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Abstract
Collaborative modelling of neural networks is a growing field in neuro science. The recent
years has seen an upscale in number and size of projects who utilize digital simulation to
explore the brain. In 2011 a team of computer scientists and neurobiologists announced that
they had started a project to create a complete in silico model of the nematode worm
Caenorhabditis Elegans. It is a millimeter long, transparent free living worm, consisting of
about 1000 cells. The C. elegans has been much studied, as its nervous system is small,
consisting of only 302 neurons, and many human pathologies have proto equivalents in the
worm. Research on the worm has been awarded 3 Nobel prices. It was the first creature to
have its complete cell lineage mapped, the first creature to have is nervous system mapped,
and the first creature to have its entire genome sequenced. Now it is poised to become the first
create that has a complete digital model of itself as well.
This thesis is a case study on the process to create the in silico model. I have used a
framework from Actor Network Theory to follow the worm through a chain of translations:
from the petri dish to the digital model, to its implementation in a Lego Mindstorms Robot. In
this thesis, the process of creating the model is analyzed in terms of research animals, maps,
and collaboration in science. The aim of my thesis is provide an answer to the question “what
is a virtual organism. To provide an answer I employ the notions of inscription, experimental
system and biological exchange from Actor Network Theory. I try to explore how virtual life
is constructed, and how life is enacted in a digital substrate.
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1 Introduction
This thesis is about the development of the first digital model of a complex organism. It is a
case study on the OpenWorm project, an international collaboration with the long term goal to
create a fully digital model of the nematode worm Caenorhabditis Elegans. It addresses the
coming together of the digital and the biological, in what is intended to be a digital model
organism. My first encounter with the project was in a video I saw in social media. It was a
Lego Robot scuttling about by itself presented as a worm. I found this immensely fascinating.
A series of questions came to mind; In what sense was the robot a worm? Was it meant
figuratively or literally? How was it made? How did it work? After a quick search I found the
project’s main page, where one could read that it is an international open source collaboration,
with the purpose of creating the world’s first virtual organism. By means of bottoms up
modeling the behavior of the worm was to emerge from the model 1. This further spiked my
interest. This thesis reflects that process of finding out how a Lego robot came to represent a
living creature.
There are several organisms that is currently being modeled digitally. There is, of course
C. elegans, but also the fruit fly, Drosophila Melanogaster, is being emulated in a digital
model, in the neurokernel 2 project. And the Human Brain Project 3, is making a digital model
of a part of the mouse brain. Not incidentally, these organisms are well used model
organisms. Many of these projects are dedicated to open science as well. In an article on
collaborative modeling in neuro science A.P Davidson gives an overview of the field. The
detailed modeling studies of individual neurons and networks of neurons, has until recently,
been the work of individual researchers. This is now changing. There is now several projects
who employ a large scale, industrial approach to neural modeling. The first was the Blue
Brain Project. Similar projects are undertaken by the Allen Institute of Brain Sciences, and the
Human Brain Project (Davidson 2012, 158). They address a need for collaboration, as neuron
models are running into increasing complexity barriers. The open source movement is part of

http://www.openworm.org/getting_started.html Accessed 12.04.16
www.github.com https://neurokernel.github.io/ Accessed 27.4.16
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this tendency to employ large-scale collaborative modeling to negotiate the complexity
barriers of neuro science (Davidson 2012, 158).
This large-scale neuronal modeling is bringing together experimental biologists,
computational neuroscientists and professional programmers in large teams. There are two
approaches to such large-scale modeling. The one is the hierarchical formal teams. The other
is the open source model, like OpenWorm, and the Open Source Brain Initiative (Davidson
2012, 158). There is an upscaling of the use of models in neuroscience. The mind is, to an
increasing degree, being explored through the use of computers. The success of such
initiatives, which are in their infancy, relies on solving both technical and social issues
(Davidson 2012, 158).
In this master thesis I will use to the OpenWorm as a case study to explore this push
for open source collaborative modeling in neurobiology. I will situate the project within the
literature on model organisms, and try to place it within the history of model organisms in
general, and C. elegans in particular. I will use Actor Network Theory to follow the worm
through a series of translations, from the “wetware” of the petri dish, to the hardware of A
Lego Mindstorms robot. The aim is to present an epistemography of a virtual lifeform, as the
notion is employed by Peter Dear: to see how virtual life is made and certified as such. To
achieve this I employ an analytical framework from Actor-Network theory, that of
“inscription devices” from Latour and Woolgars classic Laboratory Life, which I expand by
employing the notion of “experimental system” from Hans-Jörg Rheinberger’s Toward a
History of Epistemic things. I have supplemented this with the notion of “biological
exchange” form Eugene Thacker’s Global Genome to relate convey the coming together of
biology and informatics that occurs in constructing virtual life.

1.1 Research Questions

The primary research question I ask is what is a digital lifeform? I will set out to answer this
question by subdividing it into two more concrete questions that makes the primary one
researchable. The first one I pose is:
1. How is digital life constructed?
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This question will be answered by looking into how the digital models are constructed. This is
answered in terms of what the building blocks are from which it is constructed, and how does
the OpenWorm team go about building it. In order to answer this question I situate the digital
model within the theory on model organisms and relates this to open science. As it is a model
of a living being, another question, which is corollary to the first sub question, becomes
salient:
2. How does the digital translate into life?
As a model of a living creature, the model must somehow incorporate a notion of “life”. I will
investigate how the model positions itself as a model of life. This question is answered by
looking into how the model incorporates the biological. Translation is bidirectional, so, to
answer this question, I will explore the model in terms of both biological input and output.
In order to answer these questions I will employ a theoretical framework from Actor Network
Theory. The means of investigation is text analysis, employed on digital sources, like
GitHub.com and openworm.org. I analyze journal club videos, in which presentations of
relevant scientific papers and modeling efforts are presented by the OpenWorm core team. I
will also research scientific publications by the OpenWorm team. In the course of this thesis I
hope to able to sketch an outline of how life is enacted within a virtual body, that is, how the
virtual becomes biological. And, furthermore, how our understanding of life can be advanced
by computational methods. As such, the thesis broaches upon the tension between the digital,
with its connotations to technology and artefact on the one hand, and the biological which
connotes nature.

1.2 Structure

In this chapter I will convey my line of reasoning. I begin the thesis by introducing the
OpenWorm project. This introductory chapter gives a sense of what it is about; the open
source development with the long term goal of creating a biophysically realistic in silico
model of Caenorhabditis Elegans. C. Elegans a millimeter long, transparent nematode worm
consisting of about 1000 cells. I establish that the OpenWorm’s intention is to benefit science
by enabling Computer Assisted Design for experiments to speed up the research process, and
3

that this may benefit biomedicine. This chapter, furthermore, conveys the modeling approach,
that of emergent properties. When the project has been presented I launch into my theoretical
discussion.
I begin by relating the OpenWorm project to biomedicine. I ask what a virtual organism is
in relation to biomedicine, and ties it to research animals in biomedicine and bioinformatics, a
field of biology that brings together biology and informatics. I argue that a virtual lifeform
inherits traits from both fields: to act as a standardizing technology from research animals,
and a mobility across media from bioinformatics. I use research by Tone Druglitrø and Robert
Kirk. to show how research animals are constructed as technologies that embodies theory and
practices of standardization. Then I use Eugene Thacker and Nikolas Rose to show how an
informatic oriented view of life became possible, and how this enables a virtual lifeform,
which I argue is a joining of research animals and bioinformatics. This forms the theoretical
background for the thesis, and broaches on the bigger questions involved. The next step is to
narrow down the theoretical discussion.
The ensuing chapter is a review of an article by Rachel Ankeny and Sabina Leonelli, in
which the defining characteristics of model organisms are outlined. I show that model
organisms are defined by having a particular representational scope and target. I point to how
these two factors sets model organism apart from other experimental organisms. I also point
out that the goal of model organisms is to create broad integrative models of the whole
organism. I show that this is due to the principle of genetic conservation, which stated that
smaller genomes is representative of larger ones. Then I go on to establish that as a part of
creating this broad integrative model, infrastructures of collaboration and data sharing are
being built. I continue this argument by pointing to the role of cyberinfrastructure in the
collaborative effort.
The subject of the following chapter is collaboration. I utilize Robert Kohler’s classic
study of how the Drosophila Melanogaster became a widely used model organism. I invoke
the notion of “exchange network” to explain the ethos of collaboration that characterizes
model organism research. I convey the role played by the exchange network in spreading the
research system and its results, and outline the trajectory by which the exchange network
grew from an informal network guided by an ethos of collaboration, to becoming a formalized
network of exchange. In the formalized exchange network, collaboration is codified in the
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infrastructure, and I then relate this to cyberinfrastructure by giving a more in-depth review of
databases in model organism research.
In the next chapter, I describe the philosophy and methods of open source. I begin by
reviewing some relevant rules from the essay The Cathedral and the Bazaar by Eric S.
Raymond. I then continue the review of open source, by relating it to open science, an
application of open source. This is done by reviewing the book Reinventing Discovery by
Michael Nielsen. I describe how open science is intended to work, and then I review the
motivation of the OpenWorm for applying this model of development to its project.
The final review chapter of the theoretical discussion is on the role of maps in research on
Caenorhabditis Elegans. I review an historical study by Soroya de Chadarevian in which she
describe a succession of mapping efforts that has characterized the C. elegans field. I point to
how the maps has built on one another, and that they have opened new venues of research and
intervention in the worm. I describe some of these maps and their function, and lastly point to
a quote by de Chadarevian in which she makes reference to an in silico map of C. elegans.
In the summary chapter, I reiterate my main arguments and apply them to my case study. I
argue that the OpenWorm project is situated in a tradition of collaboration which traces its
lineage back to the early days of model organism research. I furthermore argue that open
science epitomize the ethos of collaboration embedded in the model organism field. I also
argue that the OpenWorm may constitute the in silico map anticipated by de Chadarevian.
Then I start to expound the material and methods of the thesis. I introduce by stating that
my goal for the analysis is to give an epistemography, as conveyed by Peter Dear, and what
this entails. I then present the material I have used: web pages, literature and video material. I
then launch into a review of the analytical resources. I have employed a framework from
Actor Network Theory. I use the notion of “inscription devices” from Latour and Woolgars
Laboratory Life as an auxiliary to Hans-Jörg Rheinberger’s notion of “experimental systems”
from Towards a History of Epistemic Things. As such, my method of inquiry is text analysis.
I give an in depth review of the components of “experimental systems”, how they produce
new knowledge and how it is utilized. Then I describe how I have employed the analytical
resources in the analysis.
In the analysis, I have focused on the validation – optimization loop. This is a workflow in
which the digital model is validated against biological knowledge and techniques of
5

optimization is employed create new knowledge. I employ the notion of biological exchange
from Eugene Thacker’s Global Genome to create a connection to the first theoretical chapter,
and to convey the role of biology. This acts as a supplement to the framework of inscriptions
and experimental systems. When I have reviewed some of the biology, I describe how the
components of the digital model, primarily the connectome - the set of neurons, and the
muscle model is made. I then review a toolchain the OpenWorm team is making to integrate
the components of the model. This is attached to the whole worm level of modeling, which
reiterates the validation – optimization loop. Finally I review the Connectome Engine, a robot
guided by a model of the connectome. I argue that the connectome is an epistemic thing and
that the digital model possess the characteristics of an experimental system.
In the conclusion I answer the question “what is a virtual lifeform” by addressing what it
is, with regards to model organisms, to collaborative modelling, and how it is a mediator
between the biological and the digital. Finally I relate it to animals in research and
bioinformatics, to sketch out what a virtual lifeform is. These answers sums up my
operationalization of the primary research question. Neither of these questions has a simple
answer, as the research material is complex and multifaceted. Also the answers to the sub
questions has proven to be intertwined, as a virtual body it is an inherently translational entity.

1.3 OpenWorm
The OpenWorm project is an open source collaboration to build the first comprehensive
computational model of a living organism. This is sought through a bottom-up modeling
approach which consists of incorporating the data available in the research community in
software models, and have the behavior of the worm emerge from simulation. In order to
achieve this, the team is developing Gepetto and Sibernetic, modeling tool to run different
models in concert 4. The bottom-up modeling is attached to systems biology computational
modeling approach, whose vision is to apply computational modeling to broach the
complexities inherent in brain simulation. The stated goal is to build the first complex
organism in silico for the purpose of understanding the mechanisms and processes of living
cells, enabling the next generation of advanced systems biology analysis, computational drug
4
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discovery, disease modeling, and synthetic biology 5. On the projects kickstarter 6 campaign
one can read the following:
Science still does not understand the human brain - made up of roughly 100 billion neurons - to the
level needed to cure diseases such as Alzheimer’s and Parkinson’s. Believe it or not, science doesn’t
even fully understand the brain of a simple worm with only 302 neurons! A lot of human pathologies
(Alzheimer’s, Parkinson’s, Huntington’s, Depression and more) have proto-equivalents in the nematode
C. elegans, and the worms are used in the lab to find clues on how to cure these pathologies in humans.
Building a model of the worm would greatly speed up experiments, reducing the need to work with live
animals in the lab, and would thus accelerate research towards finding cures for these pathologies. If we
cannot build a computer model of a worm, the most studied organism in all of biology, we don’t stand a
chance to understand something as complex as the human brain. We need to start small, in other
words... we must crawl before we can walk! So, because we believe biological and brain research must
accelerate, we are taking matters into our own hands. The OpenWorm community is hard at work as we
speak making such a computer model a reality. 7

As we can see from the quote, the end goal for the project is the human brain; to act as a step
on the way to creating models of the human brain. I will discuss this subject further below, in
the context of model organisms. There are, however other reasons for undertaking the project.
Amongst these are building a toolchain for standardizing and interoperability in neuron
models and simulation (Szigeti, et al. 2014). Furthering A.I research through reverse
engineering a simple nervous system, and moving biology towards simulation based research
(Palyanov, et al. 2011).
This experimental approach facilitates a view of the brain as a complex physical system;
“complex neuronal activity is the result of countless interactions between molecules
happening inside, between, and around neurons” 8. In response to the complexity of the
system, there is need for sophisticated software platforms to handle the information 9.
Therefore, the project has selected the Caenorhabditis Elegans as the target for modeling. Its
main selling point is its simplicity, consisting of approximately 1000 cells, 302 of which are
neurons, and 95 muscles. Besides this, its entire development is mapped, along with its
genome and a complete map of it neural wiring diagram. Yet, in despite of its simplicity, it
solves basic problems, like predator avoidance, and mate finding. The modeling approach is
twofold, as there is an admixture of top-down modeling. This type of modeling is starting
www.openworm.org : http://docs.openworm.org/en/0.9/ Accessed 02.05.16
A web page to raise money from the public.
7
www.kickstarter.com: https://www.kickstarter.com/projects/openworm/openworm-a-digital-organism-inyour-browser/posts/836929 Accessed 14.04.16
8
www.openworm.org : http://docs.openworm.org/en/0.9/background/ Accessed 02.05.16
9
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5
6

7

from the features and attempts to model them, like the worm moving in a sinusoidal pattern,
by implementing sine and cosine function. This runs into problems of generalizability, so the
main focus is on modeling the cells, and giving them features that together combine into the
behavior of the worm. The approach is based on multi algorithmic integration, from the
rationale that as mathematical models has been crucial to physics, there is now an attempt to
use them on biological phenomena. The philosophy being that there should be a set of
equations that describe the processes occurring inside organisms 10.
The method of construction is open source. This is means that the code is openly available
while under development. The open source model is enacted in the project through GitHub,
where the repositories of code are available. If someone wants to contribute, that someone
may find the GitHub page, look up what the project is working on, under the issues banner, or
joining the mailing list and ask the members (or simply create a new issue). When an issue is
chosen, the contributor will fork the repository, which creates a local copy of the code for the
contributor to work on. Then changes can be made and then a pull request is sent for the
changes to approved and integrated into the project 11. In a talk presenting the project, Stephen
Larson, the project coordinator, makes reference to the Cathedral and the Bazar, and
Reinventing Discovery: The New Era of Networked Science 12. Below I will review these texts
and relate the open source / open science model to collaboration in model organism science.
As of 2014, the project consisted of 24 repositories of code, 40 contributors and 350 mailing
list members.

www.openworm.org : http://docs.openworm.org/en/0.9/background/ Accessed 03.05.16
www.openworm.org: http://docs.openworm.org/en/0.9/community/ Accessed 02.05.16
12
Stephen Larson – OpenWorm: A Community developed in silico model of C. Elegans
https://www.youtube.com/watch?v=hhIe__5-6ck Accessed 03.05.16
10
11
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2 Theory, Method and Material
2.1 Introduction

This provides some context for the case study. The aim is to review some of the literature on
model organisms, in order to see if and what the OpenWorm project have inherited from the
C. elegans history as a model organism. As I have stated above, the onset of network scale
modeling in neuro informatics is, to a large extent, following in the path of well-established
model organisms, like the fruit fly and the mouse. I begin by addressing animals in
biomedicine and bioinformatics. Then I will narrow the discussion down to the subjects of
model organisms, maps and collaboration. I will try to show in what ways the trajectories of
development align. I will turn to an article by Rachel Ankeny and Sabina Leonelli to give an
account of what sets model organisms apart from other experimental organisms. This shows
the centrality of collaboration and sharing in the former, and I turn to Robert Kohler classic
study of the scientific culture surrounding Drosophila Melanogaster to get a closer look at
moral economy and “exchange networks” (Kohler’s term).
I then turn to the open science model, and make an argument that this mode of science
may be seen as a continuation of the moral economy involved in exchange networks. What I
intend to achieve in writing this section of the master thesis is to situate my case study within
this literature, which hopefully will convey its relevance to model organism literature in STS.
It will furthermore give a sense of how the digital model “inherits” the significance of the C.
elegans field as a whole and enable an understanding of how the project is positioning itself in
relation to the broader field. I then turn a discussion of the theoretical apparatus I have used in
my analysis of the project.

2.2 Animals in Biomedisine

In this chapter I will address the bigger issues. I will draw on literature on how research
animals are standardized technologies of biomedical research, that serves an auxiliary
function to biomedicine. I draw on two historical studies of animals in research by Tone
9

Druglitrø. I point to the research animal as a means to facilitate international collaboration
and standardization in science. I then points to how the “molecularization” of biology has
entailed a view of life itself as information, and point to some of the consequences for
biology. This is done by reviewing the research of Nikolas Rose and Eugene Thacker. Then I
offer some reflections on how I will utilize this in my thesis.
We remember from the passage in the OpenWorm projects kickstarter page, which I
quoted above, that one of the reasons for creating a virtual organism is biomedicine.
Alzheimer’s, Huntington’s and depression have proto equivalents in Caenorhabditis. The
subject of biomedicine prominent in the discourse of the life sciences. This is, according to
Eugene Thacker, a common way to contextualize biotechnology:
A large number of biotechnology fields are directly contextualized by their potential application to
healthcare and medicine. This is, on the surface, the rationale for the need for patents as well as
publications, for incentives for application, as well as incentives for knowledge production. And
certainly, the very definition of biotechnology implies such an instrumental approach: biotechnology is
a technology of biological life, a technology in which “life itself” is at once the process of production,
distribution and consumption. In biotechnology, “life itself” is both the technology and that which the
technology aims to benefit (Thacker 2006, 76).

