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Abstract

Recent work on brightness, color, and form has suggested that human visual percepts
represent the probable sources of retinal images rather than stimulus features as such. Here
we investigate the plausibility of this empirical concept of vision by allowing autonomous
agents to evolve in virtual environments based solely on the relative success of their behavior.
The responses of evolved agents to visual stimuli indicate that fitness improves as the neural
network control systems gradually incorporate the statistical relationship between projected
images and behavior appropriate to the sources of the inherently ambiguous images.
These results: (1) demonstrate the merits of a wholly empirical strategy of animal vision as a
means of contending with the inverse optics problem; (2) argue that the information
incorporated into biological visual processing circuitry is the relationship between images
and their probable sources; and (3) suggest why human percepts do not map neatly onto
physical reality.
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Introduction

It has long been recognized that the sources of visual stimuli are not uniquely
specified by the light energy that reaches photoreceptors: the same pattern of light
focused on a surface can arise from different combinations of illumination,
reflectance and transmittance, and from objects of different sizes, at different
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distances and in different orientations. Nevertheless, visual agents must respond to
real-world events. The inevitably uncertain sources of visual stimuli thus present a
quandary: although the physical properties of a stimulus cannot uniquely specify its
provenance, success depends on behavioral responses that are appropriate to the
stimulus source. This dilemma is referred to as the inverse optics problem.

For more than a century now, most investigators have surmised that the basis of
successful biological vision in the face of the inverse optics problem is the
incorporation of information about prior experience in visual processing,
presumably derived from both evolution and individual development. This
empirical influence on visual perception has variously been considered in terms of
“unconscious inferences’ (Helmholtz 1924), the ‘‘organizational principles’
advocated by Gestalt psychology (Wertheimer 1923), or the framework of
“ecological optics’ (Gibson 1979). More recently, these broad interpretations
have been conceptualized in formal terms that reflect the real-world sources to
which an animal has always been exposed, either in Bayesian terms (Knill and
Richards 1996; Rao et al. 2002), or terms of an empirical ranking of stimulus-source
relationships (Howe and Purves 2005a; Howe et al. 2006). Indeed, many of the
anomalous percepts that humans see in response to simple visual stimuli can be
rationalized in this way (reviewed in Purves and Lotto 2003; Purves et al. 2004;
Howe and Purves 2005a).

If visual percepts are indeed determined empirically, then biological visual
systems must have instantiated a scheme of neural processing that links inevitably
ambiguous retinal images with their behavioral significance. To examine the
feasibility of vision on this basis, we have here turned to evolutionary robotics, an
emerging field that uses simulated evolution to generate neural network control
systems that link ““sensory’’ input to motor output in both simulation and physically
realized robots (Pfeifer and Scheier 1999; Nolfi and Floreano 2000). In most such
work, the autonomous control systems have been evolved to perform simple tasks
such as obstacle avoidance (Floreano and Mondada 1994; Salomon 1996), wall
following (Dain 1998) or navigational homing (Floreano and Mondada 1996).
Although relatively little research has focused on vision as such, some work has
included rudimentary visual input to the relevant controllers (Cliff et al. 1997;
Smith 1997; Floreano 1998; Nolfi and Marocco 2000; Nolfi and Marocco 2002;
Forsyth 2003; see, however, Wyss et al. 2006; Fioreano and Mondada 1998). None
of these systems have addressed the inverse optics problem, and most include
infrared range finders (Floreano and Mondada 1994; Salomon 1996; Floreano and
Mondada 1996; Smith 1997; Nolfi and Marocco 2000; Nolfi and Marocco 2002),
thereby removing the input ambiguity that natural visual systems must deal with.

In the present work, we have asked whether agents using simple neural network
control systems could evolve successful behavior in response to inherently
ambiguous visual input based solely on interactions with their environment. The
results show that evolved agents contend with the inverse optics problem by
associating projected images with behavior appropriate to the probable underlying
sources experienced in their native environment. When confronted with unlikely
relationships between their sensory images and the sources of the images in either
novel or distorted environments, evolved agents behave in an anomalous way that
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mimics the percepts and behavior of humans presented with improbable geometries.
These results support the idea that biological vision resolves the inverse problem
according to the probability distributions of the possible stimulus sources, providing
a new way of exploring why we see the world in the peculiar way we do, and
the neural basis for these anomalies.

Methods
The environments

A series of six virtual environments were created with OpenGL. Each comprised
a simple arena with a central obstacle, geometrically similar to arenas used
in evolutionary robotics experiments (e.g., Floreano and Mondada 1996;
Salomon 1996; Nolfi and Floreano 2000) (Figure 1). The illumination of each
environment was anisotropic, much as terrestrial environments are illuminated on
an overcast day. The intensity of the light represented by each of the RGB channels
in OpenGL was scaled such that a surface that reflected 100% of the incident
light was represented by an RGB value of 255 in the simulated environment.
The walls of the arena were assigned a reflectance value of 30%, and the floor
60%; the sky was assigned an RGB value of 230. As a result of these fixed
assignments, the uncertainty in images projected from the environment (i.e., the
inverse optics problem in the simulated environments) was restricted to a conflation
in the image plane of the size, distance and orientation of object surfaces
(Figure 2A).

Based on their geometrical properties, the environments we used are described in
what follows as “‘standard” or ‘‘distorted’’. The two standard environments — the
square (Figure 1A) and the diamond (Figure 1B) — had a level floor and walls
4 units high. The four distorted environments — the symmetrically distorted square
(Figure 1C), the symmetrically distorted diamond (Figure 1D), the large
asymmetrically distorted square (Figure 1E), and the small asymmetrically distorted
square (Figure 1F) — had oblique floors and varying wall heights. The latter
distorted environments closely resemble the ‘“Ames rooms’ used in human
perceptual demonstrations (reviewed in Ittleson 1952). The best known of these are
oddly angled rooms that, when seen from a particular viewpoint, are nonetheless
perceived as rectangular (Figure 2B and C). Agents operating in such environments
are confronted with images similar to those encountered in the standard
environments, but these typically will have been generated by geometries different
from those experienced in the standard environments.

The agents

Each agent was modeled as a sphere whose position and orientation in the
environment were specified by a neural network control system (Figure 3A).
The radius of the agent was 2 units, which is roughly half the height of the walls in
the standard environments. A simulated 16 x 16 sensor matrix modeled as a flat
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Figure 1. Environmental geometries. Left: bird’s eye view showing the dimensions of the
inner and outer walls of the arenas (the units are arbitrary). For comparison, an agent (blue
circle) is 4 units in diameter. Right: Three-quarter view of the arenas showing the height of
the walls at junctures. (A) The standard square environment. (B) The standard diamond
environment. (C) The symmetrically distorted square environment, designed to project
images similar to images generated by the diamond environment. (D) The symmetrically
distorted diamond environment, designed to project images similar to those generated in the
square environment. (E) The large asymmetrically distorted square environment; this arena is
based on the standard square environment, but asymmetrically distorted so as to present
larger wall panels compared to the symmetrically distorted environments. (F) The small
asymmetrically distorted square environment is similarly distorted asymmetrically, but in
such a way as to present smaller wall panels than the symmetrically distorted environments.































































