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Abstract: Kuhn’s Structure of Scientific Revolutions is interpreted as the specificationof an agent-basedmodel.
Kuhn described scientists as autonomous agents and an emergent pattern of evolving paradigms. The miss-
ing link in his account is then a mechanism by which this pattern self-organizes from the interactions of au-
tonomous scientists. This paper exploits advances in agent-based modeling and stigmergy to fill the missing
link in Kuhn’s account. This involves interpreting scientists as autonomous agents and finding stigmergic in-
teractions in Kuhn’s descriptions of the process of science. A complete agent-based model of Kuhn’s Structure
of Scientific Revolutions could lead to a better understanding of the contribution of the evolution of the social
structure of science to its success.
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Kuhn’s Lacuna

1.1 Thomas Kuhn’s Structure of Scientific Revolutions (SSR) is not only one of the most popular, but also one of the
most controversial works in 20th century philosophy. Based on historical evidence, Kuhn claimed in SSR that
“There is no neutral algorithm for theory-choice.”(Kuhn 1970b, 200) An important consequence is that coordi-
nation among scientists is no longer straightforward. The challenge for Kuhn is to explain how scientists self-
organize in order to aggregate results over scientists and cumulate them over time in the absence of a central
authority.

1.2 Kuhn’s alternative for central coordination by a universal scientific methodwas the concept of the “paradigm”:
local, endogenously emerging coordination on a number of shared commitments concerning what the puzzles
are, how to solve them and what counts as an acceptable solution. However the paradigm concept is itself
le� unexplained (How do paradigms emerge in the absence of centralized control?). As a result many scholars
concluded that paradigms are too vague to carry any substantial meaning (Shapere 1984; Sche�ler 1982; Fuller
2001). Themain argument for this line of criticismwas that Kuhn himself seemed to be using the concept in dif-
ferentways throughout thebook. Ananalysis byMasterman (1970) revealed threedi�erent familiesofmeanings
for the paradigm concept in SSR: agents, rules and products, or, in her terms, the “sociological”, “metaphysical”
and “artefact” paradigm.

1.3 This paper provides amechanism for the emergence of paradigms from the interactions of autonomous scien-
tists. This is facilitated by the fact that SSR can itself be seen as an early attempt at designing an “agent-based
model” of a social system. As I intend to demonstrate in this paper, SSR can quite naturally be interpreted as
the specification of an agent-based model. In hindsight, both Kuhn’s description of scientists as autonomous
agents (cf. section 2) and his description of an emergent pattern (cf. section 5) fit well within the agent-based
paradigm. The agent-based perspective also unifies Kuhn’s apparently inconsistent uses of the paradigm con-
cept by interpreting them as di�erent sides of the same coin, viz. phenomena emerging from rule-based inter-
actions (rules) between autonomous agents (agents) leaving traces in the form of scientific papers (products).

1.4 An agent-based interpretation of Kuhn’s work suggests that the controverse surrounding Kuhn’s image of sci-
ence isperhapsane�ectnot somuchof its vagueness, butof its incompleteness. Anagent-basedmodel consists
of threecomponents: macroscopicpatternsemerge fromthe local interactionsofautonomousagents.(Bonabeau
2002; Heath et al. 2009) Kuhn only managed to provide two. The first edition of SSR focused on describing
macrocopic patterns: preparadigmatic and mature science consisting of periods of normal science, crisis and
revolution. The book became popular but drew harsh criticism directed mainly at the apparent lack of ratio-
nality of Kuhnian scientists, e.g. Popper (1970), Lakatos (1970). In response, Kuhn expanded on the role of indi-
vidual scientists in science, mainly in a postscript to the book’s second edition published in 1970 and in a later
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paper (Kuhn 1977). The criticism endured and a�er 1980 the term paradigm practically vanished from Kuhn’s
writing.(vonDietze2001)Kuhnnevermanaged toprovide the third component: anexplicitmechanismbywhich
the patterns he described self-organize from the interactions of autonomous scientists. This is a lacuna Kuhn
himself was aware of.

