V1 serves as a motor cortex for visually guided saccades:
evidence from human and monkey behavioral and neural data
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Abstract: | proposed in the late 1990s and early 2000s that the primary visual cortex, | y1SH prediction: given the same visual input, higher V1 responses (due to response
V1, creates a bottom-up saliency map from visual inputs (Li 1999, 2002). This is the V1| f)yctuations or neural stimulation) should lead to faster saccades to the feature
Saliency Hypothesis (VISH). According to VISH, the highest V1 response to any visual| g s1aton --- confirmed experimentally in monkeys (van et al. 2018, c.f. Tehovnik et al, 2003)

location represents this location’s saliency, defined as the strength of exogenous : : :
Monkey’s task: start a trial by fixating at the V1 neural responses to the orientation singleton

attentional attraction. Hence, the visual location evoking the largest V1 response is most =@ _ :
likely to attract visual attention or evoke a gaze shift driven by bottom-up visual inputs. For central fixation point; after the bars appear, - (spikes/sec) before the saccade onset (usually > 200 ms)
' saccade to the orientation singleton (whose

example, a vertical bar in a background of horizontal bars is salient; so is a red dot among vosition is unpredictable) as quickly as possible
green dots, because the feature singletons evoke higher V1 responses than the
homogeneous background items. Contextual influences via the intracortical horizontal
connections make V1 neurons’ responses dependent on contextual inputs outside the
classical receptive field (e.g., Knierim & van Essen 1992). These contextual influences are
such that neurons tuned to the same or similar features suppress each other, so that the
neurons preferring and responding to the homogenous background inputs suppress each
other’s responses. The neurons responding to the feature singletons escape such
suppression and the singletons are thus salient. Here | review some of the supporting
evidence in human and monkey data from past works by my collaborators and myself. In
lower vertebrates, the saliency map resides in the superior colliculus/optic tectum
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(Zhaoping 2016). More info. at http://www.lizhaoping.org/zhaoping/V1Saliency.html Time since visual input onset (second)
- - - . V1 neurons’ responses to the search target were yjneasured while the monkey was doing the task.
vl Sahency Hypothe5|s (VlSH, LI 1993, 2002)' V1 creates a Usually it took more than 200 ms after stimulus ghset before the saccadic onset. At around 40-50 ms
bottom-up saliency map to guide attentional/gaze shifts after the stimulus onset, given the same vispial inputs, trials with higher initial V1 neural
TTOWSU&I cortical areas downstream This maximum responses to the target were more likely tofevoke faster and accurate subsequent saccades to
response is Fast time course of contextual influences | the target. This latency, at 40-60 ms, is sofshort that higher cortical areas or superior colliculus

Retinotopic V1 neural responses visualized by the sizes of the dots ¢4\, 1e agonostic

(appear at 40-60 ms after stimulus onset) | coy|d not have provided this saliency signal to V1. This latency agrees with the time course of

