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ABSTRACT

There has been a lot of research on the evolution of eyes through the lens of biology;
however, there have been a distinct lack of research in simulating what animals saw as their
eyes evolved. This project aims to create interactive simulations of the evolution of animal
visions from the Cambrian Explosion to present day through the use of extended reality (XR)
environments. Our goal is to communicate and educate about the evolutionary timescale to
help our audience understand 1) the history of vision and intelligence and 2) how vision came
to be and why it is the way it is. In addition, we want to bridge the gap between technology
and vision research to help people better understand and visualize this evolutionary process.
We have also collaborated with the Museum of Science and the MIT Museum to display this
work in events at their venues.
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1 Introduction

The Cambrian Explosion was a period of time about 540 million years ago

that is characterized by sudden and rapid diversification of life. This era is

marked by the emergence of complex body plans, specialized tissues, and most

of the major phyla that still exist to this day. During the same time, the vision

systems of animals also developed rapidly. Nautiluses began developing their

pinhole eyes, leading to the ability to detect movement; worms began evolving

the ability to differentiate light and dark. As vision systems continued to evolve

over millions of years, even more complex eyes, such as lensed and compound

eyes, began to emerge, with more advanced and adapted capabilities. These

led to the development of modern day camera-like and color vision systems

that can be seen throughout nature [1].

This work sought to interactively simulate this evolution of vision systems

from the Cambrian Explosion to the modern day to allow humans to better

visualize and engage in this process. We aimed to use recent technology to

create more immersive exhibits of what animals would have seen throughout

their evolutionary history and also to understand how what animals saw could

have affected how their vision evolved. Technologies that we considered for this

include virtual reality (VR) and extended reality (XR) environments hosted
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on VR headsets, laptops, and mobile devices. However, given the computing

limitations and parameter restrictions imposed on VR headsets, we decided to

use a laptop and screen setup for this work.

1.1 Related Work

There has been quite a bit of literature and research on the biological and

evolutionary side of animal eyes, including a couple of proposals on building

simulations of animal vision. In 1995, Terzopoulos and Rabie proposed an

initial implementation that uses computer graphics to simulate �sh vision

and behavior [2]. Later, Backhaus wrote about the �Physiological and Psy-

chophysical Simulations of Color Vision in Humans and Animals� in 1998,

which looked into ideas that integrate biological and psychological aspects of

vision to simulate and understand color perception [3]. More recently, there

has been a paper published in 2008 that talks about the biological factors

that led to the diversi�cation of vision systems, and a textbook published in

2012 by Land and Nilsson with an in depth review of past and current animal

eye biology [4, 5]; another paper published in 2019 uses spatial �ltering and

feature detection to research how patterns on animals evolved [6]. Given more

recent advancements in computer visualization and image processing, a growing

number of papers tries to integrate modern computation methods to research

the biological aspects of vision evolution.

In addition, there have been applications that can visualize and simulate

animal vision. A recent project by a London-based design studio uses VR
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to allow users to statically see what an animal sees in a forest [7]. Another

VR simulator allows users to dynamically interact with a preset environment

through the eyes of dogs, mice, cats, and snakes [8]. Commercially, there

is a German company that allows farmers to view their stables through the

eyes of cows, horses, or pigs [9]. Furthermore, there are a few applications

on mobile devices that can take pictures and apply an animal vision �lter on

top to simulate what they would have seen [10�13]. These previous works

present unique ways to simulate animal vision using a variety of technologies;

however, much of the research lacks implementation of the simulations they

propose, and many of the simulators lack user interaction and don't focus on

the evolutionary aspects of vision systems.

The inspiration for this project is also based on research done by this

project's PhD mentors Tiwary and Young on computationally recreating vision

evolution, where the authors simulated embodied agents reaching certain goals,

like navigating a maze, object detection, and tracking and allowing the agent's

eye parameters to optimize to that goal. They found that combining this eye

morphology with neural processing allowed them to simulate the slow changing

of eyes, speci�cally to the two major types of eyes - camera-type and compound.

Further details about the research can be found in the �gures below - 1.1,

1.2, and 1.3. In the context of their research, this project focuses more on

visualizing what animals may have seen during the evolution and morphing of

their eyes.
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Figure 1.1: Computational evolution of embodied arti�cial intelligence (AI)
agents reveals how environmental pressures shaped natural vision evolution.

Figure 1.2: The genetic encoding of the embodied agents enables vision to evolve
computationally. The encoding mirrors the natural separation between sensory
and neural development through three gene clusters. Morphological genes also
determine agent properties relating to spatially sampling the environment such
as eye placement and �eld of view. Optical genes determine agent properties
relating to how each eye interacts with incoming light in a physically plausible
way such as # photoreceptors, optical elements, pupil size). Neural genes
describe the behavior learning capacity of the agent. These independently
mutable genes enable the computational exploration of evolutionary pathways
that mirror those in natural vision evolution.
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Figure 1.3: Low- and high-acuity spatial tasks lead to compound and camera
eyes, respectively. Initialize a population of agents for two visual tasks (Detec-
tion and Navigation) with a single eye with one photoreceptor. Then evolve a
population of agents subject to morphological mutations: add photoreceptor,
add eye, and adjust placement. In the Navigation task, �rst observe an emer-
gence of dispersed vision, where many eyes are employed. By 50 generations, a
compound-type eye emerges; that is, a vision system consisting of 10 individual
eyes, each with 16 photoreceptors (4Ö 1 resolution), distributed over the entire
diameter of the agent. In the Detection task, initially observe the emergence
low-resolution vision. After 50 generations, the population has converged on a
morphology consisting of two forward facing, high-resolution camera-type eyes
each with 225 photoreceptors (15Ö15 resolution). Con�guration vs generation
plots are shown, depicting the evolutionary progression of the mean agent in
the population and the task dependence on evolutionary adaptation. The plots
show the mean and 95% bootstrapped con�dence interval, respectively.
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2 Approach