1.5 “Even those who have followed me this far will want to know how a value-based enterprise of the sort I have de-
scribed can develop as a science does, repeatedly producing powerful new techniques for prediction and control.
To that question, unfortunately, I have no answer at all [...] The lacuna is one I feel acutely”(Kuhn 1977a, 332-3)

1.6 Kuhn’s lacuna is understandable. Apart from precursors such as Conway’s Game of Life and the segregation
model (Schelling 1978), the study of complex systems ((Newman 2011)), the agent-based paradigm and its ap-
plication to social phenomena only came to fruition in the 1990s, with e.g. Holland & Miller (1991), Gilbert &
Troitzsch (1999) and the launch of this journal in 1998. This would explain why Kuhn, himself a condensedmat-
ter physicist who had worked with precursors of agent-based models like the Ising-model (Ising 1925), was so
o�en misunderstood in his time.(Marcum 2015, 236) Also insight in the importance of stigmergic interactions
for the self-organization of social structure was lacking in Kuhn’s lifetime.(Heylighen 2016)

1.7 But twenty years a�er Kuhn’s death, the context has changed. The agent-based paradigm has developed fur-
ther and insight into stigmergy has improved. In this paper I want to use these two recent advances to fill
Kuhn’s lacuna: a mechanism for understanding how paradigms emerge from the interaction of autonomous
scientists without centralized control. This mechanism will be embodied in the agent-based model presented
in this paper. Section 2 interprets Kuhnian scientists as autonomous agents. Section 3 searches for the stigmer-
gic interactions in Kuhn’s description of the process of science. These two components are combined into an
agent-based model in section 4 in order to demonstrate in section 5 that they are su�icient to generate Kuh-
nian macroscopic dynamics. This constitutes, I argue, an agent-based model of Thomas Kuhn’s Structure of
Scientific Revolutions.

Scientists as Autonomous Agents

2.1 If SSR is interpreted as the specification of an agent-based model, Kuhnian scientists must be interpreted as
“agents”. Kuhn’s characterization of individual scientists was very controversial at the time. In their first reac-
tions, Kuhn’s contemporaries focused on the idea that scientists are dogmatic specialists with little interest in
novelty. Paul Feyerabend wrote a paper “Consolations for the specialist” in which he rejected what he con-
sidered to be an ideology that “could only give comfort to the most narrowminded and the most conceited kind
of specialism.”(Feyerabend 1970, 197-230) Popper wrote a paper “Normal science and its dangers” in which he
states: “In my view the “normal” scientist, as Kuhn describes him, is a person one ought to be sorry for. [He] has
been badly taught. He has been taught in a dogmatic spirit: he is a victim of indoctrination.”(Popper 1970, 52-3)

2.2 Kuhn’smost contested claim is that scientific values (such as fruitfulness, accuracy and precision) are not su�i-
cient to solve the problem of paradigm choice: “They are not by themselves su�icient to determine the decisions
of individual scientists.”(Kuhn 1977a, 358) The values function not as algorithms because the values are contin-
gent, subjective and conflicting. According to Kuhn, paradigm choice is ultimately amatter of “faith”. To Kuhn’s
ownhorror,many scholars concluded thatKuhn thought sciencewas just amatterof “mobpsychology”(Lakatos
1970, 178) or “a political and propagandistic a�air”(?, 4). Kuhn denied this: “It is emphatically not my view that
adoption of a new scientific theory is an intuitive or mystical a�air, a matter for psychological description rather
than logical or methodological codification.”(Kuhn 1970a, 157)

2.3 But howcan these inconclusive values thenaccount for the success of science? To this Kuhnadmits to haveonly
“very partial and impressionistic”(Kuhn 1970b, 152) answer. Because it is “about argument and counterargument
in a situation in which there can be no proof, our question is a new one, demanding a sort of study that has not
previously been undertaken.”(Kuhn 1970b, 152) His characterization of that new sort of study anticipates the
use of agent-based models for the study of social systems: “we must learn to ask this question di�erently. Our
concernwill not then bewith the arguments that in fact convert one or another individual, but rather with the sort
of community that always sooner or later re-forms as a single group.”(Kuhn 1970b, 153)

