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279  using the Palamedes Toolbox 1.10.1 (Prins & Kingdom, 2018) with CmdStan 2.22.0, using the
280  toolbox’s standard priors (bias and slope: normal (0,100), upper and lower lapse rates: beta (1,10)),
281  and based on 15,000 posterior estimates (100 posterior estimates illustrated in red). Fig.4C shows
282  individual biases range from —2.2% to +1.2%, but cluster around 0.

283 To estimate the population level psychometric function illustrated in Fig.4A, we used the
284  Palamedes Toolbox 1.10.1 (Prins & Kingdom, 2018) with CmdStan 2.22.0 to fit a four-parameter
285  logistic hierarchical Bayesian psychometric function, which fits the data with a multilevel model
286  that takes into account the variability of each subject. We used the toolbox’s standard multilevel
287  priors which are documented by Prins & Kingdom (2019) and, based on 15,000 postetior estimates
288 (100 posterior estimates illustrated in red), found a population level bias of —0.219% (95% CI: —
289  1.82% to 1.39%) and a population level slope of —0.732 (95% CI: —1.07 to 0.378).

290 The estimate that particularly interests us is the population bias, so in Fig.4B we provide a
291  probability density function of the 15,000 posterior estimates of the bias. We find no statistically
292 significant bias, and therefore no statistically significant effect of vergence on perceived size.
293 Indeed, the non-significant bias of —0.2% is in the wrong direction for size constancy.

294 To go beyond the negative claim that we found no statistically significant effect (null
295  hypothesis not rejected) to the positive claim that there is no effect of vergence on perceived size
296  (null hypothesis accepted), we can make two further arguments.

297 First, from a Bayesian perspective, we can perform a JZS Bayes factor (Rouder et al., 2009).
298  The estimated Bayes factor that we found was 3.99 (£0.03%), which suggests that the data are
299  four times more likely under the null hypothesis (bias = 0) than under the alternative (bias # 0).
300 Second, from a frequentist perspective, we can perform an inferiority test that tests
301  whether, if there is a vergence size constancy effect, it is at least as large as the smallest effect size
302  ofinterest (Lakens et al., 2018). You’ll remember, we defined our smallest effect size of interest as
303  the detection threshold for our most sensitive observer (which is 1.43%). Put simply, any vergence

304  size constancy effect that’s smaller than a 1.43% size change won’t be detected by any of our

14


https://doi.org/10.1101/2020.02.23.961649
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.23.961649; this version posted September 30, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

305  observers. Since we have a directional hypothesis (vergence micropsia should reduce, rather than
306  increase, the apparent size of the target), we specifically tested whether there is a bias > 1.43%.
307  We therefore performed an inferiority test by taking the 90% confidence interval of the population
308  bias in Fig.4B in the predicted direction, which is 0.96%. Since this is smaller than 1.43% (our
309  smallest effect size of interest), from a frequentist perspective we can conclude that any vergence
310  size constancy effect is effectively equivalent to zero (Lakens et al., 2018).

311

312 Discussion

313

314 According to the literature, “it is well known that vergence is a reliable source of depth information
315  for size constancy” (Sperandio et al., 2013). But we find no evidence that vergence makes any
316  contribution to perceived size. To our knowledge, ours is the first study to report a failure of
317  vergence size constancy at near distances. But ours is also the first study that controls for
318  confounding perceptual cues (changes in the retinal image) whilst also controlling for confounding
319  cognitive cues (keeping subjects naive about changes in absolute distance). Beyond vergence size
320  constancy, our results have three further important implications:

321 1. Visual Scale: First, these results substantiate a broader concern about visual scale. Visual
322 scale is thought to be provided by a number of well-established distance cues, such as vergence,
323  accommodation, motion parallax, familiar size, and the ground-plane. However, first,
324  accommodation (Mon-Williams & Tresilian, 2000) and motion parallax (Renner et al., 2013) have
325  been found to be largely ineffective as absolute distance cues, second, the ground-plane only
326  applies to limited viewing conditions (Creem-Regehr et al., 2015), and third, familiar size is merely
327  thought to affect our cognition, rather than our perception, of visual scale (Gogel, 1969; Predebon,
328  1992). Given these shortcomings, vergence was meant to provide a solid anchor for our size and
329  distance judgements in near space. But our results challenge this conclusion. Instead, our results