V1 neurons tuned .® ® i eri . . . . . i
to similarfeatures - - in V1 (Knierim & vanEssen 1992) the contextual influences observed in Knierim and van Essen 1992. White et al. 2017 did not see
suppress each other «® '. : : : . . . . . . .
T « e - ik A single barin a blank field this saliency signal at this short latency, but they saw a signal at a latency longer than that in superior
- ' 2 ‘. Ba_rai at'f‘ colliculus, in their monkeys doing a similar task. Yan et al. 2018 showed that a signal at such a longer
oA s \ i :
. | Each bar evokes responses :  Feature TR ’ffoo % ft;i:‘m/;:zrefo:’\on Iatency arises from tOp-dOWﬂ factors.
| from color-tuned cells (purple: : Retinotopic superior colliculus (SC) U !f’?{-""-.,}i.:,‘;‘ Wi, Teh ik et al. 2003 mi ti Iati £V/1 leads t dee ¢ K to th tive field’s | ti
dots) and orientation—tuned —— e A e ehovnik et al. : microstimulation o eads to saccades in monkeys to the receptive field’s location
cells (black dots) / s LA / \3, ;; \ w\yq rw :"
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-; : S 2 A background bar fMRI/ERP evidence: salient but imperceptible inputs (the cue below) activate
. Retinal image : A/gﬂe \003\\0 8_ et A Ay A ) ) .
- 7 o e g M T T TRV early visual cortex but not the parietal cortex (Zhang, Zhaoping, Zhou, Fang, 2012)
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” ”’ -<—— Cue is at the location of orientation contrast The thicker/thinner ERP curves _ _
+ Cue 50 ms (lower left of the fixation cross), and are for stimuli .in the. 9 014l fMRI BOLD signals across the brain
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the vertical bar the red bar escapes the left-ward moving red-vertical bar escapes tuned to the cross for the i;: 12} Brain areas
escapes iso-orientation iso-color suppression bar escapes iso- iso-orientation and/oriso-  cross to attract attention, & 1L _ 4. o
suppression motion-direction color suppression since the neuron responding| | g 10 + Wait for observer response al InS|gn|flcant_BOLD |
suppression to the vertical bar escapes S The cue (the orientation <Ll response at In_traparletal
iso-orientation suppression. | | © 8 contrast of 7.5° 15° 30°. or S sulcus. In the literature,
. . . . . S . LT ! ! o | the “saliency signals”
V1 neurons are tuned to orientation, color, or motion direction, and some of them are 5 6f i 90°) is salient (except for 7.5°), £ o normally seen in parietal
tuned simultaneously to color and orientation, or to motion direction and orientation S as Is manifested in the g cortex are perhaps
o <+«—cueing effect, but it is masked 22 Gimuliin the upper “awareness signals”,
i ANe : Ry = F L 8 2 so quickly that subjects cannot w-s visual field =\ evoked by typical salient
V1SH prediction: Attention capturje.by an eye-of c?rlgln smgletF)r.\ because <y guess beyond chance whether 4 &+ & i s PUS: DUt absent wher
V1 neurons are tuned to eye-of-origin, and V1 has iso-eye-of-origin Ot on oo rast e (vees) 1S 10 the lower left or lower e siteecuo et 1) oroeniible.
suppression --- confirmed experimentally (Zhaoping 2008, 2012) Ml @ PEE Eess
Left eye image Right eye image n . . . . .
An ocular singleton, though irrelevant in a V1SH fully predicts reaction times (RTs) using zero parameters, suggesting that V2
. task to search for an uniquely oriented bar, and other visual cortical areas do not contributing to saliency computation
pops out to attract attention and gaze shift, (Koene & Zhaoping 2007, Zhaoping & Zhe 2015) Mathematically, V1SH predicts the RT, RT,,, of detecting
even though observers do not find it | singleton pop out by triple-feature (CMO) uniqueness in color
visually distinctive and are often unaware C singleton O singleton M singleton (C), motion direction (M) and orientation (O) from RTs for
of its presence. This attraction prolongs Vil A y A Vil A / Vil A y A single- and double-feature uniqueness (RT. ,RTy, RT,, RT¢y,
reaction time (RT) to find the target. This VI VA VI 4 RTvo, RTeo ) by equation
cingleton™ - - YA L r min(RT., ., RT.,RT,, RT,)=min(RT. ,RT. ,RT, )
] observation (Zhaoping 2008, 2012), h cmor e e dO emr 5. cor Mo
Targetof a : : : : CO singleton MO singleton CM sinaleton 'Nis equation uses no parameters, and is
visual search pre.dlc’Fed by V1SH, is .a fmgerprl.nt of V1, ﬁ J derived using the observation that V1 has no A: Probability density (RTcr0)
which is the only cortical area with a Vi /o r /- / e / /> | cells simultaneously tuned to color, orientation,
substantial number of neurons tuned to /- v / A\ / <4 and motion direction. V2 and other extrastriate s Mean ATs
.. : : /- / /- Ve ya /> | cortical areas do have such cells, so if they were
eye-of-origin of visual inputs. . . . . 6!
: involved in the saliency computation, the
CMO singleton . . . 0
. o . . . _ equality above would become an inequality. RT 4
In the dichoptic input above, the uniquely oriented bar is salient, because the V1 neuron tuned to /o A data is consistent with the V1 prediction, —
and responding to it escapes iso-orientation suppression. The ocular (eye-of-origin) singleton is / A suggesting that V2 and above do not 2l :gf::e'f\zg
also salient, because the responding neuron escapes the iso-eye-of-origin suppression. In this 7 Y contribute to the saliency computation o — - = 1
example, the ocular singleton is task irrelevant but is more salient than the orientation singleton, (though they could contribute to guide attention  — pp ' (seconds)