2.4 In fact, Kuhn even tried to program such an agent-based model himself. “I am currently experimenting with a
computer programdesigned to investigate their properties at an elementary level.”(Kuhn 1970b, 191-2) Andersen
& Nersessian (2000, S225) later evaluated this attempt: “He wanted to develop a computer program that would
simulate a non-rule-governed transmission of concepts fromonegeneration to the next. This e�ortwas hampered
by the lack of empirical psychological research and by the limitations of programmingmethods andmachines.”
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2.5 In sum, despite Kuhn’s best e�orts, many of his readers took him to describe scientific behavior as contingent,
subjective, conflicting and dogmatic. I argue in here that a solution to Kuhn’s problem is available now that
the agent-based approach in computer science is better developed (see Bandini et al. (2009) for an overview).
According to one of the most widely used definitions (Woolridge & Jennings 1995), intelligent agents interact
with their environment and with each other based on their own goals and behaviors which they can modify
in reaction to current or anticipated changes in those circumstances. Intelligent agents are autonomous, so-
cial, situated and proactive. Interpreting Kuhnian scientists as autonomous agents puts Kuhn’s claims about
scientists in a di�erent and much less controversial perspective. A perspective that makes it intelligible how
such scientists can produce successful science as we know it. From this perspective, scientific behavior is not
contingent but autonomous, not dogmatic but social, not subjective but situated, not conflicting but adaptive.

• Autonomy: Froman agent-based interpretation, statements that choice can never be fully determined by
analgorithmscientificmethod (“Theyare not by themselves su�icient to determine thedecisions of individ-
ual scientists.”(Kuhn 1977a, 358) ) suggest not contingency or a lack of rationality on the part of scientists,
but their autonomy. This autonomy of the agents is the reason why agent-based models are stochas-
tic rather than deterministic. These models do not idealize non-epistemic factors away but incorporate
them as randomness. In Kuhn’s case these are factors such as “idiosyncrasies of autobiography and per-
sonality”(Kuhn 1970b, 153). This explains why agent behavior for Kuhn is not defined by strict rules, but
rather guided by heuristic rules of thumb, viz. “criteria that influence decisions without specifying what
those decisions must be.”(Kuhn 1977a, 330)

• Social: Smart agents take into account the actions of others. Communication and coordination with oth-
ers is a condition of possibility for the aggregation of results over scientists and accumulation over time.
Successful, specialized science requires a high level of social coordination in order to allow for a division
of cognitive labor. Without coordination, cooperation would be all but impossible. Paradigm debate “is
about premises, and its recourse is to persuasion as a prelude to the possibility of proof.”(Kuhn 1970b, 199)
On the other hand, taking into account the actions of others can also be required to spread risk.(Kuhn
1970b, 186) This essential tension is developed further in the next section.

• Reactivity: Agentsare situated inaspecific contextand theirbehaviormust change if that context changes.
For this reason two equally smart scientists might make di�erent decisions in di�erent contexts. Kuhn
o�en makes this point quite literally. There is “no systematic decision procedure which, properly applied,
must lead each individual in the group to the same decision.”(Kuhn 1970b, 200) Similarly: “When scientists
must choose between competing theories, two men fully committed to the same list of criteria for choice
may nevertheless reach di�erent conclusions.”(Kuhn 1977a, 324) and “individuals may legitimately di�er
about their application to concrete cases.”(Kuhn 1977a, 357)

• Pro-activity: Agents are not backward-looking but forward-looking. Scientists do not want to knowwhat
was the best paradigm in the past, but what will be the best one to make contributions to in the future.
Paradigm choice is choosing “the fittest way to practice future science.”(Kuhn 1970b, 172) That is because
“paradigm debates are not really about relative problem-solving ability ... the issue is which paradigm
should in the future guide research on problems many of which neither competitor can yet claim to resolve
completely... [T]hat decisionmust be based less on past achievement than on future promise.”(Kuhn 1970b,
157-8)

Stigmergic Interactions

3.1 The previous section has shown that Kuhn provides an (especially for that time) quite explicit characterization
of scientists as autonomous agents. Although his historical case-studies allowed him to describe individual
cases of how these scientists manage to self-organize into paradigms, he apparently lacked a theoretical con-
cept that would allow him to pick out and generalize the essential aspects of this process. Thanks to the study
of termites (Grasse 1959) and ant colonies (Sumpter & Beekman 2003) a theoretical concept has become avail-
able for explaining coordination in social systems without centralized control: stigmergy. Ant colonies manage
to perform complex, coordinated tasks without central supervision or direct communication by leaving traces
that other agents respond to. Stigmergy depends on feedback loops by which autonomous agents influence
each other’s behavior indirectly, through traces in the environment. As such “Stigmergy allows global coordi-
nated activity to emerge out of local, interdependent actions.”(Heylighen 2016) Positive feedback loops promote
successful behavior, negative feedback loops dampen errors. These virtuous and vicious cycles can explain the
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remarkable e�ectiveness of very diverse phenomena such as termite hill, a network of trails, or even a world
encyclopedia.(Heylighen 2007)