As such the OpenWorm brings together bioinformatics and biomedicine. This biomedical
significance is something that the digital worm “inherits” from its biological counterpart.
What separates a digital worm model from a gene database for instance is that it is a
simulation of living animal. So ,I will first outline the role of research animals in biomedicine.
According to Tone Druglitrø, in Å skape en standard for velferd (Druglitrø, 2012),
biomedicine is a field in which biology and medicine comes together. Particularly in the
period after the second world war, biomedicine as we know it today took shape. There was an
upscaling in scientific projects, which entailed that they encompassed non-human organisms,
materials and technologies (Druglitrø, 2012, p. 17). The use of research animals is a product
of, and has been crucial to the progress, of biomedicine. They are interwoven in, and results
of ambitions, goals, dreams of innovation and modernization, and organizational and
experimental challenges, and visions of nature, animals and humans (Druglitrø, 2012, p. 16).
Alongside the use of animals, social groups from industry and politics became a greater part
of the scientific process (Druglitrø, 2012, p. 17). This, in turn brought with it that the
production of standards became increasingly important (Druglitrø, 2012, p. 18). As such the
field of biomedicine has long relied on the use of animals.
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Research animals are constructed in the laboratory and the breeding centers, and is part of
the experimental setup. The animal’s biological forms are constructed in accordance with
theoretical conceptions and methods. As such they are technologies (Druglitrø 2012, 30).
They become so through a process of transformation that differentiates the animal from its
wild kin, a process that turns the animal into an object (Druglitrø 2012, 29). This turns the
animal’s identities to ones that is haunted by an ambivalence, in which they are part nature
and part (bio) technology (Druglitrø 2012, 30). The transformation into a research technology
also involves standardization of infrastructure surrounding the animal. This makes the animal
a material result of the involved actors ambitions and practices (Druglitrø 2012, 31). This
standardization process is an auxiliary specialty that “has sustained the phenomenal growth of
biomedical sciences in the latter half of the twentieth century” (Druglitrø and Kirk 2014, 334).
The means of this standardization has been the breeding centers that has facilitated an
international outlook in building standardized animals and practices. The aim of animal
science was to facilitate the construction of shared languages and practices, as well as the
networks through which science travels, and to provide the biomedical sciences with the tools
that shape their form and function (Druglitrø and Kirk 2014, 335). Laboratory animal science
was originally intended as a means to supplant the ad hoc local arrangements that dominated
biomedicine prior to the second world war (Druglitrø and Kirk 2014, 335). The
standardization was a means to internationalize biomedical research:
In contrast, laboratory animal science and medicine sought to create a new specialist
discipline located in particular buildings alongside the laboratory, wherein varied
biomedical expertise, including genetics, pathology, microbiology, epidemiology,
nutrition and veterinary science, were mobilized to secure the provision of high quality
laboratory animals to all, regardless of geographic locality. Laboratory animal science
and medicine was also distinct in that the new expert knowledge and technical
practices created under its name, tough produced locally, were international in
orientation (Druglitrø and Kirk 2014, 335)

This goal of creating transnational standards for animal production, provision and
maintenance, took the form of a material reconfiguration of the animals, Druglitrø and kirk
argue, made for and of the laboratory (Druglitrø and Kirk 2014, 338). This resulted in
international infrastructure, with regards to both material and nomenclature (Druglitrø and
Kirk 2014, 339). Research animals then was seen as a necessary resource for biomedicine
(Druglitrø and Kirk 2014, 334). I will now address the use of in silico models.
11

A virtual lifeform as a research animal, I will argue, also shares in some of the
characteristics of bioinformatics. Bioinformatics is defined by Thacker as “the application of
or integration of computer science to molecular biology” (Thacker 2006, 54). It has
specialized in three areas of biology; sequence and structure analysis (genomics), data
management (GenBank, data repositories), and development for integrated systems for in
silico biology (simulation systems for testing drug compounds) (Thacker 2006, 54). One of
the central characteristics of bioinformatics is that it keeps in touch with the material,
biological bodies: “at some point the in silico world of drug discovery must directly and
material interface with the in vivo world of the human body” (Thacker 2006, 59). This is view
of life as information, is connected to the “reorientation of clinical gaze” of the life sciences
that was brought about by molecular biology, as described by Nikolas Rose, in the Politics of
Life Itself (Thacker 2006, 60).
Nikolas Rose and Abi-Rached writes in Neuro (Rose and Abi-Rached 2013) of the
clinical gaze, that when rendering something visible, it involves a “whole configuration by
means of which a certain way of seeing becomes possible and can be articulated” (Rose and
Abi-Rached 2013, 55). The way of seeing that characterize science do not simply arise from
an isolated act of looking but is rise from a conjunction of different elements and practices
(Rose and Abi-Rached 2013, 55). It encompass spatial and temporal dimensions, like the
individual body, the collective body involving social factors in causation and recovery, and
across time, manifested in life course and generations (Rose and Abi-Rached 2013, 55). It
also encompass the technical. This is represented by the technical configurations, the
apparatuses and devices that render that which is observed into marks, traces and patterns
(Rose and Abi-Rached 2013, 55). The act of seeing is characterized as “ part epistemology,
part topography, part technology, part objectification and subjectification, part network o
forces, even part ethics” (Rose and Abi-Rached 2013, 55).
As such, the configuration of the apparatuses that render something visible carries a great
deal of significance. The means and methods of how a phenomenon becomes visible is
crucial. Not only in determining what it is, but how it facilitates intervention:
This new genetics was bound up with a mutation in the very image that we have of life. The body that
20th - century medicine inherited from the 19th century was visualized via a clinical gaze, as it appeared
in the hospital, on the dissection table and was inscribed in the anatomical atlas. The body was a vital
living system, or a system of systems. The skin enclosed a ‘natural’ volume of functionally
interconnected organs, tissues, functions, controls, feedbacks, reflexes, rhythms, circulations and so
forth. This unified clinical body was located within a social body made up of extra- corporeal systems of environment, of culture - also conceptualized in terms of large - scale flows – of air, water, sewage,
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germs, contagion, familial influences, moral climates and the like. … In the 1930s, biology came to
visualize life phenomena at the submicroscopic region – between 10-6 and 10-7 cm. Life, that is to say,
was molecularized. This moleculariztion was not merely a matter of framing explanations at the
molecular level. Nor was it simply a matter of the use of artefacts at the molecular level. It was a
reorganization of the gaze of the life sciences, their institutions, procedures, instruments, spaces of
operation and forms of capitalization (N. Rose 2001, 13)

When the clinical gaze was oriented towards the dissection table and the hospital, the clinical
body facilitated interventions on the large-scale flows of air, water and sewage. The resulting
view of life was one that employed a language of information: life was being imagined as
subcellular process controlled by a digital code written on the molecular structure of the
chromosome (N. Rose 2001, 14). This coming together of the biological “life itself” and
informatics is facilitated by this molecularization.
This coming together of biology and informatics is a broader tendency, as Thacker writes:
“It seems that both in science research and in culture generally, the distance separating
biology and informatics has begun to collapse, but without biology simply becoming virtual
and without informatics simply becoming an extension of the biological” (Thacker 2006, 66).
In contrast to artificial life, the reliance on informatics in the field of bioinformatics is
constrained: “…connecting information to a biological body is the primary challenge of “life
itself” in the age of bioinformatics” (Thacker 2006, 79). “Life itself” in the information age
has a duality: biology is accounted for via informatics, but informatics is qualified as
biological materiality. The complex relationship between biology and informatics has
involved the emergence of new, chimeric artefacts it produces, like the DNA chip, artificial
chromosomes and the like (Thacker 2006, 48). If then, biology can be equated with
information, the resulting view of life becomes:
What we are witnessing in biological exchange 13 is an emphasis on the network properties of biology
through this formulation of biology equaling information. If biology is considered to be an abstract pattern
or form — not just a formation, but an in-formation — then the material substrates through which this
information is distributed are of secondary concern, and that which is seen to be at the core of biology
(pattern, information, sequence) can be seen to exist apart from the material substrate (cell, test tube,
computer). (Thacker 2006, 9)

13

This is at the core of what Thacker describes as “biological exchange”, the fluidity across
media that characterize biological information (Thacker 2006, 9). This view of life, has had
manifold consequences. Amongst which are, that on a scientific level, the development of
biological exchange has made research more efficient, and opened more opportunities for
distribution and sharing of knowledge amongst researchers (Thacker 2006, 9).
I will employ an interpretation of the notion of biological exchange in my analysis, in a
subsidiary function. For now, it will suffice to take note of how the view of life that is
facilitated by seeing “life” as information allows the crossing of media. This is a characteristic
of virtual life. I will argue that virtual lifeforms are part research animal, and part
bioinformatics. A particular issue in the OpenWorm project, that sets it apart from the issues
described by Druglitrø, is that, the research animal in more traditional biomedical research is
“nature” from the outset. They become technology through manipulations in the laboratory,
like inbreeding and genetic manipulation. The virtual life form, however is technology from
the outset, and needs to be qualified as nature. The contested point, then, is whether it is able
to make itself as such. This is a trait it inherits from bioinformatics. In my analysis I will point
to how the digital model employs biology to qualify itself as model of a living being.

2.3 Models, Maps and Collaboration
2.3.1 Model organisms

In this chapter I review an article by Rachel Ankeny and Sabina Leonelli, What’s so special
about model organisms? In the article they give an account of the defining characteristics of
model organisms. In the most general terms, model organism are non-human species that are
extensively studied in order to understand a wide range of biological phenomena. The hope is
to be able to generalize the results to a wider range of organisms, in particular more complex
ones (Ankeny and Leonelli, What’s so special about model organisms? 2010, 313). There is a
certain set of characteristics that puts model organisms apart from the broader class of
experimental organisms, such as their material and epistemic features. And also the
characteristics of the research communities that engage in model organism research, in
relation to the goals, disciplinary affiliations and preferred practices. A key component of
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which is the standardization required to facilitate an integrative and comparative mode of
doing research (Ankeny and Leonelli, What’s so special about model organisms? 2010).
The representational scope and target of model organisms is the distinguishing
epistemological features of model organisms. According to Ankeny and Leonelli, the
representational target describes the conceptual reasons why scientist are studying a certain
organism. The representational scope defines the extent of generalizability across organisms
(Ankeny and Leonelli, What’s so special about model organisms? 2010, 315). What will
distinguish a model organism, on these variables, is that is that researchers engaged in model
organism research, is seeking to contribute to the construction of integrative models for
whole, intact organisms. The long term goals of is to contribute to large scale comparative
work across species boundaries (Ankeny and Leonelli, What’s so special about model
organisms? 2010, 315). The representational scope of model organisms is always a larger
group. They are thought to be simplified forms of a broader class of organisms, based on the
principle of genetic conservation.
This principle states that smaller genomes may be compact forms of more complex
genomes, and therefore, viable models for studying fundamental processes. Thus, accordingly
model organisms are used because they serve as a basis for articulating processes thought to
be common amongst most other types of organisms (Ankeny and Leonelli, What’s so special
about model organisms? 2010, 318). With regards to representational target, they are
characterized by having the whole intact organism as the aim, such as genetics, development,
physiology, evolution and ecology. The goal of allowing large scale comparative work across
species, entails to first gather resources and build infrastructure on individual organisms, and
integrating a range of disciplinary approaches (Ankeny and Leonelli, What’s so special about
model organisms? 2010, 318).
In order to facilitate such research, developing a standard set of tools and techniques
are crucial. Model organisms often share a set of material attributes, in which such standards
are embodied. Their characteristics include short generation periods, small physical and
genomic sizes, short life cycles, high mutation rates or high susceptibility to simple
techniques of genetic modification, and that they are developed using processes of
standardization that allows for the establishment of a standard strain which serves as the basis
for future research. This is a token organism often referred to as the “wild strain” developed
using techniques such as cross – breeding and genetic manipulation (Ankeny and Leonelli,
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What’s so special about model organisms? 2010, 316). The role of standardization is crucial
to model organisms, because the research is dependent on a detailed genetic account, in terms
of sequence, gene function and phenotype, in order to develop widely representative models.
Two notions are important: the “pure line” for purposes of experimental control over what
strains are used, and reducing variability, and second the idea of comparability across species,
closely associated to the principle of genetic conservation (Ibid).
Another feature of model organisms is that of the establishment and maintenance of
infrastructures enabling cross disciplinary communication and exchange of standardized
materials and instruments, as well as social structures for the models to retain their epistemic
value (Ankeny and Leonelli, What’s so special about model organisms? 2010, 317). Model
organisms are dependent on infrastructure such as stock/strain centers and cyberinfrastructure
such as community databases for communication of research results. This infrastructure is one
of the defining characteristics of model organism, according to Ankeny and Leonelli, and has
facilitated an ethos of sharing and collaboration. This infrastructure has contributed
significantly to the abilities of research communities to foster communication and
collaboration and to further research efficiently. The importance of the cyberinfrastructure
and communal access to standardized specimens the exchange of information and the models
use for comparative purposes would be impossible on a sufficiently large scale to achieve the
integrative goals of many research programs (Ankeny and Leonelli, What’s so special about
model organisms? 2010, 317).
The cyberinfrastructure is as such, indispensable: “Due to their capacities for bringing
results, people and specimens together, community databases and stock centers have come to
play an crucial role in defining what counts as knowledge of organisms in the post-genomic
era” (Ankeny and Leonelli, What’s so special about model organisms? 2010, 317). As such,
are those who participate in model organism communities expected to contribute to the stock
centers and databases by providing data, in exchange for being crucially dependent on the
specialized information and resources available through them (Ankeny and Leonelli, What’s
so special about model organisms? 2010, 318). Standardization and collaboration is, then,
central to the notion of model organisms.
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2.3.2 Collaboration

In Lords of the Fly Robert Kohler describes the exchange network developed by the
Drosophilists 14 for exchanging the means of production of scientific knowledge, like fly
stocks and preliminary experimental research. The notion of “moral economy” is adapted to
describe the foundation of the exchange network, which, Kohler argues, was central to the fly
people’s success, and the proliferation their experimental system (Kohler 1994, 292, 133). It
was a significant contributor to the growth and spread of their experimental practice, as
“ready access to the means of production made it easy for newcomers to enter the field, and
harder for sceptics to doubt the credibility and value of the drosophilists’ new conception of
genetics” (Kohler 1994, 133). The exchange accelerated the pace of production by widening
participation, and made it possible to fully exploit the productive potential of Drosophila as a
research tool (ibid). Kohler argues further that making the Drosophila freely available helped
establish the then new and controversial practice of gene mapping as the dominant form of
experimental heredity, due to the fact that practices that are limited to one place is often
attacked for being idiosyncratic local deviations (Kohler 1994, 141).
The network of exchange provided stocks for teaching, which acted as a means for
recruitment of new “fly people” and spread the ideas of the new genetics, spread the mode of
experimental work, and made the fly groups practices standard practices (Kohler 1994, 143143). This moral economy facilitated a system of informal communication, as it was custom
to disclose the purpose of research when asking for stocks, and a sharing of tools, which was
supposed to benefit the community, as the tools could be applied to more problems than any
individual could dream up (Kohler 1994, 144-145).
The exchange network started out as an informal system. However, as the community
grew, it became formalized in official stock centers, and a technical newsletter was published
in 1934 (Kohler 1994, 157). The newsletter, Drosophila Information Service was the result of
the community becoming big, and sharing of standards and practices could no longer be
conducted in an informal network. It brought to light issues of standardization of
14

A group of researchers working on mapping the genes of Drosophila Melanogaster.
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nomenclature and access to standard methods (Kohler 1994, 162). Kohler argues it was the
formalized version of the personal services of one of the scientist had provided, and
substituted the postcards and letters sent amongst the fly people (Kohler 1994, 164- 165). This
formalized exchange network has a continuation in the database, or cyberinfrastructure that
characterize model organisms today. As Ankeny and Leonelli writes: “Databases thus are a
key link between the tradition and the future of model organism research, a natural
consequence of the collaborative ethos that characterized work on model organisms from its
inception.” (Leonelli and Ankeny 2011, 35). The argument is made that the databases has
facilitated the implementation of ideas and values that has long characterized this type
research, and provides them a concrete shape, not previously possible (Leonelli and Ankeny
2011, 31). The cyberinfrastructure is has even become central to defining what a model
organism is and how it is to be used (Leonelli and Ankeny 2011, 31).
The cyberinfrastructure is not only a practical means to handle the growth in the number
of scientists and laboratories working on the organisms in question, but they also embody the
ethos of collaboration in model organism science. For instance research on the mouse cress
Arabidopsis thaliana is encompassing over 16000 laboratories, and are strongly correlated
with emphasis on data-intensive and automated data analysis (Leonelli & Ankeny, 2011, p.
30). The worm community has followed along a similar trajectory, although as it is a newer
model organism, it is smaller. From being a small research community that was attached to
Brenner’s lab at the Laboratory of Molecular Biology at the university of Cambrigde to which
most worm researcher can trace their lineage (Ankeny, 2007, p. 48). To being 1200 researcher
in 450 labs (in 2007) (Hubbard Albert, 2007, p. 64). The need for collaboration and
communication was first expressed by the founding of the newsletter The Worm Breeders
Gazette and annual meetings in the middle of the 70s (Leonelli & Ankeny, 2011, p. 30). The
cyberinfrastructure was built in the late 1990s as a part of the sequencing project and reflected
the need for storing and organizing huge a huge mass of data.
The online sharing that was facilitated by the sequencing project was a new solution to an
old problem. The sequencing project served as a common goal for model organism
communities, as well as a common denominator which could serve as basis for collaborative
work, as there was an agreement among scientist that access to sequencing data was of crucial
importance. Furthermore the databases was to act not only as a platform for collaboration and
integration of data on a single organism, but cross species comparison as well (Leonelli &
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Ankeny, 2011, p. 30). Thus community databases had three partite long term vison; 1.
Incorporating and integrating data available on the organism in question. 2. Allowing and
promoting collaboration with other community databases, so datasets could be compared
across species, and 3. Gathering information on laboratories working on each organism and
the associated experimental protocols, material and instruments, thus providing tools for
community building (Leonelli & Ankeny, 2011, p. 30). As central tools for community
building and collaboration, they are the expression of an increasing tendency to codify
collaboration in model organism science. They can be seen as the material expression of the
ethos of collaboration. Collaboration, then, is a practical means to handle a vast amount of
data, a strategy for dissemination of results, and building legitimacy for experimental
practices and results. I will now turn to open science and see how this relates to these features
of model organism science.

2.3.3 Codifying Collaboration in Open Science

In this section I will review two texts that was referenced by the OpenWorm project
coordinator, Stephen D. Larson in a talk at the INCF conference 15. The first text is the
Cathedral and the Bazaar by Eric Steven Raymond, which is on open source development in
software, and outlines the principles and philosophy of open source. The second is the book
Reinventing Discovery: The New Era of Networked Science by Michael Nilesen, which is on
the subject of open science. By reviewing these books I will extrapolate how collaboration is
enacted in these types of developments. I will refrain form an in-depth review of the book, but
will focus on the means and mechanisms proposed to underlie collaborative developments
and the benefits of open developments processes. My argument is that the processes involved
in moving to open source development aligns with the trajectories outlined above with
regards to the expanding ‘exchange networks’ denominated by Kohler. In one respect the
open source/science movement suggests itself as a solution to the growth in data sets that
comes with the increasing amount of research. On the other it posits itself as a part of moral
economy that benefits science by speeding up the discovery cycle. The central argument I
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make is that it can be said to codify the collaborative ethos that has prevailed in model
organism science.
The cathedral models are centralized developments; “carefully crafted by individual
wizards or small bands of mages working in splendid isolation” (Raymond 1999, 2). An
alternative model is the bazaar, which take submission from anyone which contributes
something, from which a coherent and stable system can be built (E. S. Raymond 1996, 2).
By naming this model of development “the Bazaar” Raymond is referring to “the great
babbling” that the Linux development resembled (E. S. Raymond 1999, 2). In the essay The
Cathedral and the Bazaar Eric Steven Raymond expounds the story of an open source
development he conducted in the early 90s. In this essay he presents 19 rules of bazaar style
developments. As open source is not the subject of this thesis, I will confine my review to the
rules pertaining to collaboration in open source development, and leave out the ones that
addresses coding as such.
As the core of the bazaar model is to be developed by its users, the 6th rule of bazaar
developments is “Treating your users as co-developers is your least-hassle route to rapid code
improvement and effective debugging” (Raymond 1999, 6). This lesion was drawn from how
fast Linux was scaled up with the number of user and system complexity, and is presented by
Raymond as its most significant invention; the development model (E. S. Raymond 1996, 6).
This is coupled with another principle, rule 7, which states: release early and often. This is
intended to maximize the number of person hours spent on debugging and development
(Raymond 1999, 8 - 9). These two leads to a critical rule of bazaar developments: “Given a
large enough beta-tester and co-developer base, almost every problem will be characterized
quickly and the fix obvious to someone” (Raymond 1999, 9). For OpenWorm this principle
translates to “with enough eyes (neuro) biological complexity is shallow” 16. This is also the
distinguishing principle with regards to cathedral type, with long release intervals. The Bazaar
releases often and employs the user base to get more corrections. This principle is named
“Linus’s law” (Raymond 1999, 9).
Another tenet of open source development is epitomized in rule 2: “Good programmers
know what to write. Great ones know what to rewrite (and reuse)” (Raymond E. S., 1999, p.
4). This involves using previously developed code as a scaffold in building new code, and is
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facilitated in big code pools such as Linux (ibid). I will now turn to see how these principles
is translated to open science.
In Reinventing Discovery it is argued that as a design methodology, the open source is a
general methodology that can be applied to any project involving digital information (Nielsen
2012, 46). It is structured as an argument for the benefits of online collaboration, form
analyzing a set of cases in which open collaboration and sharing of data has been successful.
In my review I focus on the mechanisms to which this success is attributed. One of the
collaborative projects that is taken as an example of how collaboration in science is beneficial,
is the Human Genome Project:
This human genetic map was the combined work of many, many biologists around the world. Each time
they obtained a new chunk of genetic data in their laboratories, they uploaded the data to centralized online
services, such as GenBank, the amazing online repository of genetic information run by the US National
Center for Biotechnology Information. GenBank integrates all this genetic information into a single publicly
accessible online database, a compilation of the work of thousands of biologists. It’s information on a scale
that is almost impossible to analyze by hand. Fortunately, anyone in the world may freely download the
genetic map, and then use computer algorithms to analyze the map, perhaps discovering previously
unsuspected facts about the human genome. (Nielsen 2012, 4).