Our objective was to combine both the evolutionary and simulation aspects of

vision system research to create an interactive XR simulator that visualizes

what animals saw through various evolutionary paths. We believe that the

interaction component of the project is important to fully immerse users into

the experience and help them further understand how di�erent species may

have made choices that a�ected their resulting vision adaptations. This project

encompassed developing a computer application that includes visualizations of

di�erent animals' visions and interaction with the simulation. In addition to

developing the app for the purpose of this thesis, we also displayed them at

two museum events at the MIT Museum and Boston Museum of Science with

two di�erent setups.

2.1 Museum Exhibitions

The stage presentation at the Museum of Science occurred on 2 April 2025, by

which time we had a working exhibition ready. For the presentation, we talked

about the evolution of animal eyes and the di�erent features of these visions.

We also had a demo, where we had a couple di�erent monitors, each showing the
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interactive simulation of animal vision in an arti�cial XR environment. Users

were able to use a keyboard and mouse to move around in the environment,

while the monitor shows what that particular animal would have seen. We

included a human version of this for users to better understand the di�erences

between the visions. We chose animals that we thought would generate the

most interest and that have a variety of di�erent anatomies. Further details

about the implementation of the event is included in appendix section 5.3.

We built o� of this version of the exhibition for the MIT Museum After

Dark event on the second Thursday of April 2025. This event was ocean

themed and will display the evolutionary process of ocean animal eyes and their

adaptations. We had a physical layout for this exhibit with the same type of

interactivity as before; we also updated the XR environment to be a coral reef

to �t with the ocean theme (i.e. included things that only mantis shrimp can

see or scenery that squid would inhabit). The exhibition had di�erent stations

that people can stop at, each visualizing the sight of a di�erent animal in the

evolutionary path. People could walk through the exhibition and view each

sight to experience what it would have been like for them to start from their

earliest single-cell ancestors and �evolve� all the way to present day marine

animals. The speci�c evolutionary path that we implemented is detailed in

Section 3.
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2.2 Website

We also uploaded our simulation to a website that presents all the related

research to give the viewer a sense of the overall work [14�17]. The landing page

(eyes.mit.edu) has a link to download the simulation created by Tiwary et al.

that inspired this project, while the exhibitions page (eyes.mit.edu/exhibitions)

has links to download the XR simulation related to this research.
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3 Implementation

3.1 Software Tools

In this project, we started with a preliminary implementation using AFrame

and then moved on to using a more robust 3D simulation platform, Unity. At

�rst, we aimed to create a web application that could be run on a VR headset

as well as a computer's web browser. However, as the scope of the project

expanded to include physical exhibits, we decided to use Unity for its more

robust capabilities of handling computations for our visual simulations.

3.2 Preliminary Implementation

As mentioned above, our initial goal was to create a web application that

could be hosted on a web server; this would be easily adaptable to a VR

application and accessible to everyone on a web browser. Some development

platforms and tools we considered for this include Babylon.js, Unreal Engine,

and A-Frame. Eventually, given the constraints of our goal, we decided to use

A-Frame because of its ability to run on a browser both on a computer and on

a VR headset.
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3.2.1 A-Frame

A-Frame is an open source JavaScript framework (built on top of Three.js) that

lets you create 3D, VR, and AR experiences in the browser. It adds custom

HTML tags like "a-scene" and "a-box", which create a 3D scene and box,

respectively, and handles all of the WebGL and WebXR processing within the

framework [18]. WebGL is a low-level Javascript rendering engine that turns

vertices and textures into pixels on a canvas, essentially used for displaying

3D scenes in a browser [19]. WebXR is a group of Web APIs that lets pages

talk to XR hardware (e.g. VR headsets, AR glasses, motion controllers) so the

browser can present fully 3D scenes and track head and hand poses at the right

frame rate [20]. A-Frame uses WebGL to create every frame of the browser

view of the 3D environment, while using WebXR to �gure out where and how

the user is positioned in their actual spatial positioning to display the correct

frame of reference.

3.2.2 Web Application

First, for our preliminary proof of concept implementation, we used A-Frame

to determine whether it would be feasible to display a 3D environment with

di�erent eye parameters. Tiwary and Young's results indicated that animals

developed eyes with di�erent values for various parameters (e.g. type of eye,

number of eyes, resolution, �eld of view) due to di�erences in their evolutionary

goals. We wanted to see if we could display a �rst person point of view of an

animal in a generated 3D environment and vary the parameters of their vision
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such that the images matched what scientists described that animal's vision to

be like. For example, a dragon�y has compound eyes, which are very useful for

a wide �eld of view and detecting motion, but does not have good resolution

or object identi�cation. For each of these parameters, we tested whether we

could adjust them. For example, we were able to adjust the resolution of the

vision in A-Frame (3.1 and 3.2). We also generated mazes or paths in these

3D environment and added controls for the user to move around. These mazes

were generated from the obstacles used to train the embodied agents in Tiwary

and Young's research. Example code for this A-Frame environment can be

found in 5.1.
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Figure 3.1: Views of the maze.

(a) Human view (high resolution) of the maze.

(b) Low resolution view of the maze.
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