3.2 In this paper I use an agent-basedmodel to apply this framework to Kuhn’s early work (before 1980). Agents are
scientists. The traces scientists leave in theenvironmentare scientificpapers. Emergentpatternsarepreparadig-
matic andmature science (normal science, crisis and revolution). The key to filling themissing link in Kuhn’s ac-
count is identifying the stigmergic interactions. In what ways does the contribution of a scientist to a paradigm
a�ect the probability of others making a contribution to that paradigm? Kuhn’s SSR contains two important
feedback loops: a positive feedback loop through adoption of the paradigm and a negative feedback loop
through production to the paradigm. I will show in section 5 that these stigmergic interactions between au-
tonomous scientists are su�icient for the emergence of Kuhnian macroscopic patterns.

Increasing returns to adoption

3.3 Kuhn argues that paradigms allow science to advance in much the same way as Adam Smith had argued cen-
turies earlier that assembly lines allow the economy to advance. Workers increase productivity by coordinating
on a standard for the division of labor. Coordinating on fundamentals allows them to learn faster, work harder
and developmore specialized tools.

3.4 “This great increase of the quantity of work which, in consequence of the division of labour, the same number of
people are capable of performing, is owing to three di�erent circumstances; first, to the increase of dexterity in
every particular workman; secondly, to the saving of the time which is commonly lost in passing from one species
of work to another; and lastly, to the invention of a great number ofmachineswhich facilitate and abridge labour,
and enable oneman to do the work of many.”(Smith [1776] 2003, 4)

3.5 Compare this to Kuhn’s description:

3.6 “[The Franklinian paradigm] suggested which experiments would be worth performing and which, because di-
rected to secondary or to overly complex manifestations of electricity, would not. Only the paradigm did the job
far more e�ectively, partly because the end of interschool debate ended the constant reiteration of fundamentals
and partly because the confidence that they were on the right track encouraged scientists to undertakemore pre-
cise, esoteric, and consuming sorts of work. Freed from the concern with any and all electrical phenomena, the
united group of electricians could pursue selected phenomena in far more detail, designing much special equip-
ment for the task and employing it more stubbornly and systematically than electricians had ever done before.
Both fact collection and theory articulation became highly directed activities. The e�ectiveness and e�iciency of
electrical research increased accordingly”(Kuhn 1970b, 18)

3.7 This coordination e�ect results in increasing returns to adoption of a paradigm. Themore scientists contribute
to the same paradigm, the more opportunities for specialization by dividing cognitive labor. This is a first stig-
mergic interaction. When a scientists publishes a paper in a paradigm, that scientist’s adoption will increase
the probability of other scientists adopting the same paradigm. Kuhn provides an explicit description of this
feedback loop by whichmore adopters to a paradigm improve the paradigm, in turn attractingmore adopters:

3.8 “At the start a new candidate for paradigm may have few supporters, and on occasions the supporters’ motives
may be suspect. Nevertheless, if they are competent, they will improve it, explore its possibilities, and show what
it would be like to belong to the community guided by it. And as that goes on, if the paradigm is one destined to
win its fight, the number and strength of the persuasive arguments in its favor will increase. More scientists will
then be converted, and the exploration of the new paradigm will go on. Gradually the number of experiments,
instruments, articles, and books based upon the paradigm will multiply. Still more men, convinced of the new
view’s fruitfulness, will adopt the newmode of practicing normal science, until at last only a few elderly hold-outs
remain.”(Kuhn 1970b, 159)]

3.9 The importanceof increasing returns to adoptionof standards (and the complexdynamics inwhich this positive
feedback loop results) only became the subject of systematic study in economics as part of the “increasing
returns revolution” in the 1990s.(Arthur 1989; Krugman 2009)

