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Computational modeling of disparity pair discrimination in V4 visual area
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Introduction: This study investigates the computational mechanisms underlying binocular dispar-
ity discrimination in visual area V4 through a novel modeling approach that examines the ability
of V4 neurons to discriminate between fine disparities near the fixation plane and develops a com-
prehensive computational framework to characterize this process. This study’s central hypothesis
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;iimﬁl::s disparit posits that disparity discrimination ability in V4 depends on two key factors: The absolute differ-
V4 area partty ence between disparity pairs and their proximity to zero disparity.

Methods: The present study analyzed electrophysiological data from 156 V4 neurons recorded
from macaque monkeys during presentation of random-dot stereograms with varying binocular
disparities (x1.2°, £0.6°, £0.3°, 0°) and correlation levels. A novel population-level metric, the
Disparity Discrimination Ability Index (DDAI), was introduced to quantify the neural popula-
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Corresponding author tion’s capacity to distinguish between disparity pairs using receiver operating characteristic-based
Mir-Mohsen Pedram, Associate (ROC-based) analysis. The DDAI was computed as the average normalized area under the ROC
Professor, Kharazmi University, curve across all neurons for each stimulus pair.
Faculty of Engineering, Depart- Results: This study’s results confirmed that VV4 neurons exhibit specialized tuning for near-zero
ment of Electrical and Computer disparities, with response variability (coefficient of variation) being minimal for stimuli close to
Engineering, Tehran, Iran zero disparity and increasing with absolute disparity magnitude. The computational model DCM
(DDAI Computational Model) successfully predicted experimental DDAI patterns with high ac-
Email: Pedram@khu.ac.ir curacy (Pearson r=0.969, Spearman P=0.887). Statistical equivalence testing (TOST) confirmed

that model predictions were practically equivalent to experimental data (mean difference=0.00018,
90% CI within +0.03).

Conclusion: The obtained findings demonstrate that V4 employs an efficient coding strategy pri-
oritizing precision near the fixation depth while maintaining coarser encoding for larger dispari-
ties. The DCM framework provides a robust foundation for understanding population-level dispar-
ity processing and offers potential applications in artificial vision systems and clinical assessment
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of stereoscopic vision disorders.
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Extended Abstract

Introduction

Depth perception through binocular disparity is a fun- binocular disparity plays a particularly critical role for
damental aspect of visual processing, allowing the brain objects situated near the observer (2). While early visual
to reconstruct three-dimensional space from two-dimen- areas, such as V1, are involved in the initial encoding

sional retinal inputs (1). Among the various visual cues, of disparity (4), higher-order areas, like V4, contribute

105

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License


https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-4509-0439
https://doi.org/10.30514/ICSS.27.1.105
http://orcid.org/0000-0002-0674-4428
http://orcid.org/0009-0006-3471-6447

to more refined processing, integrating depth cues with
other visual features for object recognition and spatial
awareness (5). Previous studies have reported that neu-
rons in area V4 are highly sensitive to disparities near
zero and exhibit reduced variability in their responses
to these stimuli (6-8). However, despite advancements
in understanding stereoscopic processing, the precise
mechanisms by which V4 neurons discriminate between
subtle differences in disparity remain insufficiently un-
derstood.

The present study addresses this gap by exploring how
the neural population in V4 encodes disparity differenc-
es using a computational framework, hypothesizing that
disparity discrimination ability in VV4 depends on two in-
terrelated factors: The absolute difference between dis-
parity pairs and their proximity to zero disparity. To test
this, this research introduces a new metric—the Dispar-
ity Discrimination Ability Index (DDAI) — quantifying
the neural population’s capacity to distinguish between
disparity pairs. Furthermore, this study proposes a com-
putational model, DCM (DDAI Computation Model),
designed to predict DDAI values across varying dispari-
ty combinations. By validating this model against neural
data recorded from macaque monkeys exposed to ran-
dom-dot stereograms, the present study aims to elucidate
the computational principles underlying fine disparity

processing in area V4.

Methods

As the data utilized in this research were sourced from
(9), the explanations presented here until the Single-Neu-
ron Analyses section have been derived from that study.
Subjects and Surgery: Data were collected from two
adult male macaque monkeys (6.5 and 7.5 kg). Surgical
procedures involved implantation of a head post, record-
ing chamber targeting area V4, and scleral eye coils. All

procedures were approved by the Osaka University Ani-
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mal Care Committee and followed National Institutes of
Health (NIH) guidelines.