In this quote the open science ethos is expounded: pooling of work, integrating vast amount of
data, public access, and application of algorithms to process the information, enabling
processing of information on a scale too big to do by hand. All facilitated by online
collaboration.
Central to the open science philosophy, according to Nielsen, is that online tools enables
the amplification of collective intelligence, and can be applied to scientific problem solving
(Nielsen 2012, 19). One of the means for doing this is restructuring expert attention. This
means that through openness and being exposed to a great number of people, the online tools
has the ability to bring the problem to the attention of the right expert at the right time
(Nielsen 2012, 24). Another facet of this is the problem might get the attention of someone
with a particular micro-expertise, that is especially well suited to tackle a specific problem
(Nielsen 2012, 25-26). This restructuring of expert attention will ideally lead to what Nielsen
dubs designed serendipity, referring to online tools ability to bring the problem to the right
expert as a matter of routine (Nielsen 2012, 28). The designed serendipity is described like a
nuclear chain reaction that occurs when an online collaboration reaches what is dubbed
conversational critical mass, that is, the collaboration is joined by a adequately diverse range
of experts, so that the chances of an idea to inspire a new idea is increased (Nielsen 2012,
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30). These are the mechanisms by which online collaboration is suggested to be able to break
down complexity barriers.
The heritage from the open source is their ability to scale up, and so increase the cognitive
diversity and range of microexpertice available to the projects. Nielsen points to four patterns
that enables the open source project to scale up: 1) working in a modular way, 2) encouraging
microcontributions, 3) allowing easy reuse of earlier work by others, and 4) using signaling
mechanisms to allocate the attention of developers (Nielsen 2012, 48). Being modular means
that the project is divided into problems that can be done by single individuals, as the
repositories of code may grow to an extent that handling exceed the capability of single
individuals (Nielsen 2012, 50). Without this modularity they often fail to scale up (Nielsen
2012, 53). Often modularity can come in the form of an issue tracker 17, as was the case with
the Firefox web browser (Nielsen 2012, 55). The microcontribution can be as little as the
changing of one single line of code, and lowers the barriers to contribution, encouraging more
people to become involved and increases the range of ideas contributed by any particular
person (Nielsen 2012, 63 - 64). The reuse aspect is one of the most basic pattern of
collaboration, according to Nielsen, and enables a dynamic division of labor, in which code
from one person may be improved by another (Nielsen 2012, 57). Signaling mechanisms is
the ways an open source project directs attention to a problem in need of solving. An example
of the can be scoring for contributions. If a contribution is important it will be reflected by an
increase in the contributing user’s score which directs others to the issue (Nielsen 2012, 65).
A crucial requirement for the application of collective intelligence is that the group
undertaking the project is able to convert individual insight into collective insight (Nielsen
2012, 71-72). This requirement is met through shared praxis; that the participants have a
shared body of knowledge and techniques (Nielsen 2012, 75). As such science is well suited
for the application of collective intelligence, according to Nielsen (Nielsen 2012, 78).
The OpenWorm’s approach to open science is an attempt to circumvent what they call the
sociological roadblock of modern scientific enterprise, exemplified by inability to pool data
using common standards, which results in separated silos of data, leading to statistically
underpowered studies in neuroscience. This is attributed to lax requirements for releasing data
See https://waffle.io/openworm/openworm for how this is implemented in OpenWorm. The waffle board
allows members to track pull requests of code, and issues within the project
17
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and methods into the public sphere and sharing of source code, consequently there is a
mismatch between the vast amount of data being collected as part of the scientific process,
and that which is available for incorporating into models, and for testing them (Szigeti, et al.
2014, 5). The particular techniques employed to overcome these roadblocks are reporting of
intermediary results via public discussions online, provision of roadmaps of its activities
which is open to the public, the use of open mailing lists and online public chats to discuss
problems, and making all code accessible online. This is an attempt to increase community
involvement and creates a paper trail that increases reproducibility of results (Szigeti, et al.
2014, 5). Before turning to the theoretical resources I have employed in the analysis, I will
explore a venue of collaborative research that bears pertinence to the OpenWorm project; that
of maps in model organism research.

2.3.4 Maps

The mapping of the worm, has been central to its success as a model organism. Since
Caenorhabditis Elegans’s introduction to the laboratory, it has been the object of extensive
mapping. That of linkage mapping of its genes, mapping of its cell lineage, mapping of the
wiring diagram of its nervous system, and mapping of its genetic sequence. The last, freely
available to researchers online, established the worm as a major model in biology (De
Chadarevian, Mapping the worm's genome: Tools, networks, patronage 2004, 94). The map
has been central to the worm research throughout its history as a laboratory animal and the
maps have been the most celebrated feats of the C. elegans field (De Chadarevian 2000, 386).
The mapping efforts included a map of complete cell lineage, the wiring diagram, and its
genome sequence (De Chadarevian, Mapping Development or How Molecular is Moloecular
Biology? 2000, 386 - 389) (De Chadarevian 2000, 386 - 389). These maps have given shape
to much of the research in the worm field, as De Chadrevian notes: “Each completed map
allowed new levels of intervention and opened up new avenues of research” (De Chadarevian,
Mapping Development or How Molecular is Moloecular Biology? 2000, 394). Furthermore,
the mapping played a central role in strategies to “molecularize” the study of development
(De Chadarevian, Mapping Development or How Molecular is Moloecular Biology? 2000,
394).
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The cell lineage map permitted a new level of precision in laser ablation of single cells,
and isolation and characterization of mutants (De Chadarevian, Mapping Development or
How Molecular is Moloecular Biology? 2000, 387). The genome sequencing became part of
important institutional expansion and creation of a new form of knowledge production (De
Chadarevian, Mapping Development or How Molecular is Moloecular Biology? 2000, 393).
The central point I take away from De Chadarevians analysis of the mapping, is that there are
two central tendencies: that the maps were reliant on the preceding ones, and they reflected
the increasing formalization of the exchange network:
Far from displacing the existing maps and their original functions, the construction of new maps
strengthened their value. Their common representation in a database invited yet new ways to use different
maps, and to relate, compare, annotate, and retrieve stored information. Another point emerges from this.
Worm researchers have all along stressed the communicative and service function of maps. This supported
the ‘philosophy of collective endeavor’, which has served as a justification and has helped the acceptance of
the increasingly extensive mapping efforts (De Chadarevian, Mapping the worm's genome: Tools, networks,
patronage 2004, 108)

There has been a continuation, and a scaling-up of the maps in worm research. The linkage
maps, for instance, was of the relative loci of genes, as the map is one dimensional. They
were used to characterize mutants and manipulate genes to produce new mutants since their
inception in the 1910’s (in Drosophila research, see Kohler, 1994). The loci were
operationally defined in crossing experiments, but when the technologies of recombinant
DNA were developed, the linkage maps were used to find genes. The maps were therefore not
rendered obsolete, but gained new meaning (De Chadarevian, Mapping the worm's genome:
Tools, networks, patronage 2004, 98).
This was also the case with the cell lineage map, published in 1983. Tracing cell lineages
war a practice brought in from embryology, and C. Elegans became the first organism with a
full cell lineage map. This map offered the benefit of enabling an unprecedented precision in
experimental manipulation. The cell lineage map is of the development in cells. A single cell,
whose fate was known exactly, could now be ablated with a laser beam, and the effects
studied in detail (De Chadarevian, Mapping the worm's genome: Tools, networks, patronage
2004, 100). The linage map also enabled isolation and characterization of developmental
mutants (De Chadarevian, Mapping the worm's genome: Tools, networks, patronage 2004,
100).
The linkage maps where an expression of Brenner’s structural approach to molecular
biology, that is, his attempt to genetically dissect the structure of the nervous system (De
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Chadarevian, Mapping the worm's genome: Tools, networks, patronage 2004, 96). As more
researchers started working on the worm, more loci were added to the maps. Early on, map
updates were the responsibility of one researcher, but as more and more research groups was
working on the worm, and the administration of the map was moved to Caenorhabditis
Genetics Center in Missouri. The map became a communal effort (De Chadarevian, Mapping
the worm's genome: Tools, networks, patronage 2004, 96). As the field grew, this
collaborative mapping was accordingly scaled up. When a new mapping process was initiated
in the early 80’s, the plan was to achieve an overlapping collection of cloned DNA, and the
main aim was to provide a tool for the worm community to facilitate the cloning of genes and
foster communication between laboratories engaged in working on the map (De Chadarevian,
Mapping the worm's genome: Tools, networks, patronage 2004, 98). So the mapping efforts
are also in line with the collaborative ethos that characterize the cyberinfrastructure.
When the worm’s genome was sequenced, as a part of the Human Genome Project, an
agreement of collaboration was struck between British and American researchers (De
Chadarevian, Mapping the worm's genome: Tools, networks, patronage 2004, 103). This
collaboration has some similarity to the principle of releasing early and often we remember
from The Cathedral and the Bazar and also the micro contributions from Reinventing
Discovery: when sequences was sent to the European Bioinformatics Centre and immediately
were made public (De Chadarevian, Mapping the worm's genome: Tools, networks, patronage
2004, 106). Similarly when the sequencing was conducted using clones. They were divided
into sub clones to divide up labor, and sequence data were made available while the work was
still in progress (De Chadarevian, Mapping the worm's genome: Tools, networks, patronage
2004, 104).
So, the maps too is aligned in this trajectory of collaboration outlined by the exchange
networks of Kohler. De Chadarevian writes that the linkage map was started by a single
researcher, the physical map represented the concerted effort of a small group. The genome
sequencing was assembled on industrial lines involving hundreds of people (De Chadarevian,
Mapping the worm's genome: Tools, networks, patronage 2004, 108). There is also a
continuity in the mappings, as the production and interpretation of each consecutive map
relied on the preceding one: the linkage map became a tool to assemble a physical map and to
find the DNA sequence of each of functionally described genes. The physical map became a
tool for sequence assembly. The sequence assembly in turn helped researcher to add new
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genes to the linkage map (De Chadarevian, Mapping the worm's genome: Tools, networks,
patronage 2004, 108). The maps have thus been crucial to C. elegans research:
As other maps, too, each new map of the worm opened new ways of intervention and control: as linkage
maps helped construct new mutants and the lineage allowed researchers to selectively ablate single cells
whose development was known, so the DNA sequence made it possible to selectively ‘knock out’ genes and
study the effects. A final map then would be one that makes it possible to reconstruct C. elegans, in silico as
well as in vivo. (De Chadarevian, Mapping the worm's genome: Tools, networks, patronage 2004, 109)

From this quote, we can see how an in silico map may relate to the preceding ones. I will
address how new avenues of intervention is opened by the digital model. I will also address
how it utilizes the wiring diagram, or connectome as it also is called, a map of the nervous
system of the worm.

2.3.5 Summary

In As I have shown above, the scientific practice of model organisms have as their target a
whole, and integrated understanding of entire organisms. They are also supported by
cyberinfrastructure and a scientific culture of sharing and collaboration, which greatly affect
the amount of information available on the organism in question. As I will show in the
analysis, there is much inheritance in the digital lifeform from model organisms. As shown
above, the collaborative aspect of model organism science has prevailed in this mode of doing
science since its inception. The open science model is aligning neatly with the moral economy
and the broader concept of exchange network. It may even be seen as an iteration of the
underpinning logic. As a historical phenomenon this collaborative model has been greatly
successful, at least if one is to believe Kohler. As a field, the worm research has followed
along the trajectory of the Drosophila exchange network, beginning as a small research
community with a shared lineage back to Brenner’s lab, and growing into a more formalized
institutionalized collaborative entity.
The open science model of development characterizing the OpenWorm project fits neatly
along this trajectory of increasing collaboration. The maps acts, as I will argue below, as a
‘collaborative thing’ a reification of a process of collaborative and integrative modeling.
There is a continual evolution in the maps that worm research has generated. The centrality of
maps as a research tool has not diminished in the OpenWorm. As I will show in my analysis,
in line with the increasing level of intervention and new venues of research pointed out by De
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Chadarevian, the digitalized 3D maps constructed by the OpenWorm project will, if
successful, open new venues of research. I will revisit this issue in the conclusion of this
thesis. When I turn to my analysis the wiring diagram of the neural network of the worm is
central. I will try to show how digitalizing the connectome, as the wiring diagram is more
commonly called, will open up a new venue of intervention. I have situated the analysis
within this frame of collaboration, maps and model organisms. Before the stage is set for the
analysis, however, I will review the sources I have used, and the theoretical apparatus with
which the analysis has been conducted.

2.4 Material and Analytical resources

The OpenWorm project makes for an interesting object of study. The subjects encompassed
within it could make the foundation for many a master thesis. Amongst these is the fact that it
is dedicated to open science. A feature of this is that the whole process of development is
open to the public, and available online. This is, of course, central to this chapter. There is no
way to write about the project without broaching the open science aspect. I begin by
describing the empirical material I have used, then I discuss how I have sorted the information
and chosen my narrative to convey the answer to my research questions. The aim of my study
has been to do what Peter Dear has termed an epistemography; a description of how digital
life is enacted and performed within this project:
Epistemography is the endeavor that attempts to investigate science “in the field,” as it
were, asking questions such as these: What counts as scientific knowledge? How is that
knowledge made and certified? In what ways is it used or valuated? “Epistemography” as a
term signals that descriptive focus, much like “biography” or “geography”. It designates an
enterprise centrally concerned with developing an empirical understanding of scientific
knowledge, in contrast to epistemology, which is a prescriptive study of how knowledge can
or should be made. (Dear 2001, 130 - 131)
The result of my study, then, will hopefully be an informative and coherent description of
how virtual life is made and certified, and furthermore, how it is used and valuated, and the
means to this through a narrated description of a series of translations. The means of this
epistemography is Actor-Network Theory. I invoke the concepts of inscription devices and
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their continuation embodied in the notion of an epistemic thing. I have chosen, in line with
Actor-Network Theory to follow the worm. This is due to the distributed nature of open
science collaboration. This perspective offer the benefit of enabling the construction of a
coherent narrative, in which the nature of the virtual lifeform, and subsequent translation to
and from biological data, may be expounded.

2.4.1 The Material

I will now provide a description of the empirical sources I have used. The main site of study
is online. The OpenWorm project is an online collaboration, and as such, the project is almost
entirely conducted on the internet. The object of study as such, then, is a network of websites
and links. The primary sites has been the OpenWorm project main website at
www.openworm.org, the project documentation and readme files at www.github.org, and the
meetings archive at www.youtube.com. I began my research at the project main page and
have followed the principle of “snowballing” with regards to links I have followed. The first
step was to go some more in depth in getting an overview of the modeling process. This was
found at the project documentation. Under the header “code and documentation” when I
followed the projects link, this visual overview of the project was found.
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Image: OpenWorm. Source: http://docs.openworm.org/en/0.9/projects/

This is a chart of the seven main subprojects conducted to build the worm model,
Neuromechanical modeling with Sibernetic, Gepetto Simulation engine, Movement
validation, Optimization engine, Data collection and representation, community outreach, and
muscle-neuron integration. On this page, there are short descriptions of the subprojects. By
following the GitHub link under the same header, a more in detail description of the project
can be found. This site has, amongst other things, a short history of the project, and a
breakdown of the modeling approach. It also contains and introduction to the tools and means
of modeling. This sites has been the primary source for an overview of the project, and the
basis from which I have chosen where to go in-depth. When topics where chosen the links to
the GitHub repositories where followed, and where available, the associated readme files
where used as sources. As I will describe in the summary, the topics of validation and
optimization has guided my navigation of the material.
Another important site has been the journal club archive on www.youtube.com. The
journal clubs are part of the community outreach, and consists of videos in which presentation
of relevant scientific papers are made. The journal clubs are typically 1 to 2 hours long, with a
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presentation of the paper in question by the project coordinator, Stephen Larson, and often
with the author of the paper present in the video session. The videos are made on google
hangouts, a video conference service. There is a vast amount of material available, so I
selected the ones I used by topic. The ones I have used in this thesis is “father of the
connectome” with John White, author of The Structure of the Nervous System of the
Nematode Ceanorhabditis Elegans (The mind of a worm) in which they talk about the
mapping of the nervous system of C. Elegans. A central source for the electrophysiology
modeling was found in Muscle / Neuron Teem kickoff and Team meeting 2 along with a
review of current and voltage clamp in How a Muscle talks to a Neuron. These video
conferences contain a discussion of how muscle and neuron models are made.
The review of the toolchain is based on publications attached to the project. It is no
need for describing these papers in detail here. A list of the literature I have used for the
empirical analysis is found in the bibliography. An exception is the paper used for my review
of the connectome engine. There were little in-depth sources available, so the primary source
for this review is a draft article by its inventor Tiomothy Busbice, and a power point
presentation, connectomeresearch.pptx, which is available on www.connectomeengine.com.
The paper was sufficient to give a description of how the connectome engine works, and how
it is envisioned to provide a venue for research.
In line with the epistemographic approach I have focused on a high-level functional
analysis of the technologic and scientific features of the project. This means that I have not
focused on the actual progress of the project, but instead on how the reasoning behind the
model is, and how knowledge is used and certified in the project. I have chosen and pieced
together the material I have deemed sufficient to answer my research question. The rationale
behind this is the sheer amount of information and topics that must be negotiated to make
sense of the project. Therefore the selection of material has been crucial to make it tractable
within the scope of this thesis. In order to make sense of how a virtual organism is constructed
I decided to begin with the muscle model. In the project documentation, it is stated that this is
the meeting point between two sets of equations, the set which model the nervous system, and
the set which modeled its environment. So I took this as my starting point. This led to an
investigation of the neuron and muscle model, and the pyOpenWorm and ChannelWorm
subprojects. As the modeling relied heavily on experimentation, I begin my analysis with a
basic review of some of the biological underpinnings of the muscle and neuron modeling.
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This was leading into the toolchain which is used to construct electrophysiological model and
integrating them. Then I moved on to behavioral level of worm simulation. This level is
referred to as the macroscopic level, and employs the connectome in different ways.

2.4.2 Analytical resources

I will now explain the analytical framework I have chosen for my analysis. Then I will
describe how I have employed it on the empirical matter. To describe the process of how
matter is transformed into writing I begin by a short review of inscription devices, from
Latour and Woolgar’s Laboratory Life. Then I supplement the analytical tools with the notion
of “experimental systems” from Hans-Jörg Rheinberger’s Towards a History of Epistemic
Things. This provides the analysis with a broader framework that encompass the model as
part a scientific system. The review of experimental systems first define the notion by
pointing to the configuration of technical and epistemic things, then continues in by giving a
review of how novel phenomena generated by experimental systems. Finally, I review what
gives them their epistemic power, the space of representation.
So, what is an inscription device? It is a machine that operates in such a way that a
particular significance, may be attached to its output. The inscription device, in contrast to
other technical devices in the lab, outputs writing; “…an inscription device is any item of
apparatus or particular configuration of such items which can transform a material substance
into a figure or diagram…” (Latour and Woolgar 1979, 51). The significant feature of
inscription devices is that they are regarded as having a direct relationship to the substance or
piece of matter they inscribe (Latour and Woolgar 1979, 51). Inscription, then, is seen as the
primary output of the scientific process:
At this point, the observer felt that the laboratory was by no means quite as confusing as he had first
thought. It seemed that there might be an essential similarity between the inscription capabilities of
apparatus, the manic passion for marking, coding and filing, and the literary skills of writing, persuasion,
and discussion. Thus the observer could even make sense of such obscure activities as a technician grinding
the brains of rats, by realizing that the eventual end product might be a highly valued diagram (Latour and
Woolgar 1979, 51-52).

The inscriptions are then the focus of discussion, the intermediary steps of the inscription
process are simply taken for granted as technical matters. The inscription role is to act as
confirmation, or evidence for or against, particular ideas, theories or concepts. This rhetorical
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power of inscription is derived from their perceived direct relation to the substance under
study (Latour and Woolgar 1979, 63). In short, inscription devices are the reification of
theories and practices (Latour and Woolgar 1979, 68).
The function of inscription are to serve as evidence, as the successful persuasion of
readers. The various operations of reading and writing, which sustain an argument are seen as
irrelevant by the participants. (Latour and Woolgar 1979, 76). As such, it is the fact that is
contained in the inscription that is important:
There is, then, an essential congruence between a “fact” and the successful operation of various processes of
literary inscription. A text or a statement can thus be read as “containing” or “being about facts” when
readers are sufficiently convinced that there is no debate about it and the processes of literary inscription are
forgotten. Conversely, one way of undercutting the “facticity” of a statement is by drawing attention to the
(mere) process of literary inscription which make the fact possible. (Latour and Woolgar 1979, 76)

This process, by which the inscriptions are generated, is the process by which facts emerge.
When a fact is taken for granted, Latour and Woolgar describes it as “merging imperceptibly
into the background of routine enquiry, skills and tacit knowledge” (Latour and Woolgar
1979, 76). Furthermore, all taken for granted facts had, at some point, been under dispute
(Latour and Woolgar 1979, 76). Latour and Woolgar describes the activity of a laboratory as
one of constantly performing operations on statements. Operations which in turn provides the
focus for similar operations in other laboratories (Latour and Woolgar 1979, 86).
The notion of inscription serve in my analysis as the background for how material matter
is turned into graphs, diagrams and curves that can be read by a machine. This is a step in
leaving the petri dish. I will supplement this, however, with the notion of “experimental
systems” laid out by Hans-Jörg Rheinberger. As the in silico model of C. elegans is not about
fact making as such, but rather intended as means to produce and choosing amongst
hypotheses, a broader framework may gainfully be employed. As such, it may be said that the
model is as much about asking questions, as generating answers. I will now turn to a review
of experimental systems.