Decreasing returns to production

3.10 Coordinating on fundamentals increases the benefits from specialization. However this necessarily goes at the
cost of the diversity of fundamental assumptions explored. As with an assembly line, the standardization of
assumptions is the necessary price to pay for the economies of scale it enables.
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3.11 “Specialization and the narrowing of the range of expertise now look tome like the necessary price of increasingly
powerful cognitive tools. What’s involved is the same sort of development of special tools for special functions
that’s apparent also in technological practice.”(Kuhn 2000, 98)

3.12 A crucial problem is that once a paradigm is chosen it is impossible to create novelty. As such Kuhn writes that
“Normal science does not aim at novelties of fact or theory and, when successful, finds none.”(Kuhn 1970b,
52) This is because choosing a paradigm requires knowledge, but a condition for that knowledge is the very
paradigms at issue: “choice ... between competing paradigms ... is not and cannot be determined merely by the
evaluative procedures characteristic of normal science, for these depend in part upon a particular paradigm, and
that paradigm is at issue.”(Kuhn 1970b, 94) This problem of the impossibility of novelty, known since Antiquity
as theMeno problem, is a commonoccurrence inmodels of innovation. For example technology adopters have
a tendency to lock-in to potentially suboptimal technological standards (Arthur 1994; David 1985). It is typically
solved by introducing evolutionary dynamics in the form of a feedback loop.(Nickles 2003) In KuhnâĂŹs work
there is such a feedback loop from the knowledge produced within the paradigm back to the paradigm that
made that knowledgepossible. Kuhnwrites that “[Paradigms] are directed not only to nature but also back upon
the science that produced them”(Kuhn 1970b, 103) and claims that there is “a feedback loop throughwhich the-
ory change a�ects the values which led to that change.”(Kuhn 1977a, 336) This is the second stigmergic interac-
tion: a contribution to a paradigmwill decrease the probability of another agent contributing to that paradigm.
As a consequence, novelty can emerge: “research under a paradigm must be a particularly e�ective way of in-
ducing paradigm change”(Kuhn 1970b, 52) and “the ultimate e�ect of this tradition-bound work has invariably
been to change the tradition.”(Kuhn 1977a, 234)

3.13 This constitutes a second stigmergic interaction found in Kuhn’s description of the process of science. When a
scientists publishes a paper in a paradigm, the number of fruitful research opportunities le� in that paradigm
is gradually exhausted. The marginal value of an extra unit produced within a paradigm decreases with pro-
duction. This tendency has long been known in economics as the “law of diminishingmarginal utility”.(Gossen
1983)

Agent-basedmodel

4.1 This is a model1 of scientists publishing papers. Publishing a paper (or leaving a “trace”) involves both the
production of a paper and the adoption of a set of paradigmatic assumptions underlying that paper. In the
previous section it was shown that adoption and production both a�ect other agents’ behavior through two
di�erent stigmergic feedback loops. More adopters implymore opportunities for specialization. Butmore pro-
duction implies fewer opportunities le� for fruitful research. The former increases the probability of agents
adopting the paradigm, incentivizing the exploitation of the existing paradigm (tradition); the later decreases
it, incentivizing the exploration of new paradigms (innovation). Kuhn called this conflict between tradition and
innovation Kuhn (1977b) the ‘essential tension” in science. This tension makes it possible to capture network
externalities without the risk of lock-in to a potentially suboptimal equilibrium. (Arthur 1989; Leydesdor� 2001)
In the next section I show that this essential tension is su�icient for Kuhnian dynamics to self-organize at the
macrolevel. Here I use it to specify how agents decide whether to exploit or explore. Themodel is hence driven
by agents facing the essential tension at each turn.