Visual Stimuli and Behavioral Task: Monkeys sat in a
primate chair, head-fixed, 57 cm away from a 40°x30°
CRT monitor. They performed a fixation task while ran-
dom-dot stereograms (RDS) were presented dichopti-
cally through shutter glasses. The RDS stimuli varied in
binocular disparity (£1.2°, £0.6°, £0.3°, 0°) and interoc-
ular correlation (£100%, £70%, £30%, 0%), yielding 49
unique conditions. The central region of the RDS, vary-
ing in disparity and correlation, was designed to match
the classical receptive field (CRF) of the recorded neu-
ron. Each trial consisted of a 600-700 ms stimulus pre-
sentation following a 350 ms fixation period.
Electrophysiology and Preprocessing: Extracellular
recordings from area V4 were obtained using custom
glass-coated tungsten electrodes. From 212 total sessions,
data from 156 neurons met quality control criteria (min-
imum repetitions, no data corruption). Spiking data were
digitized at 1 ms resolution and rate-coded for analysis.
Single-Neuron Analyses: Raster plots and peri-stimu-
lus time histograms (PSTHSs) were used to verify stim-
ulus-evoked responses. Disparity tuning curves and the
Disparity Discrimination Index (DDI) quantified a neu-
ron’s ability to distinguish its preferred disparity from
others. The coefficient of variation (CV) assessed re-
sponse reliability.

Population-Level Metric (DDAI): This research com-
puted normalized area under ROC curves (NAUC) for
each disparity pair to assess population-level discrimi-
nation, then averaged them across neurons to derive the
DDAI. High DDA values indicated better discrimination
between that disparity pair.

Modeling (DCM): The DCM was developed to math-
ematically describe the DDAI as a function of two pri-
mary factors: (1) the absolute difference between a pair

of disparities, and (2) their combined distance from zero
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disparity. This model formalizes our central hypothesis
that \V4’s population-level discrimination ability depends

on both the magnitude of disparity differences and their

proximity to the fixation plane.
Specifically, DCM defines DDAI as a nonlinear function

of disparity pairs (d;, d;):

DDAI(d;, d;) = a(|d; — d;)° exp(—r(ldil + |dj|)y)

Parameters were fitted using MATLAB'’s curve-fitting
tools. The model was validated against experimental
DDA values using Pearson and Spearman correlations,
Tukey HSD, and TOST tests for equivalence.

Results

Raster plots of neural activity revealed that most neurons
exhibited a noticeable change in firing pattern approx-
imately 80 milliseconds after the onset of visual stimu-
li, and continued firing beyond the stimulus offset. This
temporal profile aligns with the expected response laten-
cy for depth processing in area V4, indicating rapid and
sustained activation associated with disparity encoding.
This defined response window was used for calculating
spike rates throughout the analysis.

Peri-stimulus time histograms (PSTHs) showed varying
levels of response separability between different disparity
levels across neurons. The extent of overlap or separation
between PSTH curves depended on both the mean firing
rate differences and the trial-to-trial variability. This vari-
ability was quantified using the ¢ CV. Lower CV values
corresponded to more reliable and focused responses.
Analysis of CV across all recorded neurons demonstrated
a systematic pattern: Responses to disparities near zero
exhibited the lowest variability, while CV increased with
the absolute value of disparity. This pattern supports the
hypothesis that area V4 is optimized for precise encoding
of disparities near the fixation plane, where fine depth
discrimination is most relevant.

The DDI was used to quantify the tuning of neurons to

specific disparity levels. DDI values ranged between 0

107

and 1, with higher values indicating greater discrimina-
tive capability. Distribution analysis showed a concentra-
tion of neurons with preferred disparities close to zero,
and this trend remained consistent even when applying
different DDI thresholds. The findings reinforce the idea
that the V4 population is specifically tuned to process
small disparities with high precision.

The DDAI was used to more comprehensively evaluate
the neural population’s capacity to distinguish between
all disparity pair combinations, laying the foundation for
the subsequent computational modeling analysis.
Validation of the DCM model against experimental DDA
values showed excellent fit (Pearson r=0.96933, Spearman
P=0.887175). The mean difference between the model and
experimental DDAI was negligible (0.00018), with statis-
tical equivalence confirmed through the TOST.

These findings affirm the central hypothesis: V4 popula-
tion discrimination is governed by disparity distance and
its nearness to zero. The DCM accurately replicates the
empirical pattern of disparity discrimination, establishing

it as a valid analytical framework.

Conclusion

This study provides compelling evidence that visual area
V4 is specialized for discriminating fine disparities, par-
ticularly those near the fixation plane. Through a compre-
hensive analysis of spiking responses from 156 neurons in
macaque V4, the present study demonstrated that both the
magnitude of disparity differences and their distance from
zero influence the neural population’s ability to discriminate

between depth cues. The newly introduced DDA success-
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fully quantifies this population-level processing, extending
beyond traditional metrics like DDI by incorporating ROC-
based discrimination for every disparity pair.

The DCM accurately predicted DDAI patterns observed
in experimental data, achieving statistical equivalence
and high goodness-of-fit. These results suggest that the
V4 region employs an efficient coding strategy that prior-
itizes precision near the fixation depth while allowing for
more generalized encoding at larger disparities.

The present findings support the notion that V4 plays a
crucial role in integrating depth information into visual
perception, specifically for tasks requiring fine depth dis-
crimination. The DCM framework not only deepens our
understanding of neural mechanisms in stereopsis but also
opens avenues for applications in artificial vision systems,
where depth-based object recognition is essential.

By bridging empirical neurophysiology and theoretical
modeling, this study enhances the interpretability of pop-
ulation coding in V4 and sets the stage for future explo-
rations into the functional implications of disparity pro-

cessing in biological and artificial systems.
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