2.4.3 Experimental systems, epistemic things and technical objects
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I will now give an in-depth presentation of the primary analytical resource I have employed in
my analysis. It is the notion of an experimental system, coined by the historian of science
Hans-Jörg Rheinberger. Experimental systems are characterized by three primary epistemic
characteristics. They are the working units in which the scientific objects and the technical
conditions of their production is intertwined. Secondly they must be capable of differential
reproduction, that is, they must generate scientific novelties that are beyond our present
knowledge. And thirdly, they are the units of science in which the signifiers of science is
generated. They display their meanings in spaces of representation, meaning that material
traces are produced, articulated and disconnected. These spaces of representation are made
from “graphematic concatenations” that represent the epistemic traces as engravings, and
make it possible to see them as a generalized form of writing (H. -J. Rheinberger 1997, 2-3).
They are the basic units of science:

Experimental systems are to be seen as the smallest integral working units of research. As such they are
systems of manipulation designed to give unknown answers to questions the experimenters themselves are
not yet able clearly to ask. Such setups are, as Jackob once put it, “machines for making the future.” They
are not simply experimental devices that generate answers; experimental system are vehicles for
materializing questions. They inextricably cogenerate the phenomena or material entities and the concept
they come to embody. (H. -J. Rheinberger 1997, 28)

An experimental system, then, embody a way of asking questions and a particular way of
providing answers to the questions. It consists of the epistemic object, which provide
questions, and the technical things that facilitates answers.
Experimental systems consist of two elements; the research object, designated as the
epistemic thing. This is the material entities or processes, the physical structures or chemical
reactions, biological functions. That which is under research. These objects contains in them
what is not known (H. -J. Rheinberger 1997, 28). By referencing Latour, Rheinberger
explains the these objects as being constituted as a list of constitutive actions, and as one adds
items to the list, the object is redefined, or reshaped (H. -J. Rheinberger 1997, 29). This
operational redefinition is enabled by the technical objects; “it is through them that the objects
of investigation become entrenched in a wider field of epistemic practices and material
cultures, including instruments, inscription devices, model organisms and the floating
theorems or boundary concepts attached to them” (H. -J. Rheinberger 1997).
These experimental conditions contains the epistemic thing in that they embed the
epistemic thing, and through this embedding constrains and restrict it, meaning that the
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technical conditions determine the realm of possible representations of an epistemic thing.
Furthermore, in similar fashion to inscriptions, sufficiently stabilized epistemic things
become, in turn, part of the technical repertoire of the experimental arrangement (H. -J.
Rheinberger 1997, 29). This acts as a recurring determination in which sets of experiments
become clearer in some directions, but also less independent, as they now to a higher degree
rely on an established hierarchy of procedures. This means that the experiment is clearer
defined, less independent and carried along by a system of earlier experiments (H. -J.
Rheinberger 1997, 30).
This means that the primary difference between technical objects and epistemic things is
functional, and not structural; an objects role in an experimental set-up is determined by its
place in the experimental arrangement; it is a gradual difference between them. In the
laboratory space as well as the scientific article, as Rheinberger writes: “It organizes the
laboratory space with its messy benches, and specialized local precision services as well as
the standard scientific texts with its specialized sections on “materials and methods”(technical
things), “results” (halfway hybrids), and discussion (epistemic things)” (H. -J. Rheinberger
1997, 30). A technical product has to act as an answer machine, whereas the epistemic thing
has to provide questions, and as such, it is the technical tools that circumscribes the
experimental system (H. -J. Rheinberger 1997, 32).
This configuration of epistemic things in experimental settings is what gives the system its
identity conditions, which in turn is what gives meaning to differential characteristics of a
scientific object. This is a seemingly contradictory situation in which the technical objects
forms the prerequisites for experimentation, but the technical conditions are of such character
that they annihilates the scientific object, that which there is something to learn about. As the
phenomena is indistinguishable from the technical conditions that produce them, however,
through tinkering, established tools may acquire new functions (H. -J. Rheinberger 1997, 32).
This acquiring of new function is what allow for continuous reemergence of unexpected
events. This solidification is akin to changing the modalities of the arguments produced by
inscription devices, as explained above. It is what constitute the movement of the scientific
object to its place in the history of knowledge (H. -J. Rheinberger 1997, 33). These
instruments are by themselves not enough, however. It is the embedding within a particular
experimental system that give them their power. This is what Rheinberger term the space of
representation. The Space of representation is a means for tracing the thing in question;
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“Representations are epistemic things in the first place, they are traces deriving from things
like “tracers” rather than concepts. The fractional partition of cell homogenate and the
corresponding radioactivity pattern constitute a representation of the cytoplasm upon which it
is possible to act: a material space of signification” (H. -J. Rheinberger 1997, 36). I will return
to a fuller description of spaces of representation below, but first I will describe the attributes
of epistemic things that make them able to produce knowledge.

2.4.4 Differential reproduction

The word difference is referring to the displacing dynamics of the research process. It stems
from Derrida’s term Différance, which captures the production of the different/deferring
bound to the exteriority of inscriptions and material traces (H. -J. Rheinberger 1997, 81). The
differential reproduction has two components; temporal coherence as a product of recurrence
and repetition, and its future dependence upon grasping differences. The meaning of
reproductions is used akin to its meaning in evolutionary contexts: “…experimentation has to
be seen as an ongoing and uninterrupted chain of events through which the material
conditions for continuing the very experimental process are maintained” (H. -J. Rheinberger
1997, 75). That is, that the conditions of inquiry, instrumentation, crafts and skills through
which the system remains productive (H. -J. Rheinberger 1997, 75). As such, the notion of
reproduction is crucial:
All innovation, in the end and in a very basic sense, is the result of such reproduction. Reproduction, far
from being simply a matter of securing appropriate and reproducible boundary conditions for the
experiment, characterizes scientific activity as a material process of generating, transmitting,
accumulating and changing information. The generation of new phenomena is always and necessarily
coupled to the coproduction of already existing ones. Without this coproduction, there would be no
basis for comparison; in fact, there would be a sudden dissipation of all knowledge implemented in the
experimental process. For this very reason experimental systems are necessarily localized and situated
generators of knowledge. Their reproductive situatedness, not their logicality, marks their cohesion over
time, and thus their historicity. To establish a scientific object means that it will have emerged from
differential reproduction and that it will be inserted in the reproductive cycle of an experimental system.
(H. -J. Rheinberger 1997, 75-76)

As one can see from the quote, evolutionary systems are evolving entities, in which epistemic
things and technical objects are reconfigured. In these processes of evolution the “possible”
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plays a double role; it is within the realm of an experimental system, yet it is beyond proper
control (H. -J. Rheinberger 1997, 76).
This twilight of repetition and difference is where epistemic things take shape; on the one
hand leaning towards repetition, on the other dependent on the emergence of the different in
order to retain their epistemic relevance (H.-J. Rheinberger 2014, 322). This duality is crucial
to the production of data in experimental systems. Beginning with traces, as the immediate
product of experimentation, by the means and medium of the experiment. The traces
produced by experiment are the volatile starting point of the experimental semiosis, which
when made durable, solidifies into data (H.-J. Rheinberger 2014, 322-323). As such, the
generative power of an experimental system resides in the differential reproduction
Models, as interconnected experimental data configurations, enables a form of differential
reproduction through tinkering with the parts on the model, which through their connection
affects other parts of the network of data. The questions that arise through this tinkering can
then themselves give rise to changes in an ongoing stream of trace production and data. This
process establishes a loop of repetition and difference that “consists of a permanent oscillation
from model to experiment, and experiment to the model” (H.-J. Rheinberger 2014, 326).
Models may reveal incongruities that lead to production of new data, and further realignment
and adjustment of data and models (H.-J. Rheinberger 2014, 328), and an epistemic
productive model derive its epistemic power from the very fact that it leaves something to be
desired, an irreducible difference of medium (H.-J. Rheinberger 2014, 329). What simulations
adds to models, is a mobility which makes it possible to simulate functional states and their
temporal sequence (H.-J. Rheinberger 2014, 331). What characterizes simulations is that they
produce the virtual data of which they consist, and which makes the simulation develop into a
reality of its own, (H.-J. Rheinberger 2014, 333). This, then, is the particular differential
reproduction a model has to offer.

2.4.5 Spaces of representation

The space of representation is the way in which an experimental system deploys its epistemic
power, and strikes at the heart of what science is about (H. -J. Rheinberger 1997, 102). The
intuitive meaning of representation is to produce another object which is intentionally related
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to a first object by a certain coding convention that determines what counts as similar in the
right way (H. -J. Rheinberger 1997, 102). This articulation turns out to be polysemic; it
divides in two meanings, representation “as” and representation “of”. Whereas representation
“of” is straightforward, representation “as” may take a double meaning – that of vicarship and
that of embodiment, what Rheinberger calls a paradoxical trick of consciousness: to see
something as ‘there’ and ‘not there’ at the same time. A third sense of representation stems
from experimental realization, in which the sense of representation “of” is gone and
instantiation in the sense of the production of a particular substance has taken over – the
realization of a thing. There is a continuum of the three meanings, from vicarship to
embodiment to realization (H. -J. Rheinberger 1997, 103).
These three meanings attached to representation has their equivalent in scientific
representation. For vicarship we speak of metaphors and hypothetical constructs, for
embodiment we speak of model and simulation, and in the third we speak of experimental
realization – a trace (H. -J. Rheinberger 1997, 103). Rheinberger employs these notions of
representation to address scientific practice as it is enacted in the materialities of the
laboratory (ibid). They are as such meant for describing science as a process in which traces
are generated, displaced and superposed (H. -J. Rheinberger 1997, 104). As such, Rheinberger
states: “there is no such thing as a simple representation of a scientific object in the sense of
an adequation or approximation of something out there, either conceptually or materially” (H.
-J. Rheinberger 1997, 104). We are confined to representation “as” (H. -J. Rheinberger 1997,
107).
Representation and their object are inextricably interconnected, and objects only known
through their representations. When a referent is shifted from subsidiary to focal awareness, it
is itself turned into a representation. Therefore, to engage in the production of epistemic
things means engaging the potentially endless production of traces, where the place of the
referent is always another trace (H. -J. Rheinberger 1997, 104). As such, science, when
viewed for a semiotic perspective, possess the constituitive texture of a symbol system, that of
metonymicity and metaphoricty: the activity of science is to create a space of representation
from material metaphors and metonymies, which take their meaning from other material
metaphors (H. -J. Rheinberger 1997, 105). The scientific process is in this sense understood as
a process of generating a chain of representation whose power resides in its ability to allow
the passage from a preceding transformation to one which follows (H. -J. Rheinberger 1997,
105).
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Spaces of representation, then, is something that contains the material traces that produce
an epistemic thing (H. -J. Rheinberger 1997, 105). This addresses the particular significance
of the term space of representation in the scientific process. Rheinberger defines the space of
representation as:
Spaces of representation are coordinates of signification. They are opened as well as limited through the
technicalities of the system. They disrupt the immediacy of presence of a phenomenon by rendering as a
mark; they are forms of iteration in a differential typology whose most obvious and prolific form, according
to Derrida, is writing. Graphemes and spaces of representation do not exist independently. They mutually
engender each other. There is no space of representation prior to articulation of graphemes. And outside
such a space, a particular graphematic trace is without assignable meaning (H. -J. Rheinberger 1997, 105)

As we can see from the quote, the space of representation is defined by the technical setup,
and is what assigns meaning to scientific traces, and furthermore, what mediates between
phenomenon and writing. The grapheme plays a role akin to an actant in Rheinberger’s
articulation of Actor-Network Theory. The grapheme he defines, quoting Derrida, as an
element without simplicity, whether it is understood as medium or irreducible atom (H. -J.
Rheinberger 1997, 106). He writes: “We recognize in this passage from Derrida’s Of
Grammatology, the fundamental form of Latour’s networks of human / nonhuman actants,
although Latour certainly would not like to see his empire of “hybrids” qualified as
Derridaean” (H. -J. Rheinberger 1997, 106).
According to Rheinberger, the articulation of graphemes within the limits of an
experimental setting is what constitute the objects of science, they are what channel the noise
from the research setting and translate it into further traces, graphemes, inscriptions and
marks (ibid). There is in the text a “dialogue” with Latour on this point, but Rheinberger
draws on the notion of the “immutable mobile” to denote the role of representation:
Latour, too, takes representation as a particular kind of activity, as a process of inscription that results in
a particular category of things, called “immutable mobiles”. They are characterized, not by what they
depict, but how they work. Immutable mobiles fix transient events (make them durable), and in doing
so, allow them to be moved in space and time (make them available in many places). This is their
power. What is significant about representation qua inscription is that things can re-presented outside
their original local context and inserted into other contexts. It is this kind of representation that matters.
Inscriptions are thus not mere abstractions. They are durable and mobile purifications, which in turn are
able to retroact on other graphematic articulations – and, what is more important, not only on those from
which they have originated. (H. -J. Rheinberger 1997, 106)

Representation is the mechanism which allows traces to be reinserted in new scientific setups,
which according to Rheinberger is crucial to the scientific process, the graphemes are the
material articulations of the epistemic things under investigation, their materiality renders
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them recalcitrant to theoretical coherence, a recalcitrance which perpetuates the scientific
process. (H. -J. Rheinberger 1997, 106-107).
This extraction, moving and reinsertion of graphemes is what Rheinberger denotes the
game of the “machine for making the future”. The success of a trace, or grapheme is
dependent on being able to reenter experimental contexts to produce further traces: an
inscription 18 is detached from its transient referent and turns the referent itself into an
inscription (H. -J. Rheinberger 1997, 107). This experimental representation is taken to be
equivalent to bringing epistemic things into existence, and in their transiently stable forms
they are embodiment, or the Bachelardian “reified theorem” (H. -J. Rheinberger 1997, 107).
When reified, they become technical things, however. Epistemologically productive epistemic
things are produced from uncertainty, fuzziness and fugacity – the groping for difference (H. J. Rheinberger 1997, 107). Representation is thus about a “dialectic of fact and artefact” (H. J. Rheinberger 1997, 108). The space of representation is for engendering that otherwise
cannot be grasped as objects of epistemic action (H. -J. Rheinberger 1997, 108). So. An
important aspect of epistemic things is that they are representations that embodies the
unknown, and that they opens an object up for epistemic action. This is the function of spaces
of representation.
Before I turn to sum up and discuss how I have used these analytical resources, I will let
Rheinberger sum up the line of reasoning:
Briefly, I have argued along the following lines. Experimental systems are the basic units of the
scientific tracing-game. Within a framework of technical things taken for granted, they provide the
conditions for generation of epistemic things. Such systems must be capable of being differentially
reproduced in order to behave as machines for generating the future. This does not simply mean that
they must allow for differences to occur; they must be organized in such a way that the production of
differences becomes the driving force of the whole machinery; the system then, may be said to be
governed by différance. I have further argued that experimental systems display their dynamics in a
space of representation in which material graphemes are articulated and disconnected – placed,
displaced, and replaced. And finally I have tried to show that it is through events of conjuncture
,bifurcation and hybridization that particular experimental systems rhizomize and get lumped and linked
into larger experimental cultures. (H. -J. Rheinberger 1997, 224)

The function of epistemic things is be able to open up for novelties by embodying the
unknown. Their reinsertion in new experimental context enables them to act as machines for
Rheinberger seems to be using the terms inscription, mark, grapheme and trace interchangeably. The
discource in Towards a History of Epistemic things executed as a “dialogue” with several other thinkers like
Derrida, Lacan, Latour, Nelson Goodman, Francios Jacob.
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making the future, and this movement situates them within a space of representation. Then
how can this be used to make sense of what a virtual lifeform is?

2.4.6 Summary

I will now give an outline of how I have mobilized this analytical framework. The notions
inscription and experimental system is chosen because they allow for a material semiotic
reading of the OpenWorm project. They allow highlighting the exchanges between the
material, the wetware, if you will, and the digital. The project can be read as “feeding” of
inscriptions, like algorithms, mathematical formulas and others that is derived from observing
the worm, and reproducing these. In particular experimental systems lends itself as a
supplement to inscriptions. The inscription devices as such serves as a more in-depth look at
the process that is on the side of “reproducing the identical”. Rheinberger does not address
this side in great detail, but in my analysis this process is important. What I take away from
Rheinberger, primarily, is the embodiment of the unknown. Inscriptions is similar to what
Rheinberger talks about as “representations”. Latour and Woolgar highlights how matter is
turned into writing. I interpret this process, as what is denoted by “reproducing the identical”,
Since Latour and Woolgar points to inscription being the focus of similar operation in other
labs. It is also found more expounded in the “machine for making the future”.
The modalities of statements, in Laboratory life, I reinterpreted as the axis of stabilization,
which sets apart the “technical things” from the “epistemic things”. Inscription devices, then,
is employed to show how the digital model attaches itself to the materiality of the laboratory.
This is an important way I use Rheinberger as a supplement to inscription. When the process
of making an inscription is under debate, when it is not a “fact”, it embodies the unknown.
This is what makes it a potential venue for new discoveries.
How, then, is this conceptual framework to be employed to the OpenWorm project? In
terms of an experimental system, the project must provide the technical conditions for
exploration, and an object of study. It must attempt to go beyond our present knowledge: to
produce the different, and it must generate traces that can go beyond the actual research
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setting of the digital model. I have used this framework as a template for reading the case. It
has guided my attention to how it is configured in terms of technical conditions; to how it
incorporates existing knowledge. This I interpreted as having a continuation in the notion of
“reproducing the identical”, leading me to ask the question of “how does the model validate
itself against existing knowledge?” The question turned my attention to the model validation
subprojects that exist on several levels of the model. This led me to an analysis of how it
incorporates patch and current clamp data, and videos of the worm under a microscope.
The second qualification that an experimental system must meet, is that it must produce
knowledge, or in Rheinbergers terms “reproduce the different”. This structured the analysis
around the question of “how does the model produce novel knowledge?” To answer this
question I needed to show the ways in which computer modeling offered new venues of
research and what it could offer to the experimental process. This resulted in the focus on
optimization and tuning. To be able to reproduce difference, the model needs to embody the
unknown. The means to do that is found in the free variables needed to be tuned in order to
make the model. This is what makes the model an epistemic thing: that it embody the
unknown, that it is not sufficiently stabilized to be a subroutine in the experimental setup.
Structuring my analysis under this template, lead me to decide to begin with the biology
that goes into the model. This is the first chapter in the analysis. The next chapter then goes
on to describe how this biology is digitized. I could then turn to the validation optimization
loop featured in the project. This loop constitutes a swerving between “reproducing the
identical” and “reproducing difference”. This loop is featured both in the macroscopic level –
that of simulating the whole worm, and the microscopic which is the modeling of ion
channels and building this into networks of neurons. The mediator between these two levels
are the toolchain that the OpenWorm team is developing to model the neurons. This enabled a
structure where I could begin on the cellular level and work my way up to the whole worm
simulation.
These theoretical resources has been applied in sorting the information. By working
through the material, and sorting according to where novelties are produced, where the
identical is reproduced, the empirical material ordered itself into a structure where it became
natural to start whit the reproduction of the identical, further elaborated through Eugene
Thacker notion of “biological exchange” presented below. This sorted the information which
where pertinent to establish the digital worm as a representation of a worm as such. This
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pointed to model validation and ChannelWorm. The next prism was reproduction of the
different. This guides the attention to Tuning free variables. The free variables are what
constitutes the vagueness which, according to Rheinberger is so crucial for epistemic to
productive. These issues are covered by Bionet and tuning in the muscle-neuron interaction,
and furthermore, the ConnectomeEngine. I have begun my analysis on the cellular level, and
moved “upwards” towards the whole worm model. The space of representation is employed
in my analysis to describe the process by which the worm is embodied in different substrates,
such as the biological, the digital and in the Lego Robot. I will in my analysis try to show how
the connectome acts as a representation that is encoded in such a way that it binds together the
different implementations of the connectome.
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3 Empirical Matter and Analysis
3.1 Introduction

How does the seemingly separate spaces of the petri dish and robotics come together? In
section I will outline a how a series of translations are made which begins under the electron
microscope, and transverses through the domains of mathematics and computers to wind up in
a Lego Mindstorms robot, giving an account of how this robot comes embody the worm. I
begin in the petri dish with how the connectome is constructed from slides of micrographs. I
then briefly presents some of the experimental techniques that informs our knowledge of the
electrophysiology of the Caenorhabditis Elegans, as these are the pieces, coming together in
the digital model. The traces produced in these experimental setups are the basis for
validating the digital model, the sine qua non for rendering the model biological. I then go on
to outline how the digital model is constructed. In this stage of my analysis I describe how the
biological traces are digitized, and the tools and means of that process.
Then I describe the role of ion channel models, as this is highly pertinent to build a
biologically realistic model of the electrophysiology of the neurons and muscles in the
connectome. This describes the role of Hodgkin – Huxley equations and the role of I/V plots
in the digital model. It constitutes an outline of how the virtual organism is built, bottom up,
and the process of translation, by which it is rendered biological through “reproduction of the
identical”, and how new knowledge is sought to be generated in the by the model. When this
outline of how muscles and neurons are built, I turn to the muscles role in the project and
describe the modeling philosophy that underlies the project. The significance of the toolchain
that employed to ion channel and cell models is conveyed in this section, and how it relates to
the macroscopic behavior of the worm. I then describe how validation and tuning of the
model of the worm on the multicellular level is conducted, and how the connectome is
rendered an epistemic thing in this process.
One of the distinguishing features of a virtual organism resides in the macroscopic level.
This is necessary to set it apart from a model of single cells, or networks of cells. To answer
the question of what a virtual organism is, I describe how the macroscopic behavior is
quantified in the petri dish, and how it sought implemented in the digital model, and its
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significance. The next section is dedicated how tuning of synapse weights are done, using
genetic algorithms. This acts as a more in-depth look at how the virtual model, and in
particular the connectome, becomes an epistemic thing, in my analysis. This process of model
validation and tuning I describe in the terms of Rheinberger’s notions of coproducing the
identical and reproducing difference. This cycle of coproduction and reproduction is present
on the cellular and macroscopic levels, and serves as the “outside” perspective on the
significance and value of virtual models in biology. The final stage of the analysis is a
description of the Connectome Engine. This is an implantation of the connectome in a Lego
Mindstorms robot made by interintelligence research, a project by one of the cofounders of
OpenWorm. This section conveys how the connectome finds a technological application, and
completes my narrative by showcasing how the biological connectome, through the series of
translations, changes substrate from the wetware of the worm in the petri dish, to the software
of the virtual worm, and finally, to the hardware of the robot.
Before I begin explaining the particulars of the research that informs the connectome
and electrophysiology of C. elegans, a brief introduction to nerve cells will be informative. A
typical nerve cell has consists of a cell body; the soma, dendrites, which branches out from
the soma and are specialized to receive electrical signals, and the axon, which carries
electrical signal from the soma to other cells. The electrical charge is called the action
potential. The axon have several terminals which consists of a bulbous enlargement called the
synaptic knob. In the synaptic knob, the electrical signal is turned into a chemical message, a
neurotransmitter, which traverse the gap separating the cells, and is turned back into an
electrical signal in the receiving cell. In some cases the membranes of the cells are partially
fused, enabling direct transfer of electrical signals. This is known as an electrical synapse 19.
The synapse weight refers to the amplitude or the strength of the connection between nodes,
and indicate the influence one neuron has on another. In the membranes of the cells there are
proteins that are specialized to let certain chemical through. These proteins are called ion
channels and regulates the flow of charged particles, ions, through cell membranes 20. There
are several types of ion channels and they are grouped in terms of how they regulate the flow
of ions. This very basic description of the components that enables the flow of electricity
should suffice for my purposes; to give a picture of the building blocks of the model.
19
20

http://www.biologyreference.com/Se-T/Synaptic-Transmission.html Accessed 06.04.16
http://global.britannica.com/science/ion-channel Accessed 06.04.16
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3.2 The Petri Dish

I begin my analysis by reviewing the biological research that informs the virtual model. The
starting point is in line with Thacker’s notion of biological exchanges, a notion that pertains to
relation of informatics to biology (Thacker 2006). In contrast to Thacker I am not focused on
the economical and institutional side of biological exchange, but the notion applies as a
template for understanding the relation of biology to informatics:

Biological materials literally move from one body to another via a set of techniques and technologies
(transfusion, insemination, transplantation). In this sense, they form a kind of network wherein materials
flow between nodes that may be individual bodies or containment systems (“banks”). But such a
network is not purely biological, for it is aided by technical, medical, and legal systems that mediates
the bodies and the biological materials (Thacker 2006, 3)

While medical and legal systems do not bear any particular pertinence to the current analysis.
The technical and biological is interwoven in the OpenWorm, however. The relevance of
biological exchanges is the “network” of biological research on electrophysiology, robotics,
wiring diagrams and computer files that constitute a virtual organism.