4.2 How do scientists decide whether to exploit or explore? For Kuhn, adopting or abandonging a paradigm is not
just a matter of encountering discrepancies between theory and fact. Such discrepancies are the puzzles the
paradigmprovides to scientists as fruitful research opportunies. It is onlywhen scientists no longer believe that
the resources the paradigm provides will su�ice to solve those puzzles, that puzzles become anomalies.(Kuhn
1970b, 81-2) One can never be certain that something will never be found, as such this decision is ultiamtely a
matter of “faith”. For scientists to lose faith, theyneed tobe convertedbyothers adoptingdi�erentparadigmatic
assumptions. “Wemust therefore ask how conversion is induced and how resisted.”(Kuhn 1970b, 152)

4.3 Faith is “theassurance that theolderparadigmwill ultimately solveall itsproblems, thatnaturecanbeshoved into
the box the paradigm provides.”(Kuhn 1970b, 151-2) In the previous section it was shown that, ceteris paribus,
the fruitfulness of future research opportunities in a paradigm increaseswith adoption and decreaseswith pro-
duction. As a consequence, the two stigmergic interactions in the previous section can be used to quantify
faith in terms of adoption and production. This makes possible a precise specification of agents’ probability of
conversion.
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Figure 1: Initial state of the model

Model specification

4.4 Consider annxn toroidal grid consisting ofN = n2 patches.(Fig. 1) Each patch represents a scientist. Scientists
do notmove and have eight (Moore) neighbors. Each scientist publishes one paper every turn. Publishing a pa-
per requires the adoption of a set of (implicit or explicit) paradigmatic assumptions S(s1, . . . , sM ) about what
are meaningful questions, what is relevant data, what are convincing arguments and what counts as a su�i-
cient solution. The number of agentsN is a constant of the system,M varies endogenously. The paradigmatic
assumptions adopted by the agent/patch are represented by the color of that patch. Changes in the colors of
the patches thus represent the dynamics of adoption of paradigmatic assumptions. In the initial state of the
model there are as much paradigmatic assumptions as there are scientists. Paradigmatic assumptions are not
yet paradigms. A paradigm only emerges when multiple scientists coordinate on the same paradigmatic as-
sumptions. Paradigms can be recognized in the model as clusters of patches with the same color.

4.5 Each turneachagent tries topersuadeoneof its neighbors (the target) to adopt its paradigm. Anagent’s persua-
sive power and a target’s resistance to persuasion can be expressed as a function of the faith they have in their
respective paradigm. This “faith” F is proportional (autonomy) to the value of the next (pro-activity) contribu-
tion to it. As a result of the stigmergic interactions with others (social), that value is proportional to the number
of current adopters (adoptionA) plus its own potential adoption, and negatively proportional to the total num-
ber of contributions made within the same paradigmatic assumptions (production P ) plus its own potential
contribution. Because agents are situated in a particular context (reactivity), I will assume scientists only have
knowledge about adoption and production to their own paradigm and within their own Moore-neighborhood.

4.6
Fs(t) =

(As(t) + 1)α

Ps + 1
. (1)

4.7 The function of paradigms in science is to allow scientists to capture the benefits of specialization. The extent
towhich it does (and not its content) can be interpreted as the intrinsic value of the paradigm. The parameterα
represents this intrinsic value. It represents the increasing returns to adoption that canbe capturedbyadopting
the same paradigmatic assumptions. The assumption of increasing returns to adoption corresponds to assum-
ing that α > 1. In this paper α is exogenous, interpreted as a domain-specific parameter (di�erent domains in
science allow for di�erent levels ) whereby the model represents a domain in science and all paradigms in the
same domain have the same α. A useful extension of the model could be to make this parameter paradigm-
specific to investigate under what circumstances paradigms with higher intrinsic value emerge.

4.8 It follows from equation 1 that faith in any novel set of paradigmatic assumptions (for which both adoption and
production are 0) is always 1 irrespective of the value of α.This powerful feature of the model results in a non-
zero probability of the occurrence of novelty and hence endogenizes the number of paradigms in the model.
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4.9 Definite probabilities can now be assigned to the outcome of conversion attempts between an agent (the per-
suader) trying to persuade another agent (the target) to adopt its paradigm the next turn. The probability of
conversion is proportional to the faith the converter and the target have in their respective paradigms and in
the creation of a novel one. The more faith a persuader has in its paradigm, the stronger its persuasive power.
Conversely, the more faith the target has in its paradigm, the stronger its resistance to conversion. The proba-
bility of a new set of paradigmatic assumptions being created is inversely proportional to both. As a result, new
paradigms are created endogenously and communities will self-organize to find a dynamic balance between
exploiting existing paradigms (specialization) and creating new ones (innovation).

