these cues and more work together to give us the sensation that we see
motion-in-depth. However, these cues are indirect, and the motion-in-depth is only inferred and computed,
rather than directly observed in the way that horizontal and vertical movements are. This should make move-
ment parallel to the AT-axis generally harder to perceive than movement parallel to the UD- and LR-axes.
If so, then it is reasonable to expect movement along the AT-axis to be dispreferred in sign languages in
comparison to movement along the UD- and LR-axes.
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4 The horizontal-vertical illusion

Although they are directly observed rather than inferred indirectly by other cues, horizontal and ver-
tical movement are perceived slightly differently from each other. Perhaps the most notable example of this
difference is the horizontal-vertical illusion, demonstrated by the inverted T in Figure 9, in whichmost people
strongly perceive the horizontal line to be shorter than the vertical line, even though both lines are physically
the same length (Bailey & Scerbo, 2002; Fick, 1851).

Figure 9: Classic example of the horizontal-vertical illusion

Though the full explanation for why the horizontal-vertical illusion even exists at all is unknown, it
is likely due in part to the overall shape and proportions of the portion of observable space that we can see
when our eyes are fixated (Künnapas, 1957). Each individual eye has a roughly circular monocular field,
with some edge portions blocked off due to the brow and cheek (compressing the field vertically) and the
nose (giving the field a concave indentation on the nasal side), as shown by the approximation of the right
eye’s monocular field in Figure 10 (based on Parker & West, 1973; Webb, 1964).

Figure 10: Right monocular field

Because our eyes are set apart horizontally, the individual left and right monocular fields overlap
to create an overall elliptical ambinocular field that is wider than it is tall, allowing us to see about 180°
horizontally (Lachenmayr & Vivell, 1992) but only about 130° vertically (Strasburger, Rentschler, & Jüttner,
2011), as shown in Figure 11. Here, the lighter crescent-shaped regions represent the far peripheral visual field

Figure 11: Ambinocular field
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(the edges of each eye’s monocular field visible only to that eye), while the darker central region represents
the binocular field (where the monocular fields overlap, allowing for stereopsis).

Distances in this elliptical visual field take up different proportions of the available visual space,
depending on whether they are oriented vertically or horizontally. For example, in Figure 12, though the
two lines of the inverted T are physically the same size, the vertical line takes up approximately half of
the vertical dimension of the visual field, while the horizontal line takes up only about one-third of the
horizontal dimension. The difference between the relative sizes of the horizontal and vertical dimensions of
the ambinocular field provides a ready explanation for the horizontal-vertical illusion: instead of perceiving
the absolute length of these lines, we instead perceive their relative length with respect to the size of the
dimensions of the ambinocular field. Since the ambinocular field has unequal dimensions, our perception of
length along those dimensions is also unequal.

Figure 12: Horizontal-vertical illusion

Though the horizontal-vertical illusion can be mitigated or even reversed under certain circumstances
(Avery & Day, 1969), it is so fundamental to the human visual system that it affects not only our perception
of static images but also our perception of movement (Bailey & Scerbo, 2002). This has implications for
sign languages, since horizontal movement may appear shorter than vertical movement, which may make
horizontal movement less perceptually salient. Thus, at least with respect to the horizontal-vertical illusion,
it is reasonable to expect movement along the LR-axis to be dispreferred in sign languages in comparison to
movement along the UD-axis.

5 Results from 24 languages

To test the two predictions from Sections 3 and 4, I looked at the distribution of signs in each of the
individual 24 languages in the Sanders and Napoli (2016b) dataset, for both monoaxial and multiaxial signs.
If there are no factors at play that bias movement in signs for or against any of the three axes, then we would
expect them to be roughly equally represented. First, I show the results for the possible effect of the difficulty
in perceiving motion-in-depth, for both monoaxial and multiaxial signs, and then, I show the results for the
possible effect of the horizontal-vertical illusion, for both monoaxial and multiaxial signs.