attracting the first saccade in the search task. by top-down endogenous control).

Zhaoping L. (2008) Attention capture by eye of origin singletons even without awareness --- a hallmark of a bottom-up saliency

References: map in the primary visual cortex. Journal of Vision, 8(5):1, 1-18,

Knierim JJ, van Essen DC. Neuronal responses to static texture patterns in area V1 of the alert macague monkey. J Zhang X., Zhaoping L., Zhou T. and Fang F. (2012) Neural activities in V1 create a bottom-up saliency map. Neuron, 73,183-192
Neurophysiol. 1992 Apr;67(4):961-80. Zhaoping L. (2012) Gaze capture by eye of origin singletons: interdependence with awareness. Journal of Vision , 12(2):17, 1-22
Li Z. (1999) Contextual influences in V1 as a basis for pop out and asymmetry in visual search PNAS, USA 96:10530-10535  Zhaoping L. (2016) From the optic tectum to the primary visual cortex: migration through evolution of the saliency map for

Li Z. (2002) A saliency map in primary visual cortex. Trends in Cognitive Sciences. 6:9-16 exogenous attentional guidance, Current Opinion in Neurobiology, 40:94--102.

Tehovnik, EJ, Slocum WM, Schiller PH (2003) Saccadic eye movements evoked by microstimulation of striate cortex. Eur. ). White BJ, Kan JY, Levy R, Itti L, Munoz DP. (2017) Superior colliculus encodes visual saliency before the primary visual cortex, Proc
of Neuroscience, 17:870-878. Natl Acad Sci U S A. 114(35):9451-9456.

Koene AR and Zhaoping L. (2007) Feature-specific interactions in salience from combined feature contrasts: Evidence fora Yan Y., Zhaoping L., and Li W. (2018) Bottom-up saliency and top-down learning in the primary visual cortex of monkeys PNAS, 115
bottom-up saliency map in V1., Journal of Vision, 7(7):6, 1-14, (41) 10499-10504.



https://www.ncbi.nlm.nih.gov/pubmed/1588394
https://webdav.tuebingen.mpg.de/u/zli/prints/PNAS99.pdf
https://webdav.tuebingen.mpg.de/u/zli/prints/Fortics.pdf
http://journalofvision.org/7/7/6
http://www.lizhaoping.org/
mailto:li.zhaoping@tuebingen.mpg.de
http://www.journalofvision.org/8/5/1/
https://webdav.tuebingen.mpg.de/u/zli/prints/ZhangZhaopingZhouFang_V1SaliencyMap_2012.pdf
http://www.journalofvision.org/content/12/2/17
https://webdav.tuebingen.mpg.de/u/zli/prints/Zhaoping_TectumToV1_CurrentOpinion_2016.pdf
https://www.ncbi.nlm.nih.gov/pubmed/28808026
http://www.pnas.org/content/early/2018/09/24/1803854115
http://www.lizhaoping.org/zhaoping/V1Saliency.html