330  demonstrate that visual scale is much more reliant on cognitive influences than previously thought.
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331 Our results are consistent with our argument in Linton (2017; 2018) that visual scale is based solely
332 on higher level cognitive processes, where we extend Gogel (1969)’s and Predebon (1992)’s
333 observations about familiar size to argue that visual scale itself is a purely cognitive process.

334 2. Neural Mechanisms: Ever since Trotter et al. (1992) found that the large majority of
335  neurons in the monkey primary visual context (V1) were modulated by vergence, it has been
336  suggested that processing of the vergence signal in V1 plays an important role in size constancy.
337  Further evidence for the vergence modulation of V1 is found by Trotter et al. (1993); Trotter et
338 al. (1996); Masson et al. (1997); Dobbins et al. (1998); Trotter & Celebrini (1999); Cumming &
339 Parker (1999); Trotter et al. (2004); Cottereau et al. (2014); see also Richards (1968) on LGN;
340  Gnadt & Mays (1991; 1995); Quinlan & Culham (2007); Culham et al. (2008) on the parietal cortex;
341  and Lehky et al. (1990) and Pouget & Sejnowski (1994) for an early neural network model that
342 Trotter et al. (1992) complements.

343 More recently Chen et al. (2019) have looked at the time course of size constancy, and
344  found that vergence and the retinal image are not integrated during (a) initial processing in V1
345  (~50ms), but instead during (b) recurrent processing within V1, and/or (c) re-entrant projections
346  from higher-order visual areas (e.g. Gnadt & Mays, 1991; 1995), both of which are consistent with
347  the ~150ms timeframe. And this is consistent with Trotter et al. (1992)’s suggestion that whilst
348  vergence responsive neurons encode vergence distance, further computations are required to scale
349  the retinal image, so vergence responsive neurons “constitute an intermediate step in the
350  computation of true depth, as suggested by neural network models [Lehky et al., 1990].”

351 However this whole line of research, from Trotter et al. (1992) to the present, is prefaced
352 on the fact that “psychophysical data suggest an important role for vergence” (Trotter et al., 1992).
353  But this is exactly what our results in this experiment, and in Linton (2020), question. We therefore
354  conclude that there is no link between the vergence modulation of neurons in V1 (or indeed
355  anywhere else) and size perception. According to our alternative account, visual scale is entirely

356  dependent upon top-down cognitive processing. Indeed, without the vergence signal we appear to
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357  lose any early visual processing of absolute distance (one exception might be vertical disparities,
358  but Trotter et al., 1992 proceed on the basis that they are ineffective, and the subsequent evidence
359  infavouris equivocal at best: see Cumming et al., 1991; Sobel & Collett, 1991; Rogers & Bradshaw,
360  1995). So what are we to make of the results in Trotter et al. (1992)? One possibility is that they
361  reflect the participant’s own purely cognitive knowledge about their changing gaze position, even
362  though this has no effect on their visual experience. This is consistent with increasing evidence
363  that V1 is implicated in purely cognitive (non-visual) processing, e.g. the location of rewards
364  amongst visually identical targets (Saleem et al., 2018).