If the difficulty in perceiving motion-in-depth does play a role in the shape of sign language lexicons,
then wewould expect to findmovements along the AT-axis to be statistically underrepresented in comparison
to movements along the other two. The proportions of monoaxial signs in the 24 languages with movement
along the AT-axis are graphed in Figure 13, with the uniform distribution (the null hypothesis) indicated by
the white horizontal line; the red and blue bars indicate statistically significant differences from the uniform
distribution at a level of α = 0.05 (the raw counts and p-values underlying this graph are given in Table 1
in the Appendix). From these results, the perceptual difficulty of motion-in-depth does seem to play a weak
role in the distribution of axes of movement across these 24 languages. In every language but two, move-
ment along the AT-axis occurs less often in the lexicon than what would be expected by random chance,
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Figure 13: Proportions of AT versus UD+LR in monoaxial signs

though this is only statistically significant for six of those languages. Of the two languages that pattern in the
opposite direction, only one (Indian) shows a statistically significant overrepresentation of movement along
the AT-axis. Thus, while the data do not support a strict universal requirement, there is solid evidence of a
crosslinguistic tendency.

The comparable data for multiaxial signs are given in Figure 14 (raw counts are in Table 2 in the
Appendix). Multiaxial signs show a similar pattern as monoaxial signs, though the evidence is a bit weaker:
again, every language but two has underrepresentation of movement along the AT-axis, but only three of
those are statistically significant.

Figure 14: Proportion of AT versus UD+LR in multiaxial signs

For the horizontal-vertical illusion, there appears to be no crosslinguistic effect on the distribution of
movement along the LR-axis versus theUD-axis, for eithermonoaxial signs (Figure 15, Table 3) ormultiaxial
signs (Figure 16, Table 4). In both cases, the number of languages with under- and overrepresentation of
movement along the supposedly dispreferred LR-axis is about equal, with no notable statistically significant
bias (especially among multiaxial signs, where no language has a statistically significant difference from the
uniform distribution of the null hypothesis).
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Figure 15: Proportion of LR versus UD in monoaxial signs

Figure 16: Proportion of LR versus UD in monoaxial signs

6 Summary

Humans have difficulty perceiving motion-in-depth (i.e. movement along the AT-axis) because it is
perceived indirectly and must be inferred by other perceptual cues. This difference in the amount and type
of required processing may have a crosslinguistic effect on the distribution of path movements among two-
handed signs in sign language lexicons, with both monoaxial and multiaxial signs making less use of the
AT-axis than would be expected by random chance.

Additionally, due to the horizontal-vertical illusion, horizontal motion (i.e. movement along the LR-
axis) is less perceptually salient than vertical motion (i.e. movement along the UD-axis), possibly due to
the elliptical shape of the visual field. However, this does not seem to have a crosslinguistic effect on the
distribution of path movements among two-handed signs in sign language lexicons, because monoaxial and
multiaxial signs make use of the LR-axis about the same as they do the UD-axis, with no consistent deviation
from what would be expected by random chance.

Both of these results are less robust than those found by Sanders and Napoli (2016a, 2016b), but this
is not surprising. The signs of interest involve large masses and large movement, which are exactly the kinds
of signs for which articulatory effort is expected to be reduced. To better test the possible role of perceptual
factors, smaller movements (local movement rather than path movement) need to be studied, since subtle
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differences in perceptual salience would matter more. I am currently collecting the relevant data and expect
to find that perceptual factors play a larger role than they do for signs with path movement.

A further complication to this direction of research is the need to tease apart the effects of articulatory
effort reduction versus the effects of perceptual salience. There are movements which are both articulatorily
and perceptually preferred (such as +UD movement) and some which are dispreferred for both (such as
–AT), while the rest are intermediate, with a mixture of being preferred for one and dispreferred for the
other. Thus, a pressing concern for future research is to see how much of the distribution of movement types
can be attributed to considerations of articulation alone versus perception alone, as well as to see if there are
any synergistic effects between these two factors.