Rather, the aim of biological exchange is to enable a more labile, fluid mobility across media 21 - to the
extent that it is literally immaterial whether the DNA is in a database or in a test tube. This point cannot be
stressed enough. The aim of biological exchange – and by extension the aim of the current intersection
between biology and computers in genetics and biotechnology – is to define biology as information while at
the same time asserting the materiality of biology… Biology can never totally relinquish its reliance in the
concepts of biological matter, for, were it to do so, it would be indistinguishable from computer science
fields such as a-life or artificial intelligence. (Thacker 2006, 9)

I highlight biological exchanges because it is what retains the OpenWorm project in the realm
of biology. It furthermore makes clear that in order to answer the question “what is a virtual
lifeform?” it is necessary to keep an eye on the techniques that make it biological. And it also
brings into focus the changing substrates of the biological, from the petri dish to the digital.
These exchanges with the petri dish, then, is what forms the bedrock from which the virtual
worm gain legitimacy. This enables highlighting the features that keeps it within the space of

21

Emphasis in original text.
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representation of the biological. As such I interpret it as a special case of “reproducing the
identical” with pertinence to bioinformatics.
Among the emerging digital models in brain emulation and computational neuroscience,
the Caenorhabditis Elegans has one distinct advantage: it has the most detail rich map of its
nervous system of any organism as of yet. The connectome, or wiring diagram as it was called
at the time it was first mapped, was finalized in an extensive map in 1986. This was done by
cutting the worm into 50nm slices using a diamond knife. Then the neurons were
reconstructed from prints of micrographs of the nervous tissue. Most of the reconstructions
were made by hand from about 8000 prints (White, et al. 1986). The basic concept of the
connectome is that any nerve cells in a brain is connected physically. The connections
consists of either gap junctions (alternatively electrical synapses) or chemical synapses. These
are identified using electron micrographs; the chemical synapse by vesicles in cells that is
sending electrical signals, and a high concentration of proteins, called the post synaptic
density, in the cells that is receiving signals. The electrical synapse are identified in the
micrograph by channels that go across the membrane of the cells, enabling ions to flow
across, linking the voltage of the two cells together 22.
The set of cells can then be placed in a graph describing their relative position and the
direction of connections (gap junctions are bi directional, chemical synapses not) 23. The
White et al. paper contained detailed descriptions of the circuitry and shape of all the 302
neurons of the worm 24. The initial wiring diagram contained the structural connectivity, not
functional, and was a canonical one, that is, it was generated from several different worms, to
increase the reliability of the diagram 25. This first representation of the connectome is based
on the electron microscope. This technology uses beams of electrons shooting through tissues
to create images of a higher resolution than those produced by light microscopes. These
resolutions are what enables visualization of the synapses and gap junctions 26. The 302

Father of the connectome: https://www.youtube.com/watch?v=cTQvsJg9cP0 07:40 - 10:55. Accessed
15.03.16
23
Father of the connectome: https://www.youtube.com/watch?v=cTQvsJg9cP0 10:55 – 11:58. Accessed
15.03.16
24
Father of the connectome: https://www.youtube.com/watch?v=cTQvsJg9cP0 13:18 Accessed 15.03.16
25
Father of the connectome: https://www.youtube.com/watch?v=cTQvsJg9cP0 19:17 – 20:05 Accessed
15.03.16
26
Ibid 16:27. Accessed 15.03.16.
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neurons were classified into 118 classes, containing from 1 to 13 neurons, distinguished by
connection type, shape and function 27.
The White et al. connectome was further elaborated in 2011, including new serial section
electron microscopy reconstructions and updates. It also characterized signal propagation
through the network, and local properties that may play a computational role, was computed
(Varshney, et al. 2011, 1). The updated connectome is 90% percent complete, limited by
missing data and technical difficulties (Varshney, et al. 2011, 2). The updated wiring diagram
consists of 6393 chemical synapses, 890 gap junctions and 1410 neuromuscular junctions, and
over 3000 synaptic contacts were added or updated from the previous version (Varshney, et
al. 2011, 2). These maps serve as the starting point for the comprehensive, data driven model.
The behavior of the C. elegans cannot be realistically modeled without knowing the synapse
strengths and electrophysiology of the individual neurons and muscles of the worm. By
integrating electrophysiological data into the connectome model, a model of muscle activation
becomes feasible. This muscle activation is the primary output of the connectome model in
OpenWorm 28. Therefore, I now turn to the exploration of the electrophysiology of C. elegans.
The electrical activity of the cells in C. elegans is explored by inserting a glass pipette into
the muscle or nerve cell of the worm and stimulating the cell electrically. The glass pipette is
inserted in the cell, and observed under a microscope. An electrical current is used to fire the
cell that is targeted. The pipette is used for stimulating, but it also record the electrical activity
of the cell 29. The researcher uses this technique to send current to, or change the voltage of the
cell. The pipette is connected to an amplifier and a stimulator 30. Optogenetics is the
continuation of this strategy, but instead of a pipette, a genetically manipulated worm is
grown which has light sensitive ion channels in certain muscles or nerves, engineered to
respond to a certain frequency of light. Then light stimulation may elicit the same response as
sending electricity through the glass pipette 31. The technique is used to measure the flow of
ions through cell membranes, and enables recording of the electrical activity of cells. The
Ibid 34:45. Accessed 15.03.16.
http://docs.openworm.org/en/0.9/modeling/ under Neurons. Accessed 17.03.16
29
OpenWorm Journal club: how a muscle talks to a neuron: https://www.youtube.com/watch?v=697Irn0J_54
11:34 Accessed 30.3.16
30
Muscle / Neuron Team Kickoff: https://www.youtube.com/watch?v=6AhKE2Vg_Uw 52:56 Accessed
30.03.16
31
OpenWorm Journal club: how a muscle talks to a neuron: https://www.youtube.com/watch?v=697Irn0J_54
14:52 – 18:48 Accessed 30.3.16
27
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electrical activity is described by the Hodgkin-Huxley model 32, and the electrical activity is
determined by the ion channels of the cell 33. This activity has been modeled previously
(Boyle & Cohen, 2008), and the code shared with the OpenWorm, who have converted it to
NeuroML2 code (more on this below) 34.

Image: OpenWorm. Source: https://github.com/openworm/muscle_model picture found in the readme.md
file.

In this picture we see an infographic of the experimental setup that produces patch or voltage
clamp data. A pipette is hooked to an amplifier that records the electrical activity inside and

A mathematical model for describing the electrical activity in cell membranes, also known as the
conductance based model
33
https://github.com/openworm/muscle_model : readme.md Accessed 06.05.16
34
Ibid.
32
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outside the cell. These traces shows the dynamic of the cell 35. There are two different ways of
recording from the cell. One is holding current constant and looking at how voltage changes,
the other to hold voltage constant and look at how current changes. The figures seen above is
collapsed, that is they are composites of several experiments overlaid on each other on a
single graph. There are several manipulations shown and their output in current, in pico
amps 36, and milliVolts respectively37. It describes the electrophysiology of the recovery rate,
timespan and dynamics involved, which is reproducible in a model 38. The dynamics of the
electrophysiology of cells are determined by the dynamics of ion channels that sit across the
membrane 39.
The electrophysiological dynamic of a cell is summarized in I/V plots, which act as a
snapshot of this dynamic. This is another concept imported from electrical engineering, where
it acts as the definition of what something does. The “I” stands for current, and the “V” stands
for voltage, and they describe the current-voltage relationship in an electrical device. The I/V
plots can describe a single ion channel, or a whole cell, since the behavior of the cells is made
up from the individual ion channel, as they mathematically add up to the dynamic of the cell.
It has no time element in it, in contrast to voltage or current clamp, so it act as a snapshot of
the electrical characteristics of electrical device. 40 The electrophysiology of cells, then, are
centered on the behavior of ion channels. These behaviors are described by the HodgkinHuxley equations.
The Hodgkin – Huxley model is based on electrical engineering, and describes how action
potentials in neurons are initiated and propagated, by breaking it down into a set of nonlinear
differential equations 41, that approximates the electrical characteristics of excitable cells 42.
The cells membrane consists of a phospholipid bilayer (a fatty or waxy organic compound 43)
OpenWorm Journal club: How a muscle talks to a neuron: https://www.youtube.com/watch?v=697Irn0J_54
20:25 Accessed 23.05.16
36
Pico ampere. A measure of electric current.
37
OpenWorm Journal club: how a muscle talks to a neuron: https://www.youtube.com/watch?v=697Irn0J_54
20:20 – 23:25 Accessed 30.03.16
38
OpenWorm Journal club: how a muscle talks to a neuron: https://www.youtube.com/watch?v=697Irn0J_54
29:09 Accessed 30.03.16
39
www.github.com: https://github.com/openworm/muscle_model Accessed 23.05.16
40
Muscle / Neuron team meeting 2:https://www.youtube.com/watch?v=HfGAJYwNt3c 37:25 – 42:00 Accessed
05.04.16
41
A set of equations used in physics.
42
Muscle / Neuron Team Kickoff: https://www.youtube.com/watch?v=6AhKE2Vg_Uw 21:54 Accessed
31.03.16
43
http://www.biology-online.org/dictionary/Lipid Accessed 31.03.16
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whose outside is attracted to water, and it has tails on the inside that is hydrophobic, making
the compound selectively permeable for ions (an ion is an atom or group of atoms that is
electrically charged by gaining and losing atoms) 44. Ion channels are channels that goes
through the membrane and allows certain atoms to pass through them 45. In the Hodgkin –
Huxley model, the membrane is modeled as a capacitor, an electric circuit element that stores
an electrical charge. The voltage gated ion channels are modeled as nonlinear electrical
conductances (inverse of a resistor, which is mathematically described by voltage/current, and
constitutes a component that keeps charge from flowing through) 46.
These mathematical components are integrated into a general equation for describing the
change in voltage of the membrane over time. It basically multiplies the capacitance of the
membrane by the sum of the differences between voltage across the membrane and the
reversal potential of the ion channels multiplied by the conductances of the ion channels, that
describes the electrical activity in a cell 47. The cell membranes consists of many ion channels,
grouped into ones that may allow for one amongst different substances to flow through, like
potassium or sodium. The ion channels have different dynamics, something which is known
through experiments detailing the activity of individual ion channels by recording the flow of
electricity through them 48. There are, however, other variants of the Hodgkin – Huxley
equations adapted to how the different types of ion channels function 49, but I restrict this
exegesis to the general idea of the Hodgkin – Huxley: to convey the electrical activity of cells
in terms of electrical engineering. This is what enables the electrical activity of cells to be
transported to the substrate of the digital, the mathematical model of the electrophysiological
activity of the cells. This makes up the biological “bedrock” of the digital model, from which
the “biological exchanges” of the model is made. For my purposes, these experimental setups
are sufficiently stabilized to act as what Rheinberger calls the technical things in the digital

http://www.biology-online.org/dictionary/Phospholipid_bilayer Accessed 31.03.16
Muscle / Neuron Team Kickoff: https://www.youtube.com/watch?v=6AhKE2Vg_Uw 25:03 Accessed
31.03.16
46
Muscle / Neuron Team Kickoff: https://www.youtube.com/watch?v=6AhKE2Vg_Uw 25:46 Accessed
31.03.16
47
Muscle / Neuron Team Kickoff: https://www.youtube.com/watch?v=6AhKE2Vg_Uw 34:00 Accessed
31.03.16
48
Muscle / Neuron Team Kickoff: https://www.youtube.com/watch?v=6AhKE2Vg_Uw 35:30 Accessed
31.03.16
49
Muscle / Neuron Team Kickoff: https://www.youtube.com/watch?v=6AhKE2Vg_Uw 39:00 Accessed
31.03.16
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model. I will now turn to the digitalization of C. elegans. I interpret them as inscriptions, that
can be further inscribed to the virtual lifeform. Now I turn to how this is done.

3.3 The Digital

This section describes the digital implementation of the worm. I begin with the connectome.
In the digital model, the connectome is constructed using tools like NeuroML, neuroConstruct
and python code scripts that analyze the electrophysiology of the ion channels. I then expand
this review to the neuron muscle interaction, which shares the focus on ion channels and
electrophysiology. The chapters concerning the connectome and neuron-muscle interaction
also contains a description of the workflow of how the model is constructed. As such the two
chapters is intended to describe the “what” and “how” of connectome modeling. The
workflow describes how biology is integrated into the model, and how it is intended to inform
further biological research, and consists of validation and optimization. I argue that these two
parts correspond to what Rheinberger denominated “reproducing the identical” and
“reproducing the different” respectively.
The next chapter gives a picture of the modeling efforts at a higher level. It situates the
muscle model in the broader modeling efforts and describes a set of tools developed by the
OpenWorm team. These involve Gepetto for electrophysiological models and the Sibernetic
for muscle tissue and fluids in which the worm moves. The toolchain chapter describes the
modular approach taken by the OpenWorm team, and conveys how the project situates itself
in the broader C. elegans field. It broaches on cross-species standardization, and finally, the
chapter links to the model validation subproject.
The model validation chapter describes how the digital model is intended to be validated
against biological worms. This is done by means of videos that is generated by a tracking
algorithm, and in the chapter I describe how this is done, and how the OpenWorm team
intends to create computer generated videos, based on their simulation tools that allow for
mathematical comparison with the videos from the biological worms. I point to the reiteration
of the validation-optimization loop on the whole-worm level of simulation, and that this can
similarly be interpreted as Rheinberger’s notion of “reproducing the identical”. Next, I will
point to the “differential reproduction”. An example of this is found in the bionet, a genetic
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algorithm employed to the whole connectome. I give a review of how this algorithm works,
and how it is intended to inform research on biological worms.

3.3.1 The digital connectome

I will now describe the two implementations of the connectome in OpenWorm, one is in
neuroConstruct, which is a software application for creating, visualizing, and analyzing
networks of multi compartmental 50 neurons in 3D space (Gleeson, Steuber and Silver,
neuroConstruct: A Tool for Modeling Networks of Neurons in 3D Space 2007). The other is
the c302 subproject, which uses python 51 scripts to create network models in the NeuroML2
standard 52. They both use the NeuroML standard, however, so I begin with a short
description.
The NeuroML2 53 standard is an XML 54 based markup language, which means it consist
mainly of information. The NeuroML2 programing language are being developed to address
the lack of interoperability among existing neuron simulators. The more established neural
simulators like GENESIS, MOOSE, NEST and PSICS are highly specialized, meaning that
reuse of model components are hard, along with cross-simulator validation (Gleeson, Crook,
et al. 2010, 1). The NeuroML2 allows, as it XML based, for components to be defined in a
standalone form, allowing use across simulators (Gleeson, Crook, et al. 2010, 1) The
NeuroML2 consists of a three layer structure that incorporates anatomical structure and the
physiological mechanisms that underlie the electrical behavior of neurons and networks of
neurons (Gleeson, Crook, et al. 2010, 2). These three layers have different functions. The first
level enables definition of neural morphologies (shapes, position e.t.c), and metadata about
the model components, such as information on authors, translators to NeuroML2, and
references to entries in databases (Gleeson, Crook, et al. 2010, 3). Level 2 contains the
electrical properties of membranes that signals. It extends the morphologies from level 1 by
This means the neurons are divided into compartments, as in many cases the voltage gated ion channels
have differences in conductance and current.
51
Python is an extensible, object oriented programming language
52
https://github.com/openworm/CElegansNeuroML See readme.md. Accessed 01.04.16
53
NeuroML1 is called ChannelML. See https://www.youtube.com/watch?v=HfGAJYwNt3c at 52:00 Accessed
24.5.16
54
EXtensible Markup Language. It is similar to HTML and is used to store and transport data, and is basically
“just information wrapped in tags” see http://www.w3schools.com/XML/xml_whatis.asp
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including details of passive electrical properties and channel densities in different part of the
cells (Gleeson, Crook, et al. 2010, 3). The third level allows specification of 3D anatomical
structure and connectivity of networks of neurons and the properties of the external input that
drives the network. This enables complex networks to be defined, containing different types
of inhibitory and excitatory neurons (Gleeson, Crook, et al. 2010, 7). The strength of
NeuroML2, is that is facilitate export of model descriptions to other, well established, neuron
simulators.
The neuroConstruct modeling tool is being developed by the Silver lab at UCL in
London 55. It is a tool developed to increase model interchangeability, and to facilitate closer
interaction between theoretical and experimental neuroscientists. It also facilitates export of
models to GENESIS and NEURON 56, and furthermore enables biologically detailed models
of cell morphology, voltage and ligand gated ion channels, cell densities and synaptic
connectivity patterns (Gleeson, Steuber and Silver, neuroConstruct: A Tool for Modeling
Networks of Neurons in 3D Space 2007, 220).

www.neuroconstruct.org Accessed 23.05.16
These are “well established” neuron simulators used to simulate the electrical activity of neurons. Neuron
especially is a credible simulator, widely used in computational neuroscience. It has some issues of portability,
however. See https://www.youtube.com/watch?v=HfGAJYwNt3c from 12:50
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Image: OpenWorm. Source: http://travs-openwormdocs.readthedocs.io/en/latest/resources.html#openworm-spreadsheet-data

Above is a picture of the connectome in neuroConstruct. The OpenWorm team has converted
all 302 neurons described in the WormBase virtual blender files into a neuroConstruct project.
This outputs NeuroML2, describing the neurons as multi-compartmental models 57, which
captures the positions of the cells in context to each other and gives the team a place to start
modeling the synaptic junctions and ion channels for each cell, and they have started adding
the details of connectivity between the cells in the neuroConstruct project 58. The current steps
being undertaken, is to combine what is known about the positions of synapses with the
When following the link in the data representation page at
http://docs.openworm.org/en/0.9/Projects/datarep/#neuroml-connectome one is lead to a Wikipedia article
stating that: “A multi-compartment model is a type of mathematical model used for describing the way
materials or energies are transmitted among the compartments of a system. Each compartment is assumed to be a
homogeneous entity within which the entities being modelled are equivalent. For instance, in a pharmacokinetic
model, the compartments may represent different sections of a body within which the concentration of a drug is
assumed to be uniformly equal” see https://en.wikipedia.org/wiki/Multi-compartment_model Accessed 17.5.16
58
www.github.com https://github.com/openworm/OpenWorm/wiki/C.-Elegans-NeuroML Accessed 11.05.16
57
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neuroConstruct/NeuroML2 structural model, and to combine what is known about the ion
channel expression in the c. elegans neurons and adding that to the
neuroConstruct/NeuroML2 structural model. An accurate representation of the ion channels
and their distribution in each cell has not yet been attempted, however. This model is derived
from another model made by Dr. Christian Grove and Dr. Paul Sternberg at the VirtualWorm
project (WormBase, Caltech) 59. The other project is the c302.
The c302 subproject, which is an experimental framework for generating network models
in NeuroML2, based on C. elegans connectivity data 60. It takes connectivity data from a
spreadsheet 61, and generates a neural network in NeuroML2 using libNeuroML. libNeuroML
is an application programming interface which written in python code, a python object model
with a direct mapping to NeuroML2 (Vella, et al. 2014). There are several levels of
complexities in the networks generated. Below we see an image of the c302 layer structure.
On the horizontal axis is the complexities of the network, on the vertical the complexity of the
neuron model.

www.github.com: https://github.com/openworm/CElegansNeuroML Accessed 23.05.16
https://github.com/openworm/CElegansNeuroML/tree/master/CElegans/pythonScripts/c302/ Accessed
06.05.16
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An document containing a list of the neurons in C. elegans. See
https://docs.google.com/spreadsheets/d/1JqZrp8DCLQ75tE61Nu9DTv0aI5QUNs3ekK213qjR4m4/edit#gid=0
Accessed 23.05.16
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Image: OpenWorm.
Source:https://github.com/openworm/CElegansNeuroML/tree/master/CElegans/pythonScripts/c302/

The levels different levels of complexity is indicated by capital letters. The A level is
biophysically simplified integrate and fire cell connected chemical synapses which are event
triggered and conductance based cells 62. These are the first approximations and not
considered biologically realistic, as the cells of C. elegans is not integrate and fire 63 cells, but
https://github.com/openworm/CElegansNeuroML/tree/master/CElegans/pythonScripts/c302/ Readme.md
Accessed 01.04.16
63
A mathematical model of the electrical properties of neurons: “The integrate-and-fire neuron is one of the
simplest models of a neuron’s electrical properties and probably the most commonly used in the field of
neuroscience. The essence of the model isto divide the voltage changes of the neuron into two parts:
1) Below threshold, it is assumed that the membrane behaves passively (i.e. has no
voltage-dependent ion channels) and acts as a leaky capacitor whose voltage, in the absence of
injected current, decays (or “leaks”) to a resting level EL (short for “ELeak”).” See
http://neuroscience.ucdavis.edu/goldman/Tutorials_files/Integrate%26Fire.pdf Accessed 19.05.16
62
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act as a framework of investigation 64. The B level parameters are updated integrate and fire
cells with gap junction connections and activity measure which vary between 0 and 1
depending on depolarization of the cells, which makes a better approximation of the
biological cells 65. The C parameters are single compartment, conductance based cells, the D
level is multi compartmental, and not yet incorporated in the model 66. The 3D anatomical
map have been made by discretizing the neurons into compartments, retaining their three
dimensional position and structure, and the connections defined according to the connectome.
The NeuroML2 markup language has, furthermore, a well-defined mapping into HodgkinHuxley equations, which enables export to the NEURON simulator 67.
One feature of the NeuroML2 modeling language is that it allows the modeler to go down
to level of an individual ion channel and abstract away the python code and extracts the basic
parameters from the Hodgkin – Huxley equations and encode them in XML. This gives the
structure to a model that enables focus on the parameters and numbers, and not the form of
the equation, or specialize certain parts of the equations. For instance a representation of an
ion channel is given an id and a name, and the conductance parameter and the gates 68,
forward and reverse rate parameters are taken out of the non – modular code, and stored in a
single file which is stored in a library. From this this library, it can be pulled in and referenced
by anyone who has use of it. This enables it to be pulled into different models. The ion
channel can then be referenced by name, instead of copying and pasting code. This
furthermore enables doing experiments on it individually, as it is standing in for a system of
equations. This is based on code called jLEMS 69, which reads the XML, pulls the parameters
out and puts them into the equations that are needed reproduce the Hodgkin- Huxley
dynamics 70. The jLEMS is the foundation of the NeuroML2 71.

https://github.com/openworm/CElegansNeuroML/blob/master/CElegans/pythonScripts/c302/parameters_A.
py in the comments to the source code. Accessed 01.04.16
65
https://github.com/openworm/CElegansNeuroML/tree/master/CElegans/pythonScripts/c302/ Accessed
01.04.16
66
https://github.com/openworm/CElegansNeuroML/tree/master/CElegans/pythonScripts/c302/ Accessed
01.04.16
67
http://docs.openworm.org/en/0.9/modeling/ under Neurons. Accessed 16.03.16
68
Description of the gating variables are skipped in the source.
69
Low Entropy Model Specification
70
Muscle / Neuron Team Kickoff: https://www.youtube.com/watch?v=6AhKE2Vg_Uw 1:18:25 – 1:21:30
Accessed 04.03.16
71
Muscle / Neuron Team Kickoff: https://www.youtube.com/watch?v=6AhKE2Vg_Uw 1:18:20 Accessed
24.05.16
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The Hodgkin – Huxley equations, then, are what describes the dynamic of the ion
channels, and the ion channels are added up to mathematically describe the dynamics of the
whole cell, which in turn is described in the current/voltage relationship. This is originally
from electrical engineering, intended to describe define a device in terms of voltage
relationship for a resistor or a capacitor, which acts as a test for what something does 72. The
NeuroML standard is also used for the muscle model of the C. elegans. I now turn to the
modeling of the interaction of muscles and neurons.