365 3. Multisensory Integration: Subjective knowledge of gaze position also appears to play an
366  important role in multisensory integration. The Taylor illusion (where an after-image of the hand
367  appears to shrink or grow with physical hand movements) is an important paradigm for recent
368  discussions of multisensory integration (Faivre et al., 2017a; Grove et al., 2019). The best current
369  explanation for the Taylor illusion is that it is due (Taylor, 1941; Morrison & Whiteside, 1984;
370  Mon-Williams et al., 1997) or almost entirely due (Sperandio et al., 2013) to the change in vergence
371  as the eyes track the hand moving in darkness. However, in light of our results this explanation no
372 longer seems sustainable, since vergence had no effect on the perceived size of the target once
373 subjective knowledge about the fixation distance had been controlled for. Nor does this imply that
374  the Taylor illusion is primarily due to proprioceptive information from hand motion directly
375  influencing visual perception (Carey & Allan, 1996; Ramsay et al., 2007), since Sperandio et al.
376  (2013) demonstrate that when vergence and hand motion are in conflict, the Taylor illusion follows
377  vergence, and the effect is only marginally reduced in size.

378 Instead, what both accounts are missing is the participant’s subjective knowledge about
379  their own changing hand and gaze positions. This explains why Sperandio et al. (2013) found that
380  vergence affects perceived size when their participants knew about their changing gaze position
381  (from their hand or from the motion in depth of an LED), but why we didn’t when our participants

382  were ignorant of this fact. There are two ways in which conscious knowledge about our changing
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383  hand or gaze position could influence size constancy. First, our subjective knowledge could
384  influence our visual experience (so-called ‘cognitive penetration’ of perception by cognition). But
385  we are skeptical of invoking ‘cognitive penetration’ to explain an effect that could also be explained
386  as a purely cognitive bias (for further skeptical discussions of ‘cognitive penetration’ see Fodor,
387  1983; Pylyshyn, 1999; Firestone & Scholl, 2016). Second, under our alternative cognitive bias
388  account, the integration of the retinal image and our changing gaze position could be purely
389  cognitive, rather than perceptual. Our visual experience of the after-image’s angular size remains
390  constant, but our hand movements cognitively bias our interpretation of our constant visual
391  experience: because we know that our hand is moving towards our face, we interpret the constant
392  angular size of the after-image as a reduction in physical size.

393 This purely cognitive interpretation of the Taylor illusion has wide reaching implications
394  for multisensory integration, specifically the integration of vision and hand movements. The
395  Taylor illusion is taken as evidence of multisensory integration at the level of perception.
396  Specifically, that vision “relies on multimodal signals” (Sperandio et al., 2013; Chen et al., 2018)
397  and that “visual consciousness is shaped by the body” (Faivre et al., 2015; Faivre et al., 2017a;
398  Faivre et al,, 2017b). But if the integration of proprioception and the retinal image could be purely
399  cognitive in the context of vergence (the major driver of the Taylor illusion, Sperandio et al., 2013),
400  there’s no reason why the integration of proprioception and the retinal image in the context of
401  integrating vision and hand movements (the minor driver of the Taylor illusion, Sperandio et al.,
402 2013) couldn’t equally be accounted for in purely cognitive terms. This cognitive approach also
403  suggests a non-perceptual explanation for variants of the Taylor illusion that appear to
404  demonstrate the integration of vision with the rubber-hand illusion (Faivre et al., 2017a) and tool
405  use (Grove et al, 2019). And cognitive interpretations of the integration of vision and
406  proprioception are also advanced in the contexts of vision and touch in slant estimation (Hillis et
407  al.,2002; Gepshtein et al., 2005) by Linton (2017), pp.37-38 and pp.65-66, and vision and vestibular

408  cues in self-motion (Fischer & Kornmiiller, 1930; Ash et al., 2011) by Linton (2018).
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409  Conclusions

410

411  Vergence is thought to provide an essential signal for size constancy. We tested vergence size
412 constancy for the first time without confounding cues, and found no evidence that eye movements
413  make any contribution to perceived size. This suggests that (1) our impression of visual scale is
414 much more reliant on cognitive processing than previously thought, with the further implications
415  that (2) vergence modulation of neurons in V1 cannot be responsible for our impression of visual
416  scale, and (3) the integration of the retinal image with proprioceptive cues from the hand appears
417  to be reliant upon observers having subjective knowledge about their hand and gaze position.
418
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