Finally, there are many ways that these effects may show up in sign languages besides frequency
within the lexicon. Dispreferred movements may be used less often in conversation or in certain grammatical
structures; they may be more prone to change over time; they may be acquired later by children; etc. Further
research is clearly warranted.
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Appendix A

All p-values are for Pearson’sχ2-test of goodness-of-fit to the proportions expected by random chance,
with each axis having an equal probability of being selected as the axis of movement for a given sign.

Table 1: Raw counts of AT versus UD+LR in monoaxial signs

language AT UD+LR p

American 8 21 0.511
Austrian 9 56 < 0.001
Brazilian 8 14 0.763
British 6 22 0.181
Bulgarian 1 10 0.113
Czech 8 29 0.131
Estonian 6 26 0.080
French 6 23 0.149
German 9 35 0.070
Greek 2 8 0.514
Icelandic 5 29 0.021
Indian 8 5 0.038

language AT UD+LR p

Italian 4 17 0.165
Japanese 2 9 0.356
Latvian 9 44 0.012
Lithuanian 4 25 0.026
Polish 7 27 0.115
Portuguese 6 15 0.643
Romanian 3 27 0.007
Russian 10 30 0.264
Spanish 9 23 0.532
Swedish 5 39 0.002
Turkish 5 21 0.127
Ukrainian 6 24 0.121

Table 2: Raw counts of AT versus UD+LR in multiaxial signs

language AT UD+LR p

American 76 187 0.127
Austrian 64 183 0.013
Brazilian 25 74 0.088
British 63 158 0.128
Bulgarian 22 41 0.789
Czech 58 181 0.003
Estonian 86 183 0.635
French 54 119 0.554
German 74 204 0.018
Greek 11 36 0.149
Icelandic 56 143 0.120
Indian 29 62 0.767

language AT UD+LR p

Italian 66 155 0.274
Japanese 9 26 0.339
Latvian 55 136 0.183
Lithuanian 61 140 0.369
Polish 86 193 0.374
Portuguese 47 113 0.288
Romanian 45 105 0.386
Russian 63 115 0.560
Spanish 55 141 0.117
Swedish 58 145 0.150
Turkish 25 76 0.067
Ukrainian 66 148 0.439
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Table 3: Raw counts of LR versus UD in monoaxial signs

language LR UD p

American 10 11 0.827
Austrian 31 25 0.422
Brazilian 10 4 0.109
British 16 6 0.033
Bulgarian 5 5 > 0.999
Czech 9 20 0.041
Estonian 9 17 0.117
French 14 9 0.297
German 16 19 0.612
Greek 4 4 > 0.999
Icelandic 13 16 0.577
Indian 5 0 0.062

language LR UD p

Italian 10 7 0.467
Japanese 4 5 > 0.999
Latvian 12 32 0.003
Lithuanian 11 14 0.549
Polish 19 8 0.034
Portuguese 5 10 0.197
Romanian 16 11 0.336
Russian 13 17 0.465
Spanish 10 13 0.532
Swedish 17 22 0.423
Turkish 9 12 0.517
Ukrainian 6 18 0.014

Table 4: Raw counts of LR versus UD in multiaxial signs

language LR UD p

American 95 92 0.826
Austrian 87 96 0.506
Brazilian 36 38 0.816
British 83 75 0.524
Bulgarian 19 22 0.639
Czech 89 92 0.824
Estonian 84 99 0.268
French 55 64 0.409
German 97 107 0.484
Greek 18 18 > 0.999
Icelandic 72 71 0.933
Indian 32 30 0.799

language LR UD p

Italian 80 75 0.688
Japanese 14 12 0.695
Latvian 63 73 0.391
Lithuanian 68 72 0.735
Polish 99 94 0.719
Portuguese 57 56 0.925
Romanian 52 53 0.922
Russian 54 61 0.514
Spanish 66 75 0.448
Swedish 70 75 0.678
Turkish 36 40 0.646
Ukrainian 74 74 > 0.999
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