3.3.2 Muscle - Neuron Interaction

Above I have described how the electrophysiological dynamics of the ion channels that
generates the behavior of the cells, is sought implemented in the OpenWorm project. An
important output of the connectome is to generate input for the muscle cells 73. The internal
dynamics of the cells are largely determined by ion channels, therefore will a detailed and
biologically informed ion channel model be crucial for the biophysical realism of the entire
organism 74. The approach involves extraction of biophysical data from scientific papers,
digitizing the data, and then use the data to construct ion channel models 75.

Muscle / Neuron Team Team meeting 2: https://www.youtube.com/watch?v=HfGAJYwNt3c 39:05 Accessed
04.04.16
73
http://docs.openworm.org/en/0.9/modeling/ Under Neurons. Accessed 04.04.16
74
http://docs.openworm.org/en/0.9/Projects/muscle-neuron-integration/ Under High Level overview Accessed
04.04.16
75
http://docs.openworm.org/en/0.9/Projects/muscle-neuron-integration/ Under High Level overview Accessed
04.04.16
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Image: OpenWorm. Source: http://docs.openworm.org/en/0.9/Projects/muscle-neuron-integration/

This figure shows the workflow and the tools for modeling intracellular dynamics in the
OpenWorm project. The ChannelWorm is the process of extracting scientific data on ion
channels. It involve identifying papers and digitize the data in the papers, enabling computers
to work on the data. The digitization is one of the means by which data is extracted from
scientific literature. When data is published in scientific papers, the visual plots may be
digitized using programs, such as plotly and WebPlotDigitizer, to render the data in for
instance I/V plots machine readable 76. An ion channel model can then be constructed from the
data. The realism of the ion channel can then be validated against information from the
biological worm 77. The free parameters in the model are tuned to match specific output in
optimizers, like neurotune 78. As we see from the figure above, the ion channel models go into
either the muscle model or the c302 connectome. Below is a more detailed figure of the
model-validation-optimization loop.
http://channelworm.readthedocs.org/en/latest/digitization/ Accessed 04.04.16
http://channelworm.readthedocs.org/en/latest/validation/ Accessed 04.04.16
78
http://docs.openworm.org/en/latest/Projects/muscle-neuron-integration/ Accessed 06.05.16
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Image: OpenWorm. Source: http://channelworm.readthedocs.org/en/latest/validation/

This is a figure representing the validation workflow. The core of the workflow is comparison
of simulation generated datasets to those generated by biological worms. Depending on the
results of the validation, the ion channel model is either accepted or rejected. If accepted, it is
stored in a database, if not, it is optimized79. The high level description of the modeling optimization – validation loop relies on consumption of inaccurate model and tuning them to
more accurate levels, given some experimental objective data. In this process, the models
parameters are tuned to minimize differences to experimental data, and then reentered to the
validation stage 80. When validated, an ion channel is stored in the pyOpenWorm database,
from which they can be incorporated either in the c302 subproject or the muscle model 81.
The muscle cells is modeled as cylinders. The main cell body is one compartment, and the
five protrusions from the muscle cell to the body wall is modeled as ten compartments each,
using passive currents, described in terms of a resistor that is plugged in between the cylinder
that represents the cell body and the cylinder that represents the “arms” (the protrusions) 82.
The muscles in C. elegans is structured in four quadrants along its body, which are chained
http://channelworm.readthedocs.org/en/latest/validation/ Accessed 04.04.16
http://channelworm.readthedocs.org/en/latest/optimization/ accessed 04.04.16
81
http://docs.openworm.org/en/0.9/Projects/muscle-neuron-integration/ Under High Level Overview
Accessed 05.04.16
82
Muscle / Neuron Team Kickoff: https://www.youtube.com/watch?v=6AhKE2Vg_Uw 41:00 Accessed
06.04.16
79
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together. These muscles are also modeled as cylinders, the cells sitting next to each other is
able to share electrical charges. These connections are the gap junctions, which are also
modeled in terms of electrical charges (these are not yet included in the model). The particular
muscle cell that is currently being modeled is called MLD08 83.

Image: OpenWorm. Source: http://docs.openworm.org/en/0.9/modeling/ Under Muscle Cells

A central theme of the digital muscle model is the I/V plots. These act, as stated above, as a
snapshot of the behavior of ion channels. The idea is that if the I/V plot is matched in the
digital model, it will reproduce the current and voltage clamp traces as well 84. The
implementation of the I/V plots in the muscle model subproject is based on the Boyle &
Cohen paper, where the python code and the Hodgkin-Huxley python code has been modified
and plugged into the muscle model 85. The basic idea is to use a spreadsheet containing all the
families of ion channels, and the papers that characterize the ion channels I/V plots, then
generate code that is able to generate a I/V plot from a model that is described in the project,
and match it to the I/V plot in the given paper. By using the digitizers the curve can be
digitized from the picture (of the plot) and matched to generated data 86.
This is where optimization comes in. A.I techniques can be used to take the model and the
target parameters and match them together. Then they can be integrated with the LEMS and
Muscle / Neuron Team Kickoff: https://www.youtube.com/watch?v=6AhKE2Vg_Uw 44:50 Accessed
04.04.16
84
Muscle / Neuron Team Meeting 2 : https://www.youtube.com/watch?v=HfGAJYwNt3c 40:25 Accessed
06.04.16
85
Muscle / Neuron Team Meeting 2: https://www.youtube.com/watch?v=HfGAJYwNt3c 36:25 Accessed
06.04.16
86
Muscle / Neuron Team Meeting 2: https://www.youtube.com/watch?v=HfGAJYwNt3c 46:00 Accessed
06.04.16
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NeuroML2. Such blocks of XML is what is desired to have for each of the ion channels. The
efforts are focused building a library of .nml files containing ion channels that match
scientific papers, and ideally references the papers. Ideally the OpenWorm project will also
contain unit tests that reruns the optimization process to show how the optimized parameter
was found 87 The intention of the team is to run the I/V analyze.py scripts on the NeuroML
files that will generate the I/V plots 88. An example of how this in silico biology is done is
given in the Blue Brain project showcase repository. It generates I/V plots by utilizing the
muscle model repository and the Blue Brain Showcase repository. These are installed, then
there is a NeuroML directory that contain the ion channel description. There is also a shell 89
script that call a python channel analysis script from the Blue Brain Project showcase code,
that takes the ion channels and create a LEMS simulation 90. It runs a test on the .nml code to
see if the ion channel data is sensible, then it runs, then the simulation is executed and
generates (example) data files that reproduces two figures from the Boyle and Cohen paper
from 2008. This gives an idea of how a digital model will operate. Below is a picture of graph
produced by the showcase script. The ability to produce graphs like these what attaches in
silico electrophysiology to its biological counterpart 91.

Muscle / Neuron Team Meeting 2: https://www.youtube.com/watch?v=HfGAJYwNt3c 48:00 Accessed
24.05.16
88
Muscle / Neuron Team Meeting 2: https://www.youtube.com/watch?v=HfGAJYwNt3c 47:30 – 49:33
Accessed 06.04.16
89
Program designed to run on the UNIX shell, a command line interpreter
90
Muscle / Neuron Team Meeting 2: https://www.youtube.com/watch?v=HfGAJYwNt3c 49:00 – 55:29
Accessed 06.04.16
91
Muscle / Neuron Team Meeting 2: https://www.youtube.com/watch?v=HfGAJYwNt3c 59:30 Accessed
24.5.16
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Image: OpenWorm Source: https://github.com/openworm/muscle_model in readme.md

This picture is of a jLEMS simulation of a potassium ion channel in the muscle model
repository. It is a simulation of a presynaptic neuron. These models (the presynaptic neuron
and the synapse model) are physiologically unconstrained 92. It gives an example of the output
traces obtainable through digital simulation. The muscle model repository is a reused model
from Boyle and Cohen 2008, and has been converted to NeuroML2. The muscle model
repository contains a NeuroML2 description of each ion channel in the muscle cell 93.
An advantage of having a model in the declarative form described in the above section, is
it enables the building of a set of tools that can generically analyze any ion channel that is
described in this way. This tool chain takes these inputs and gives the I/V plot for any ion
92
93

www.github.com https://github.com/openworm/muscle_model Accessed 24.05.16
www.github.com https://github.com/openworm/muscle_model Accessed 24.05.16

63

channel 94. The ion channels can be extracted from papers and is described. Then the data is
stored in an .nml file, and is run through the tool chain to obtain the I/V plot. In contrast to
scripts, it is then possible to work under the same library of .nml files 95. The technique
consists of writing up ion channel Hodgkin – Huxley files for all the neurons, motor and
others. The prototype for this approach is this Boyle and Cohen 2008 muscle model, which is
electrical, and had four ion channels. It acts as a test for this toolchain, all the way out to I/V
plots 96. One challenge is that there exists a great amount of ion channels that there is no .nml
files for, and it is not known to which neurons all the ion channels connect. The approach
from the prototype, can be applied to this problem, along with the synapses, and the gap
junctions. The strategy outlined above is also used by the Blue Brain Project, the precursor to
the Human Brain Project who uses it to model cortex in the human brain. As such, the
OpenWorm is employing the same strategy as other projects are using 97.
In this review of the connectome and its output to the muscles, I have followed along the
trajectory of Rheinbergers notions of “reproducing the identical” and “reproducing
difference”. This process is seen in the validation-optimization loop. It is a process that occur
along the lines of literary inscription, as outlined by Latour, which I reviewed in the analytical
resources chapter. The project digitizes the inscriptions from biological experimental
processes, and uses them to compute further traces. This also follows along the lines, laid out
by Rheinberger, in relation to spaces of representation. This process act as what Thacker
denoted biological exchanges; attaching the bioinformatics to the biological body. These
exchanges are centered around the I/V plots. In the optimization process, what can be
interpreted as what Rheinberger calls “groping for difference” occurs. There are other ways
this happens, as I will show later in my analysis. De Chadarevian showed how new maps of
the worm had opened new venues of intervention. My review of the digital connectome, and
description of how the integration of electrophysiological data, in the c302, and
neuroConstruct, based on the NeuroML2 standard, continues this logic. The new map, the
connectome is opening new ways of researching the worm. At this point in the analysis, I will

Muscle / Neuron Team Meeting 2: https://www.youtube.com/watch?v=HfGAJYwNt3c 1:12: 08 Accessed
11.06.16
95
Ibid 1:13:00 Accessed 11.06.16
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Muscle / Neuron Team Meeting 2: https://www.youtube.com/watch?v=HfGAJYwNt3c 1:16:30
97
Muscle / Neuron Team Meeting 2: https://www.youtube.com/watch?v=HfGAJYwNt3c 50:00
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zoom out and look at the role of the muscle model in the broader context of the project, and
give a review of a set of tools that the OpenWorm team is developing.

3.3.3 The Toolchain

The muscle model subproject is central to the overall model. I have shown how .nml
representations of the electrophysiology of ion channels and cells are used to describe their
behavior. I will now move the analysis out if the cellular and intra cellular level, and up to the
whole worm and its behavior. The initial model will consist of models of its body and
environment, nervous system and muscle cells 98. The loop consists of the following sequence
of steps: activation of sensory neurons, activation of interneuron, activation of motor neurons,
activation of muscles, body shape changes, body create mechanical forces in the environment,
mechanical forces in the environment impact body which in turn activates sensory neurons 99.
Each halve of the loop is described by a set of algorithms. The electrical solver is the
Hodgkin-Huxley equations, and the mechanical solver is an algorithm from simulating liquids
called Smoothed Particle Hydrodynamics. They overlap in the muscle cell, which act as the
focus of attention at this point in the project 100

http://docs.openworm.org/en/0.9/modeling/ OpenWorm modelling approach (accessed 26.11.2015)
http://docs.openworm.org/en/0.9/modeling/ Closing the loop with neuromechanical modelling (accessed
26.11.2015)
100
http://docs.openworm.org/en/0.9/modeling/ Tuning (accessed 11.12.2015)
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Image: OpenWorm. Source: http://docs.openworm.org/en/0.9/modeling/

This loop has been implemented in a prototype, that is, an extensible interactive simulation
with a 3D interface, in a simulated physical environment (Palyanov, et al. 2011, 138). The
integration of data in a 3D model has the advantage of being able to model C.elegans anatomy
without the approximation necessitated in 2D models, and enables users to observe the
relationship between system activity, simulated neurons and outward behavior 101. This will
also be an advantage when sensory neurons is to be implemented, as the sensory receptors
will need to be placed at their equivalent place in the digital model to properly collect sensory
information from the rest of the body (Palyanov, et al. 2011, 139). This act as a “bridge” in
my narrative, connecting the intracellular to the higher order model of the worm. The ion
channels are uniform entities, as they share electrical properties across species. This means
that the modeling tools may find appliances outside the OpenWorm model. The model
consists of several modules and simulation tools.
This aim to make a modular simulation of C. elegans, involves creating a simulation
framework containing different models featuring distinct neuronal and biomechanical
modules, and a capacity for integrating new components, enabling a general simulation
framework that allows integration of distinct neuronal and biomechanical models, and
inclusion of new components that simulates broader aspects of biophysics. (Szigeti, et al.
2014, 1). As a comprehensive understanding of how behavior emerges from the physiological
A video demonstration of the simulation in run-time is available at
https://www.youtube.com/embed/3uV3yTmUlgo This video was released as a supplement to the article
Towards a virtual C.elegans
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structure of the worm is not yet achieved, the OpenWorm projects makes an attempt at a
holistic approach, in which results are integrated in a functioning computational simulation
(Szigeti, et al. 2014). The modular structure enables studies of how combining different
simulation modules may result in the emergent information processing architecture of the
whole system of biophysical processes (Szigeti, et al. 2014, 2).
The building of an integrative simulation based on the existing knowledge could help
further define and choose between hypotheses and generate experimentally testable
predictions and expose where knowledge is lacking (Szigeti, et al. 2014, 1). The primary aim
of the OpenWorm project is to help create a common simulation platform for creating
computational models, and as a secondary ambition to gain a heuristic understanding of how
the behavior of the virtual worm scales with biological realism (Szigeti, et al. 2014, 1-2). The
advantages of this modular engine is that the different components can be modeled at
different levels of detail, which enables a combinatorial exploration of how the nervous
system components collectively bring forth the emergent macroscopic behavior (Szigeti, et al.
2014, 3). The focus is not on modeling every physiological process of the nervous system, but
on capturing their function.
This functional modeling aims at observed in the externally visible behavior of the worm,
as this is the aggregated, high level output of the nervous system (Szigeti, et al. 2014, 3). The
assessment of the OpenWorm models reproduction of the macroscopic behaviors is addressed
in the movement validation subproject, which is an automated test based on quantifiable
aspect of the worm’s behavior. This is central to the philosophy of the emergent properties
approach. A biologically realistic model will produce macroscopic behaviors similar to that of
the biological worm (Szigeti, et al. 2014, 4). By allowing for extraction of time series of
physiological variables such as membrane potentials, ionic concentrations, body wall muscles
and the like, the virtual model can be utilized to design experiments, on a similar strain to
computer aided design, removing some of the need for time consuming and expensive in vivo
experiments (Szigeti, et al. 2014, 4). I will give a more in-depth description of the movement
validation subproject below. First I will give a short description of the modules in question.
Geppetto is a generic software platform for integrating multiple components, which acts
as middleware to mediate between different simulators. It consists of two major modules: one
for simulating the electrophysiological activity of the nervous system, and another for
simulating soft body physics which calculates the interaction of worm and environment.
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Combining these modules enables simulation of contraction in the muscle tissue in response
to electrical stimulation from the nervous system (Szigeti, et al. 2014, 2). It is this module that
enables the time series of the physiological variables mentioned above. The second module
developed by the OpenWorm community is the Sibernetic physics engine. This is developed
to simulate the biomechanics of soft tissues and the worm’s environment. It simulates various
physical properties in liquids, solids and elastic matter. It consists of a modified predictivecorrective incompressible Smoothed Particle Hydrodynamics (PCISPH), and the
modifications are made to enable boundary-handling and to model surface tension (Szigeti, et
al. 2014, 2-3). So at what can be called an intermediate level, the OpenWorm project can be
said to be at developing standardized tool for neural simulation and modelling.
This way of thinking facilitates one answer to “what is a virtual organism?” A
configuration of modelling tools applied to the idiosyncrasies of a particular species. In the
case of the C. elegans there is a way to match such a model to mathematical descriptions of its
behavior. Epistemologically this is can be analyzed in terms of “reproduction of the
identical” 102, which links the digital model to its biological counterpart, and facilitates the
“biological exchanges” that keeps the digital model within the realm of biology. This is
achieved in the model validation subproject.

3.3.4 Movement Validation

The model validation project is the effort to connect the digital worm to its biological
counterpart, at the behavioral level. This is how it is known that the project is making
progress, and represent a necessary step on the path to become a knowledge producing
technical object featured in further research. This is a way in which the digital worm attaches
itself to the C. elegans field. If the data integration effort have been sufficiently successful, the
digital worm will be able to predictably reproduce behaviors of the biological worm. The
testbed for this is based on behavioral phenotypes. The behavioral phenotype of C. elegans
have been thoroughly explored and quantified using tracking microscopes and statistics. The
rationale behind this is straightforward:
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See the Reproducing difference chapter in the Concepts section

The principal output of the nervous system is motor behavior. Therefore, a variety of neuronal perturbations
ultimately manifest as changes in motion, making locomotion a useful phenotype for neurogenetics in model
organisms. For the nematode C. elegans, the study of mutations that cause visible defects in spontaneous
crawling have given insight into neural functions as diverse as synaptic transmission, axon guidance,
neuromodulation, and proprioception. (Yemeni, et al. 2013, 1)

When worms are genetically modified this is often clearly visible in the locomotion behavior
of the worms, for instance a mutant known as trp-4 (after the gene that is tampered with),
which is believed to code for a mechanosensitive ion channel, is distinguished by its deeper
body bend during locomotion 103. The behavioral data was collected using Worm Tracker 2.0,
a setup where a mobile camera is employed to automatically track a single worm in a petri
dish. The videos are analyzed using algorithms which extracts certain features of the worms
to quantify statistically the parameters of behaviors, such as motion state, crawling, foraging
dwelling, and exploratory behavior. These feature parameters were supplemented by
secondary parameters made up of behavioral events like reversals and omega turns, and were
made up of frequency and distance covered, and resulted in a total of 702 distinct feature
measurements (Yemeni, et al. 2013, 2).
The feature formulas were computed using the worm’s segmented contour and skeleton.
The segmentation uses the contrast in the image to separate the worm from its background,
then the algorithm assumes that the largest 8 connected components of the threshold is the
worm. Then the contour is extracted by tracing the worm’s perimeter. Head and tail are
located as sharp convex angles on either side of the contour, and then the midline of the
contour is traced from head to tail to extract the skeleton. At each skeleton point the width is
measured as the distance between opposing contour points that determine the skeleton midline
(Yemeni, et al. 2013, 7). The skeleton points serves as the point where the curves meet, and is
assigned the supplementary angle to this bend. This supplementary angle can also be
expressed as differences of tangent angles at the skeleton point, and yields the measurement
of the bend, from 0 degrees of a straight worm to 90 in a right angle (Yemeni, et al. 2013, 8)
This process has created a comprehensive mathematical description of the worm’s
behavior. The Worm Tracker 2 I interpret as an inscription device, rendering a quantitative
description of the worm’s behavior that enables translation, from the biological to the digital,
and more importantly, vice versa. So how does the digital model get validated against the
OpenWorm Journal Club: Body Language of a Worm: https://www.youtube.com/watch?v=MGo3lHAjk_Q
11:05 accessed 8.3.16
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biological worm? The Movement validation subproject aims at making a test pipeline which
will enable use of the same statistical test used by the Shaffer lab to measure the behavior of
biological worms, on the virtual one 104. In order to accomplish this the OpenWorm team has
gathered the code necessary to reproduce the results presented in A database of C. elegans
behavioral phenotypes and a repository was started to construct a pipeline to validate model
worm movements against real worms 105. A major milestone is to be able to reproduce 80% of
the data on the N2 (wild type worms, used in control groups in experiments) strain in the
WormBehavior database. This involves building a training set and a test set which are kept
separate, and then use the training set to tune up the model, generate prediction and compare
them to the test set. 106. If successful, this will create a translation, an inscription to match the
ones made from tracking biological worms. This is enacted through a nine-step pipeline I will
now describe.
The OpenWorm Analysis Toolbox Video Processing Pipeline is made to process raw
video into statistics, and utilizes some of the code from the Schafer Lab’s Worm Tracker 2.0
code. This pipeline has 9 steps 107:
1: Conduct experiments that ends up with raw video. This consists of capturing video from a
biological worm using a test protocol in tandem with a control worm, and to capture video
from a virtual worm running the simulation engine to get output video.
2: Obtain measures by using machine video. This step gives the worm contour and skeleton.
3: Normalize video to frames of 49 data points for each measurement type. This step involves
creating a script to go from worm skeleton and contour to MatLab files. Using similar features
as the ones used to obtain the statistics for the behavioral phenotypes, which will involve
taking the x and y positions of the worm skeleton, and the width of the skeleton at each point
over time, then given these two matrices create a feature file that is the same as for the
biological worm 108.
4: Stitch the blocks into one matlab file.
http://docs.openworm.org/en/0.9/modeling/#reproducibility accessed 29.2.16
http://docs.openworm.org/en/0.9/Projects/worm-movement/ accessed 1.3.16
106
ibid
107
https://github.com/openworm/open-worm-analysistoolbox/blob/master/documentation/Processing%20Pipeline.md accessed 09.03.16. The details of the 9 points
are also found at this URL.
108
https://github.com/openworm/OpenWorm/issues/144 accessed 09.03.16
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5: Calculate feature information for each frame. These are based on the features used by the
Shafer Lab.
6: Calculate extended feature information from each frame.
7: Calculate statistics summarizing the features across all frames. This step coverts the video
into statistics of the features, based on the Worm Tracker 2.0
8: Add statistics to database.
9: Run reports from the database. These will be run from the data in the statistics database in
form of pairwise box plots, summary pixel grids and “other charts”

Images: C. elegans by Bob Goldstein, UNC Chapel Hill http://bio.unc.edu/people/faculty/goldstein/ Freely
licensed. Contour credit: MRC Schafer Lab. Simulated worm: OpenWorm. Source:
https://github.com/openworm/open-worm-analysis-toolbox

In the figure above we see a juxtaposition of the digital model and the Shaffer lab process for
generating the videos and their statistics. The philosophy of validating the digital model
consists of matching the mathematical description of worm behavior against the mathematical
description or biological worms. This provides a verifiable way of testing whether the digital
model reproduce the biological.
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The movement validation subproject, then, creates a mathematically verifiable way to
test the computer generated worm behavior against biological worms. This is, I argue, one of
the two parts that will render the digital model an epistemic thing. This is the reproduction of
the identical required to attach the digital model to biological worm. This is a crucial point to
get a sense of what a virtual organism is. It is biological exchanges, such as these, that makes
the digital model into a virtual organism. This reproduction of the identical, in Rheinberger’s
terms, attaches it to the scientific discourse on the C. elegans. This is entangled in the second
research question as well. It is also part of a series of translations. It may be said to constitute
a translation from life to the digital, but this, in turn, is crucial for the digital model to
translate back after reproducing something different, novelties. As Thacker writes:
For instance, the online genome database was at one time the living cells of human volunteers and
subsequently cDNA libraries in the lab. The same can be said for the U.S PTO database as well. Similarly,
all the software and databases count for nothing if they do not in some minimal way reconnect and “touch”
the biology of living cells and living patients via therapies, tests or drugs. Thus we can rephrase our question
in another way: How does bioinformatics – as an increasingly foundational approach in biotechnology
research – strategically bring together the informatics and the biological in such a way it can accommodate
both the material and the immaterial, both medical benefit and economic value. (Thacker 2006, 53)

The notion of economics that is at play in my case is “the broader sense of economy, meaning
efficiency, productivity, minimum energy expenditure” (Thacker 2006, 77). To become an
epistemic thing the digital model need to reach back and “touch” the petri dish. In the next
section I will describe the process by which the model makes itself an epistemic thing. I will
point to two implementations of the connectome, that both are embodying the unknown, and
both are “grasping for difference”, two central characteristics of epistemic things. These
implementations are bionet and the connectome engine. As well as being epistemic things,
they represent new venues of intervention, that, de Chadarevian argues characterize the
successive maps of C. elegans, which I have outlined in the chapter on maps, above.

3.3.5 Tuning the Connectome with Genetic Algorithms

The philosophy of digital modeling is to use mathematics to render the mode biophysically
realistic. As I have shown above, there are two sets of algorithms that drive each half of the
causal loop that drives the crawling behavior. The algorithms are the Smoothed Particle
Hydrodynamics, and the Hodgkin Huxley solver. The algorithms have a parameter space that
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contains a vast number of free parameters, “known unknowns” that needs to be set for the
model to operate. Within the project, two strategies are employed to deal with this. One is
educated guesses, derived from scientific papers; “For example, we can estimate the volume
and mass of a muscle cell based on figures that have been created in the scientific literature
that show its basic dimensions, and some educated guesses about the weight of muscle
tissue.” (OpenWorm 2016).
The second strategy is to use optimization techniques. These involve generating
multiple models and chose the model that best passes a series of tests 109. For the HodgkinHuxley equations the free parameters are the ion channel species and conductance parameters,
and for the SPH it is the mass of particles and the forces they exert on each other, including
the mass of the muscles and how much they pull. Another example that is given of this is that
the conductance of a motor neuron could be set by what keeps the activity of that neuron
within the boundaries of a dynamic range informed by calcium trace recordings of those
neurons 110. The workflow of this process is outlined above, under muscles. I will now look at
the application of a genetic algorithms on the macroscopic behavior of the worm to purvey in
greater detail how the digital model is turned into an epistemic thing.
Rheinberger writes about establishing an experimental system by referencing
Heidegger, that in essence, is to open up a sphere, and establish a procedure (H. -J.
Rheinberger 1997, 25). I argue that by making a digital model, the set of free parameters is an
opening of such a sphere, and optimization is to establish an experimental procedure.
Following Rheinberger, then, the question becomes how research in enacted in the frontiers
between the known and unknown (H. -J. Rheinberger 1997, 25). The digital model is situated
in this frontier, as it incorporates the known, and uses this to explore the unknown.
Rheinberger writes of epistemic things, that one of their central features is to embody “what
one does not yet know” (H. -J. Rheinberger 1997, 28). On the optimization page one can read
the following:
The C. elegans connectome is a neural network wiring diagram that specifies synaptic neurotransmitters
and junction types. It does not however quantify synaptic connection strengths. It is believed that
measuring these must be done in live specimens, requiring emerging or yet to be developed techniques.
Without the connection strengths, it is not fully known how the nematode’s nervous system produces
sensory-motor behaviors. Bionet is an attempt to compute the connection strengths that produce desired
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sensory-motor behaviors. This is done by a hybrid genetic algorithm that trains a large space of 3000+
weights representing synapse connection strengths to perform given sensory-motor sequences. The
algorithm uses both global and local optimization techniques that take advantage of the topology of the
connectome. An artificial worm embodying the connectome and trained to perform sensory-motor
behaviors taken from measurements of the actual C. elegans would then behave realistically in an
artificial environment. This is an important step toward creating a fully functional artificial worm.
Indeed, knowing the artificial weights might cast light on the actual ones. Using the NEURON
simulation tool as a fitness evaluation function, the pharyngeal neuron assembly has been trained to
produce given activation patterns, reducing activation differences from more than 50% to less than 5%.
Looking ahead, training worm locomotion behaviors using Movement Validation measurements as
models will allow the neural network to drive the Sibernetic body model realistically. 111

The digital connectome model, then, becomes what can be denoted an epistemic thing, as it is
encompassing the unknown. The genetic algorithm and the NEURON simulation tool figures
as technical things in this setup. Furthermore, with de Chadarevian we can say that the digital
connectome opens up a new venue of intervention; through optimization. This aspect of the
digital model is enacting a future in which it may serve as computer assisted design, in the
measurements “requiring emerging or yet to be developed techniques. Before I launch into a
review of bionet, however, I will give a summary of genetic algorithms.
Stefan Helmreich has in Silicon Second Nature (Helmreich 1998) given a compact and
comprehensible review of genetic algorithms, suitable for my purposes. The genetic algorithm
is a machine learning technique invented in the 1970s by the computer scientist John Holland.
It is a computational procedure that “evolves” 112 solutions, by generating “populations” of
possible solutions to the task at hand. These possible solution can “mate”, “mutate” and
“compete” to “survive”. The rationale of genetic algorithms is mimicking organic processes
intended to mimic evolution (Helmreich 1998, 138). The algorithm operate by creating a
randomly generated population of possible solutions to a given problem, depending on what
one want the algorithm to solve. Solutions usually are encoded as strings of bits comprised of
1s and 0s of fixed length, interpreted as a “chromosome”. The individuals are identified as
equal to their “genome” of one unpaired “chromosome”, and the 0s and 1s are thought of as
coding for the alphabet of nucleotide bases that form DNA. Some of the individuals are
thought of as more fit than others, and fitness is defined as ability to perform according to the
task the genetic algorithm is set to solve. The algorithms chooses the most fit population
members to reproduce them, simply uses random “mating”. When “mating” has occurred the
algorithm occasionally introduces “mutation” by randomly switching 0s to 1s and vice versa
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(Helmreich 1998, 138 - 139). This is a description of the basic components and function of a
genetic algorithm. Bionet follows the same logic but has a different interpretation, and is
combined with a local optimization technique.

3.3.6 Bionet

Bionet is a biologically inspired neural network composed of sensory neurons, interneurons,
and motor neurons that may be connected in arbitrary configurations. Signals are propagated
through the network one synapse at a time. A network behavior is defined as a sequence of
sensory-motor neuron firings 113. The task which bionet is set to solve, is computing synapse
weights in the C. elegans connectome. The algorithm was applied to the topology of the C.
elegans connectome. Its “chromosome” consists of a set 3680 “genes”, which in this case,
corresponds to the weight of a source-target neuron connection in the connectome. The
algorithm performs local optimization, crossover and mutation (Portegys, Training sensorymotor behavior in the connectome of an artificial C. elegans 2015, 129). There has been two
applications of bionet, referred to as task one and two. The first is to take the connectome
from the spreadsheet 114 and train it to give feasible input-output sequences. The second goal is
to recreate a reaction the worm has to light-touch experiments. This refers to a response the
worm has when some of the sensory neurons on its head is stimulated with light in
experiments, it starts to undulate backwards 115.
The training algorithm starts out with a population of 500 connectomes. Each new
generation creates 250 new connectomes. The crossover probability for any connectome is
50%, and the mutation rate of synapses are 5%, which randomly change the synapse weights.
The program is elitist, that is, only the 500 fittest connectomes is kept to generate the next
generation. For the first task, comparing behavioral sequences, the program ran for variable
number generations, for the light touch task it had a 250 generation run 116. The training
algorithm is a feature space with a set of genes. These genes form a chromosome. In this case
www.github.com https://github.com/openworm/bionet Accessed 11.05.16
An excel document listing the C. elegans neurons and connections.
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the genes stand for synapse weights, and the chromosome stand for the entire connectome.
Genetic algorithms features crossover and mutation. Mutation here means the random
changing of a synapse weight, whereas crossover is having two organisms mate and produce
an offspring, which combines into a child. The synapse weights from the transferred neuron
assembly then overwrites the existing weights, and continues until the offspring connectome
is fully loaded with weights (Portegys, Training sensory-motor behavior in the connectome of
an artificial C. elegans 2015, 6).
In addition to the genetic algorithm, bionet utilizes hill climbing, which is a local
optimization technique in which a parameter space is optimized by looking in each dimension
and see which adjoining synapses goes up or down in terms of fitness, and climbing toward
higher fitness. The algorithm randomly selects synapse paths to optimize as an ensemble, this
means that, for C. elegans, having a shallow path from sensory to motor neuron, strings of
synapses are optimized as sets. The harmonization goes with the crossover process. Random
neurons are selected to place in the child. When the algorithm picks a neuron to place in the
child connectome, the neuron has a tendency to stick to other neurons to which it is
connected, so that the algorithm hopefully picks up a clump of neurons that are optimized
together. This means that the child gets optimized clumps of neurons from both parent
connectomes 117. This combination of a genetic algorithm and local optimization and
crossover is what makes bionet a hybrid algorithm 118. This means a set of neurons are
selected and the synapse weights are raised up and down by some random amount (between 0
and 1) and evaluated for fitness on each combination. Then the neurons are connected in a
more optimized way, where the assembly of neurons is copied over to the child network in the
cross over. The process is probabilistic, so the outcome is not guaranteed 119.
The training algorithm is a feature space with a set of genes. These genes form a
chromosome. In this case the genes stand for synapse weights, and the chromosome stand for
the entire connectome. Genetic algorithms features crossover and mutation. Mutation means
the random changing of a synapse weight, whereas crossover is having two organisms mate

OpenWorm Journal Club: Programming the Worms Brain: https://www.youtube.com/watch?v=cYy1QX5DQc 17:25 – 19:26 Accessed 11.05.16.
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and produce an offspring, which combines into a child. The synapse weights from the
transferred neuron assembly then overwrites the existing weights, and continues until the
offspring connectome is fully loaded with weights (Portegys, Training sensory-motor
behavior in the connectome of an artificial C. elegans 2015, 6). The genetic algorithm also
feature a fitness function. The genetic algorithm works on a population of connectomes. The
least fit ones are thrown away. The fitness function may vary, and for the first goal of bionet
this fitness function is having a difference in output of 0.5 or more 120. Task one consists in
training the connectomes to perform two sequences of length ten (two sequences of ten inputs
and ten outputs). The inputs are going into the sensory neurons, and then they are compared
per the fitness function, meaning that the difference in sequence is less than 5% 121. By having
two behaviors, the foundation is laid for adding behaviors, while keeping the optimized
ones 122.
Task one was approached by creating a randomly weighted network from the connectome
and inputting random or cyclical input pattern sequence and record the output sequence. Then
create another randomly weighted network and train it to perform the same sequence 123. The
feasible behavior used an artificial neuron version of the connectome, and had as its goal to
determine how well behavior created by a target connectome with unknown synapse weight
would be reproduced by training other connectomes. The connectome behavior is deemed
feasible since its weights are one possible solution. It applied a six step procedure:
1. Create a connectome with random synapse weights
2. Feed a sequence of random input stimuli to into the sensor neurons.
3. Record the motor neuron activation as output
4. Repeat 2-3 to create multiple behavior sequences.
5. Generate a population of randomly weighted connectomes.
6. Evaluate the fitness of each population member by:
a. Feed the input stimuli into the sensor neurons, for each behavior
OpenWorm Journal Club: Programming the Worms Brain: https://www.youtube.com/watch?v=cYy1QX5DQc 15:25 - 1720 Accessed 11.05.16.
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b. Record the motor neuron activation as output
c. Fitness is defined as the mean difference between target and member output values,
plus 1 for every difference over 5%

Fitness is evaluated by feeding input stimuli to into the sensor neurons, record the motor
neuron activation as output, and is defined as the mean difference between target and member
output values, plus one for every difference over 5% (Portegys, Training sensory-motor
behavior in the connectome of an artificial C. elegans 2015, 131). The goal of this training is
to determine how well behavior caused by a target connectome may be replicated by training
other connectomes with this algorithm (Portegys, Training sensory-motor behavior in the
connectome of an artificial C. elegans 2015, 131). Over a run of 2000 generations the error
rate was at 1% (ibid). This meaning of the results is stated as:
The efficacy of these results for the artificial C. elegans can be evaluated when the technique is used to
reproduce movements captured from videos of actual C. elegans. For now, since training the entire
connectome is a novel aspect of this project, comparative results from the literature are in short supply. It is
recommended that further research should be conducted to obtain such results. (Portegys, Training sensorymotor behavior in the connectome of an artificial C. elegans 2015, 131)

The algorithm may be applied to locomotion behavior, as part of the general focus on this
within the OpenWorm project. The algorithm can be used in higher fidelity models, with less
caveats, and equipped with a more realistic fitness function. This might enable a more
realistic simulation 124. The goal is to validate the success of the algorithm in the process
outlined in the movement validation chapter.
The second task to which the program was applied was creating a sinusoid shape akin
to the one made by biological worms during undulation. For this task a randomly weighted
network from the connectome was created, and all sensory neurons, except two light sensory
neurons known as ALML/ALMR. The worm has 12 body muscle segment groups, known as
the MDL/MDR and MVR/MVL. There are four muscles groups on the dorsal side, four on
the ventral and 4 on the right and left side respectively. The algorithm trains with a fitness
function that rewards the muscle groups to maximize the number and magnitude of

OpenWorm Journal Club: Programming the Worms Brain: https://www.youtube.com/watch?v=cYy1QX5DQc 37:30 Accessed 12.05.16
124

78

minimum/maximum muscle forces on the body 125. The task consisted in rewarding body
“bumps” 126, that is, create a form that could be decomposed by Discrete Fourier Transform 127.
The training consisted of two co-trained behaviors, one in which the ALML and ALMR
sensory neurons was simulated, and rewarded fitness for sinusoidal activation among the
motor neurons controlling the muscles in the 12 muscle segments involved in undulation. In
the second behavior, the sensory stimuli to the sensory neurons were removed, and fitness
rewarded for lack of motor output to ensure that the sinusoidal output were instigated by
sensory sequences (Portegys, Training sensory-motor behavior in the connectome of an
artificial C. elegans 2015, 132).
There are other genetic algorithms used by the OpenWorm project, but the bionet is
the one that has the most documentation. As such it serves as an example of how, more
generally, a digital connectome, ultimately a map, are opening new venues of intervention and
makes digital models into experimental systems, or at least part of them. Rheinberger writes
that in order to become epistemically fruitful, an experimental system must produce
difference. This difference he denotes as the displacing power of experimental systems, that is
featured in an economy of displacement “such that everything intended as a mere substitution
or addition within the confines of a system will reconfigure that very system – sometimes
beyond recognition” (H. -J. Rheinberger 1997, 4). By applying genetic algorithms to tune
digital connectomes there may be a reconfiguration of the broader C. elegans experimental
system, one that may be enacted as computer assisted design in experiments.

3.4 The Connectome Engine

This chapter reviews the connectome engine. The Connectome engine is an implementation
of the C. elegans connectome that consists of 302 individual programs that each inherits some
OpenWorm Journal Club: Programming the Worms Brain: https://www.youtube.com/watch?v=cYy1QX5DQc 29:40 – 34:00 Accessed 12.05.16.
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of the attributes of one of the C. elegans neurons (Busbice 2014, 1). The connectome engine
is the name of the set of 302 programs used to run a Lego Mindstorms EV3 robot, based on
the connectome of C. elegans (Busbice 2014, 1). It does not utilize the NeuroML connectome,
however, but is a different implementation of the C. elegans connectome, and is referenced in
the OpenWorm project documentation 128. It was created by one of OpenWorm’s cofounders,
Timothy Busbice 129. I will argue that this is a way in which the C. elegans connectome can be
analyzed in terms of epistemic things. Furthermore, another venue of intervention opened up
by digitizing the connectome. Before I discuss the connectome engine in these analytical
terms, I will give a description of how it works.
Timothy Busbice’s connectome consists of a set of 302 programs, each representing one
of the 302 C. elegans neurons. These 302 programs are labeled the Connectome Engine.
These programs are supplemented by applications for stimulating sensory neurons, and to
read and assimilate the output of motor neuron. These applications are called the Connectome
Framework and are the intermediary between the simulated connectome and the Lego
Mindstorms robot. Together they enable a simulation of the entire C. elegans connectome,
from sensory input to motor output (Busbice 2014, 1). The results of the simulation show the
connectome is highly recursive, meaning that postsynaptic neurons will loopback and
stimulate the presynaptic neuron that will form a loop of the type: neuron A stimulates neuron
B, which in turn stimulates A (Busbice 2014, 2). This recursive loop is an important feature of
the Connectome Engine:
I observed that both connectome and motor output was continuous and on-going without further stimulation.
It is my conjecture that the connectome would have continued running nearly forever if allowed and
unimpeded. I have most often found in neuron circuit discussions the lack of recursive behavior and I
believe this is one of the most missed opportunities at discovering how the connectome mechanism
functions. (Busbice 2014, 2)

This attribute of the connectome is presented as a novelty of the robotic implementation of the
connectome, but it is not the Connectome Engines only distinguishing feature. It is contrasted
to previous simulation by being complete, continuous, physical, individual, analog and
temporal (Busbice 2014, 2).
By being complete, it is meant that all neurons are represented. A caveat to this is that not
all sensory organelles and inputs are represented in the connectome, and stretch receptors
128
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which could play an important role in C. elegans locomotion is not yet part of the model.
Continuous means that in the simulation, stimulation is continuous and active, sensory input
changes behavior, and nothing more. Physical is referring to the fact that it is connected to a
robot interacting with its environment. Individual means that each neuron is represented by an
individual program, dendritic inputs and axonal outputs can only be given amount of
stimulation consumed by the program. Analog means that the time in which the individual
programs are stimulated is not fixed, and therefore can change as environmental factors
change. Lastly, temporal means that stimulation changes over time as environmental factors
change. Each program is set to only fire its axon only if a certain stimulation threshold is
reached, and depolarize if that threshold is not reached (deletes its accumulated threshold)
(Busbice 2014, 2). These are the central features of the Connectome Engine simulation.
I will now present a more detailed look at the simulations material and methods. It
consists of three parts: the Lego Mindstorms EV3 robot, which provides the sensory input and
motor output to read and navigate the environment. The Connectome Framework that reads
sensory input and writes motor output from the Connectome Engine, and the Connectome
Engine itself which is comprised of the 302 programs simulating the individual neurons of C.
elegans
(Busbice
2014, 3).
Below I
cite

a picture of

the

Lego
Mindstorms
Robot.
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Image: Timothy Busbice. Source: http://www.connectomeengine.com/Home/About. Page 4 130.

The picture shows the configuration of the Lego Mindstorms robot. It was chosen because of
it being inexpensive, it is Linux based, and that the user can communicate with the robot
using WiFi or Bluetooth (Busbice 2014, 3). It was given three touch sensors, and one food
sensor simulation. The robot is comprised of a left and a right body touch sensor, a sonar or
nose touch sensor. Each of the sensors are used to stimulate specific neurons. Sound is used to
simulate food. Body movement is simulated by two motors on either side, (Busbice 2014, 3).
The Connectome Framework consists of two programs; one input program that reads the
sensors on the robot and sends stimuli to the appropriate neurons when specific thresholds are
met. The other program is the output program. This accumulates stimuli from the motor
neurons, and sends the amount of power to be applied to each of the motors (Busbice 2014, 34). The sensory input program sets up a WiFi connection with the robot via a software
product called monobrick. A timer control is used to poll the sensors every 100 milliseconds.
The two touch sensors take an input of either “On” or “Off”, and when a touch sensor is
activated, the sensor sends, and the input programs reads an “On” signal. If the button on the
touch sensor in not pushed in, the input program reads “Off” (Busbice 2014, 4). The sonar
sensor is what simulates the nose, by reading the number of centimeters between the sensor
and objects in the environment. If the distance is greater than 20 centimeters, the sensor is
ignored. If the distance is less, the nose touch neurons is stimulated (Busbice 2014, 4). Food
sensors are activated by sounds greater than 40 decibels. Food sensation is simulated by
activating the appropriate neurons (ibid). Each stimulation of the neurons, sends a default
value set in the input program data grid to each of the individual programs that represent these
neuron in the connectome, but the default values may be adjusted to create higher value
sensation. The illustration on the next side show the sensory input program. The capital letters
denotes the neurons in the connectome, and in the grid attached to it we see the weight of the
stimulus.

www.connectoemengine.com http://www.connectomeengine.com/Home/About The powerpoint is found
on the page’s lefthand side. Must be downloaded. Page 4. Accessed 23.05.16
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Image: Timothy Busbice Source: ConnectomeResearch.pptx http://www.connectomeengine.com/Home/About
picture can be seen in the ConnectomeResearch.pptx power point presentation. Page 5 131.

The output program is what captures the motor neuron outputs and displays the values in a
matrix, in which each cell in the matrix represents a body muscle in C. elegans (Busbice
2014, 7). The muscle stimulation is accumulated and sorted into left and right, then sent to the
left or right motor respectively (Busbice 2014, 7). The output program receives all motor
output weights from the motor neurons and accumulates into individual cells that represent a
body muscle of C. elegans. The right and the left are summarized and sent to the motor on the
respective side (Busbice 2014, 8). The muscles are grouped into four groups named MVL0123, MDL01 – 24, MDR01-24 and MVR01-24 respectively (Busbice 2014, 8). This represents
the ventral-dorsal division of the muscles (upside and downside, right and left).
The connectome engine consists of the 300 programs (the CANR and CANL neurons are
not activated in the simulation, as there is no known connections to them). The connectome
engine has a startup program that reads a local SQL 132 database that contains the name and
port of each neuron program, and the neurons or muscles that it is connected to and the
weighted value determined by the number of connection the presynaptic neuron has to
www.connectomeengine.com http://www.connectomeengine.com/Home/About in the power point. Page
5. Accessed 23.05.16
132
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postsynaptic neurons (Busbice 2014, 9). The neuron programs communicates with its linked
neurons using User Datagram Protocols, UDP 133. The UDP’s use the port and IP address of
the program it is to communicate with and sends the weighted value to the programs, when a
threshold of accumulated values is reached (Busbice 2014, 9). The single neuron is assigned a
port number which identifies the neuron for the UDP. When a neuron has received a threshold
value of 15, it sends a value to all the neurons it connects to (Busbice 2014, 11). There is a
timer which depolarizes the neuron after a time of 200 milliseconds has passed, if no
stimulation is received by the neuron program (Busbice 2014, 11).

Image: Timothy Busbice. Source: ConnectomeResearch.pptx
http://www.connectomeengine.com/Home/About 134

This picture shows five of the neuron programs and their interconnectedness, making the
Connectome Engine recursive. In the picture we see the neuron name in capital letters, their
port number. Then the values they send to connecting neurons, and their IP address.
Furthermore, the neurons has a recording function that enables recording of each axon firing
into a data table, and the weights that was sent to the neuron. This can be used in analyzing

133
134

84

Communication protocol used in low latency applications on the internet.
The Power point may be downloaded on the left hand sidebar of the webpage.

the connectome (Busbice 2014, 12) I have now given a description of the components of the
robotic worm. I will now turn to a discussion of the reported results.
The Connectome Engine has no programming to make run any specific behavior. When
reporting the results, the behaviors of the robot, directed by the connectome framework,
coincided with those of C. elegans in the petri dish. Stimulating the food sensory neurons
results in the robot moving forward. Stimulation of the robot’s sonar, which in turn stimulated
the nose touch neurons, causes the robot to stop in its forward motion, and back up and
change path in skewed manner. Touching the anterior touch sensor results in the robot
moving forward, and similarly, posterior touch sensor stimulation results in the robot moving
backwards. The robot is directed by the simulated connectome, there is no programming to
direct it (Busbice 2014, 12). This is taken to mean that, at a very basic level that the wiring of
the nervous system gives rise to phenotypes observed in animals (ibid). When the
connectome reached a sufficient level of stimulation, it will continue to self-stimulate, due to
its recursive nature, meaning that when a neuron is stimulated it will send a signal to a set of
postsynaptic neurons, many of which may send signals back to the originating neurons,
resulting in loops of stimulation. This means that the connectome will continue to run without
further stimulation (Busbice 2014, 13). A parallel is drawn to biological brains where activity
is recorded, even when unconscious. Furthermore two ablation 135 experiments yielded similar
results as when carried out on biological worms when the corresponding neurons were
destroyed (ibid).
This implementation of the connectome relies on the OpenWorm connectome and is
attached to the project: “In addition, until I worked on the OpenWorm project, I did not have
a true connectome to work with and my previous attempts were basically made up neural
networks that did not yield any meaningful results.” 136 In the discussion of the results of
running the Connectome Engine, two separate epistemological significances are
distinguished:
Repeatedly, I can observe the robot behaving in a manner that I would expect given what we observe in the
biological C Elegans with the organs we have replicated in the simulated, robot version of C Elegans.
Having the ability to use a connectome within a mechanical entity opens up a great deal of possibilities.
The surgical removal of tissue. Ablation experiments are when neurons are killed, usually by laser, and the
ensuing change in behavior is studied
136
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Although there is much network analysis yet to be done, this is potentially a gateway into greater insight of
how nervous systems work. The more precisely we can emulate a neuron, being able to engulf a precise
neuron model into an entire connectome, makes exploration of nervous systems much easier, faster and
perhaps more ethical than exploring biological animals. (Busbice 2014, 15)

In this regard, the Connectome Engine is positioned as a way to explore biological
connectomes. As such it embodies the unknown, with its epistemic object being the nervous
system. However, the connectome research may also be implemented technologically:
On another note, having working connectomes will allow us to explore autonomous robotics. Just this
simple C Elegans connectome could easily be envisioned to extend to potential search and rescue robotics.
Mimicking an animal that digs and searches for food in an environment similar to a collapse building could
bring searching for survivors of such a catastrophe much easier and better, especially with additional chemo
and oxygen sensors as with the real worm. Adding higher level connectomes such as fish, drosophila,
mouse, and more, could amplify what my humble beginnings can obtain. (Busbice 2014, 15)

There are two epistemic things at play in this implementation of the connectome.
Autonomous robotics, and nervous systems. The trajectory of research outlined follows the
trajectory of model organisms; drosophila and mouse. Another point of alignment with this is,
as de Chadarevian notes of the successive maps of C. elegans, its Digitalization has opened
new avenues of intervention. By becoming digital its implementation in a robot became
viable.

3.5 Summary:

In my analysis I have followed the worm through a series of substrates. I have followed it
through a chain of translations, beginning in the petri dish. I gave a review of the construction
of the first wiring diagram by White & al in 1986, and a basic explanation of current and
voltage clamp research and the Hodgkin-Huxley equations that describe the electrophysiology
of ion channels. I interpret these as biological inscriptions, and the experimental practices that
produced them as the technical things, in Rheinberger’s sense of the word, and the biological
bedrock of the digital model. As such this biology informs the model, as the model must
validate itself against this knowledge, in what Rheinberger calls “reproduction of the
identical”.
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The next step in the analysis was to describe how the connectome, or wiring diagram,
is implemented digitally. In the implementations the structure of the neuron and their
connections are integrated in their relative positions, and opens up for the addition of the
electrophysiological properties of the ion channels of the nerves. This is achieved as the
NeuroML modeling language allows for export to the NEURON simulation tool. It computes
the electrical activity of the ion channels by implementing the Hodgkin-Huxley equations. I
then go on to explain the optimization-validation loop, which renders the connectome an
epistemic thing. The connectome is as such the primary epistemic thing in the digital model.
As the connectome embodies the unknown, and is used to generate novelties, in several
implementations: the free parameters, in bionet, and in the connectome engine. I show how
the mathematical model of the electrophysiological properties of these ion channels can be
tuned to inform biological research, and how this is thought to be able to shorten the research
cycle. This, I interpret as what Rheinberger calls to oscillate between experiment and model
(see method under differential reproduction), and is as such connected to the epistemology of
models.
Then, in part three of my analysis, I reviewed the toolchain that the OpenWorm team
is developing. This is pertinent to the Caenorhabditis’s status as a model organism, as the
tools may facilitate cross-species comparison. The toolchain also ties together the cellular and
the whole-worm levels of the digital model. In this part I describe the role of the different
algorithms involved, the Hodgkin-Huxley and the Smoothed Particle Hydrodynamics. I have,
however, only focused on the Hodgkin-Huxley algorithms, as those are the ones most
pertinent to neurobiology. I describe that the macroscopic behavior of the worm is intended to
emerge from the modular simulation of the components in the toolchain. I explain how the
toolchain will be used as way to produce the locomotion behavior of the worm, and then turn
to a review of the movement validation subproject.
The fourth step in the analysis focus on how the identical is reproduced on the
macroscopic level. This involves a description of what I interpret as an inscription device, the
Worm Tracker 2.0 is used to generate mathematical descriptions of the worm’s behavior. I go
on to describe the process by which the computer generated videos can be generated that
allow for comparison with the biological worm. This process is pivotal, as a success in this
subproject will qualify the digital worm as biological, and is a measure of scientific progress
in the digital model. Rheinberger states that epistemic things stands in the twilight of
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repetition and difference. In my analysis, this is what represents, on the macroscopic level, the
side of repetition. After addressing this, I must, in order to qualify the digital model as an
epistemic thing, show where it embodies the unknown. The next step, then, is tuning and
optimization.
The tuning and optimization chapter of my analysis is centered on the bionet, Which is
a hybrid genetic algorithm which tunes the synaptic weights of a population of randomly
weighted parameters to optimize for less than 5% difference in motor output sequences,
defined as signals from the sensory to the motor neurons between connectomes. And also to
generate sinusoidal shapes in a visual representation of the worm. If integrated with the
movement validation project, the bionet may be used in research on the biological worm.
There are other genetic algorithm to tune the free parameters of the worm, notably neurotune
and HeuristicWorm. The tuning and optimization is where the digital model may generate
new knowledge. It may inform neurological research on the synapse weights of neurons, to
later be validated in the petri dish.
Lastly, I give analyze the Connectome Engine. Rheinberger writes about
representations, that they, in order to become machines for making the future, must be able to
be reinserted into new experimental settings to produce further traces. The Connectome
Engine represents such a new experimental setting. It is a representation of the connectome in
the OpenWorm project, albeit not by the same means (neuroConstruct, c302, NeuroML). The
Connectome Engine is comprised of 302 individual programs representing a neuron and its
connections, which is implemented in a Lego Mindstorms EV3 robot. The researcher who
made the representation of the connectome envisions to ways the connectome can be used for
what Rheinberger calls groping for difference; in realistic emulation of neural networks, for
higher fidelity robotic simulation, and as a means to create more sophisticated autonomous
robots. This, I argue represent a new experimental setting, which qualifies the digital
modeling as a machine for making the future.
Throughout the analysis I have performed, we have seen the connectome implemented
in different forms, which I have interpreted in the sense of Rheinberger’s representations. In
accordance with Eugene Thacker’s notion of biological exchanges, they all point back to the
Withe & al connectome from 1986, tied together as it were, by the original map. I use map
and model interchangeably. The connectome figurate as both. The different representations
can be interpreted as displacements of the original connectome, spatially as well as
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epistemically. Each representation has embodied the unknown, postulating different epistemic
things, “groping for the different”. There are two trajectories in this analysis. In one I mimic
the emergent properties through my narrative: I build my analysis from the cellular level, and
goes into the macroscopic.
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4 Conclusion
What, then, is a virtual lifeform? Taxonomically, to borrow a biological term, it is a model
organism. In the case of the OpenWorm, it shares the defining characteristics of the genus: the
representational target is a complete in silico model of Caenorhabditis Elegans. It has a broad
representational scope, one that quite explicitly has the human brain as its long term goal. In
terms of cyberinfrastructure, it may be said to constitute one. That is, a digital embodiment of
the knowledge of the worm. The open science approach is, in despite of the project being
undertaken outside of the institutional establishment, a seemingly natural evolution in the
moral economy of collaboration, and the exchange networks that surrounds model organisms.
I begin elucidating the primary research question by answering how is digital life
constructed. First of: it is constructed by means of open science. As such, I would call the
digital model a “Collaborative thing”. As the open science approach means that collaboration
is embedded in the very fabric of the digital model, and a temporal dimension may be traced,
from Caenorhabditis’s early days as a model organism, where collaborative mapping was,
parallel to a an epistemic thing being a “less stabilized” technical thing, an ethos, which have
seen a stabilization in the scientific practice. One that culminates in open science. The C.
elegans field is in this respect aligned with the trajectory of the Drosophila. From its
beginning at the Laboratory of Molecular Biology, where there was one small research group
working on the worm, there has been an increasingly codified collaborative ethos, as the
milieu grew. There was an increase in codification when databases such as the WormBase,
where curation was seen as community service, and sharing of data was one of the core
values. Open science may be seen as taking this collaborative ethos to its logical conclusion.
A further point may be made on this note; as a “collaborative thing” the digital model reifies
this conglomerate of digital tools and collaborative practices.
A second answer to the same question is that it is constructed by means of digital map of
C. elegans. As part of standardizing an experimental system around an organism, maps play a
crucial role, and act as a focus for integrating knowledge on the organism. In the history of C.
elegans as a model organism, the mapping effort has been a locus of cooperation, and had an
evolution, where the maps are placed along a continuum, and has opened up new venues of
experimental practices. A process in which the preceding maps has been redefined and
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integrated in the preceding maps. In this trajectory, laid out by the historian of science Soroya
de Chadarevian, the final map would be one that allowed for the reconstruction of C. elegans
in silico as well as in vivo. In my extrapolation of what a virtual life form is, I have broached
on how the connectome, the map of the C. elegans neural network, may constitute such a
map. I have also pointed to the venues of exploration that it opens up. The digital connectome
is a continuation of the wiring diagrams published by White & al in 1986. And as with the
previous maps, new venues of intervention is opened up. In digitizing the ion channels, and
mapping them out in the c302 model and neuroConstruct, the maps also contains the
mathematical properties of the electrophysiology. The model is built as a library of .nml files
on the cellular level. This library is subjected to a loop of validation and tuning, and means
that the virtual organism may be interpreted as an integrative model.
Digital life, then, is constructed as an in silico map. The new venues of intervention that is
opened by this particular map is enacted in the model-validation-tuning loop depicted in
section on muscle neuron integration. This corresponds to the digital model becoming an
epistemic thing, not only does it facilitate a new experimental practice, by shortening the
research cycle, but novelties is introduced in tuning variables digitally. As a space of
representation, it limits as well as opens up a venue of research. Existing in a non-biological
substrate there is a limit to the novelties it can produce. It necessarily needs to oscillate
between coproducing the identical and reproducing difference: this is particular to the nature
of bioinformatics as such, what sets it apart from artificial intelligence or artificial life, the
biological exchanges characterized by Thacker. The displacement of the connectome enables
another intervention; that of implementing the map in a robot.
The second operationalization of the primary research question; “how does the digital
translate into life?” is answered in terms of “biological exchanges”. I have paired this up with
my interpretation of “reproducing the identical” and “reproducing difference”. I see these as
standing on each side of the biological exchange. In the empirical matter, the two research
question are intertwined – I use the same conceptual apparatus to analyze both.
Reproducing the identical occurs through validation. By reproducing the I/V plots form
Boyle & Cohen 2008 the digital model attaches itself to preceding traces, on par with the
material discourse outlined by Rheinberger in the notion of “machines for making the future”:
the iterative process of making traces and reinserting them into new research settings. This
vindicates the model. The same process is recurring on the macroscopic level of modeling,
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with the videos from the Shaffer Lab. This process translates “life” to the digital substrate, it
creates a representation, in the sense outlined by Rheinberger, that is able to move from the
petri dish to .nml files and computer generated videos.
On the other side of the exchanges, we have model optimization and tuning. This I
interpret in terms of “differential reproduction”. Again, to be epistemic, means that the model
must be an embodiment of that which is not known. In order for the model to work, a vast
parameter space has to be set. This act the unknown, the space in which tuning may act as
“groping for difference”. In this parameter space the digital model may produce novelties,
synapse weights not previously knowns, to be reinserted in new research settings. This is
where the digital may, proverbially, return to the petri dish. The biological exchanges are thus
in a sense articulated in the C.A.D envisioned for the digital model. Rheinberger writes of
models that, on the axis of technical and epistemic things, they are situated somewhere in the
middle: not sufficiently stabilized to serve as subroutines, but still sufficiently stabilized to
attract research (H. -J. Rheinberger 1997, 110). The C.A.D situates is as such, the mediator
between different substrates.
The Connectome Engine is, in my interpretation, a representation of the connectome. It
demonstrates a way in which digital representation of the connectome can be an epistemic
thing. In my analysis, the Connectome Engine “gropes for difference” in two directions; that
of emulating the nervous system and that of autonomous robotics. By making a set of
programs that communicate according to the structure of the C. elegans neural network, it is
suggested that it is possible to study animal behavior by manipulating programs emulating
animals. As such it is interesting in more respects than just as a technological implantation of
neurological system. It may or may not “reach back and touch the biological matter” to quote
Eugene Thacker (Thacker 2006, 53), it does however represent a translation from the petri
dish, as the connectome may be traced back to its origin, under the electron microscope.
As a research animal the virtual lifeform enrolls biomedicine in a similar manner as that
described by Druglitrø and Kirk: like an auxiliary. By acting like Computer Assisted Design,
as I have described in the analysis. A biophysically realistic C. elegans model envisioned to
act as a standardized way of generating and choosing amongst hypotheses, it may reduce the
need for control experiments, and the like. This could, if successful, reduce the need for
biological worms. A facet of a virtual life form is that, whereas a research animal must be
standardized and constructed as a technology to gain epistemic power, the virtual worm faces
92

the opposite challenge. To become scientifically productive, a virtual lifeform must be
constructed as nature. As I have pointed to in my case study, in the movement validation
chapter in particular, but also in relation to validation on the cellular level, a great deal of
effort is made to reproduce biological data. When a virtual worm can reproduce known facts
reliably, it gains the epistemic power to inform research on biological worms.
As bioinformatics, the virtual lifeform is enabled by the “reorientation of the clinical
gaze” described by Nikolas Rose. The view of life as information that originated in this shift,
is what enables the fluidity through media described by Thacker, and that is ultimately what
makes a virtual lifeform possible. But as a product of biological exchange, the virtual worm is
not able to completely relinquish the petri dish. In order to remain a worm, it must be
validated against biological worms. This is also embodied in Computer Assisted Design. It
may enable researcher in eliminating some hypotheses, but ultimately a hypothesis will be
validated in the petri dish.
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