4.10 A conversion attempt by a persuader trying to convert a target to adopt the set of paradigmatic assumptions si
to sj has three possible outcomes that can now be assigned precise probabilities:

4.11 Conversion (c): the target adopts the same paradigm as the persuader.

Pc =
Fsi

Fsi + Fsj + 1
, (2)

4.12 Failed conversion (r): the target remains faithful to its previous paradigm.

Pr =
Fsj

Fsi + Fsj + 1
, (3)

4.13 Novelty (n): the conversion attempt results in the target adopting a novel set of paradigmatic assumptions.

Pn =
1

Fsi + Fsj + 1
. (4)

The emergence and decline of paradigms

5.1 According to Kuhn, the evolution of the social structure of science contributes to its success in two apparently
conflicting ways: both the emergence (paradigms for specialization) and decline (revolutions to innovate the
paradigm itself) of coordination on fundamental commitments can be progressive. Kuhn called this apparent
conflict the “essential tension” between tradition and innovation. The dilemma whether to exploit an existing
paradigm or to explore a new one presents itself both at the individual level and the community level. “Very
o�en the successful scientist must simultaneously display the characteristics of the traditionalist and of the icon-
oclast.”(Kuhn 1977a, 227) But it also emerges at the macro-level where mature science exhibits “a succession of
tradition-bound periods punctuated by non-cumulative breaks.”(Kuhn 1970b, 208) The challenge for an agent-
based model of SSR is twofold. First it must integrate both forces in the same model and then show how this
tensionat themicrolevel gives rise to a similar pattern at themacrolevel: “wemust seek tounderstandhow these
two superficially discordantmodes of problem solving can be reconciled bothwithin the individual andwithin the
group.”(Kuhn 1970b, 239) In the previous section I have already characterized the local interaction rules for sci-
entists to decide whether to exploit or explore at the individual level. In this section I meet both challenges
by showing how a pattern of normal science punctuated by periods of crisis and revolution emerges from the
interactions of autonomous scientists facing the essential tension. This is not straightforward:

5.2 “[S]tudents of the development of science, whether sociologists or philosophers, have alternately been preoccu-
piedwith explaining consensus in science or with highlighting disagreement and divergence. . . .neither approach
has shown itself to have the explanatory resources to deal with both.”(Laudan 1984, 3)

5.3 If paradigms are standards for the division of cognitive labor, then an increase in α should result in the emer-
gence of paradigms. To test this, I will treatα as an exogenous variable and observe the patterns emerging from
themodel for various values ofα. To give a sense for the dynamics of themodel, figure 2 shows typical behavior
of the model for a population of 1,000 scientists for various values of α. A number of observations can already
be made. Coordination among scientists over paradigmatic assumptions (viz. paradigms) emerge, move, de-
cline, split up, and disappear again. The structure of the community changes as α increases. The number of
paradigms decreases as the benefits from specialization (α) increase. Although these patterns appear to live a
life of their own, they nevertheless emerge exclusively from the local interactions of boundedly rational agents
based on their locally available information.

5.4 Possibility space forα is systematically explored in Figure 3. With a lowα, there are a largenumber of paradigms
each of which has lowmarket share. There are almost asmuch paradigmatic assumptions in the community as
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Figure 2: On the le�, typical run of themodel a�er 1,000 turns; on the right, evolution of market share through-
out the run. Both for (from the top down) α = 2.5, α = 5, α = 7.5 and α = 10.N = 1, 000
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Figure 3: Averagenumberof paradigms (le�axis) and theaveragemarket shareof thedominantparadigm (right
axis) a�er 2,000 turns averaged over three runs for a population of 1,000. Averages are calculated based only
on the last 1,000 turns in order to make the figure representative of the typical state of the model a�er it has
settled.

there are scientists. This changes as α increases. The number of paradigmatic assumptions in the community
decreases and their adoption increases. Paradigms start to emerge. Interestingly, this correlation disappears
onceα reaches a value of about 4, a�er which a further increase inα has no further e�ect on community struc-
ture. As such there are two stages to be distinguished. One stage in which there are almost as many paradig-
matic assumptions as there are scientists, and one stage in which clear paradigms emerge. This reflects Kuhn’s
distinction between pre-paradigmatic and mature science. A quantitative distinction between both stages is
possible based on whether or not a change in α a�ects community structure. Robustness analysis shows that
this result is independent of the size of the community.

5.5 Why does the number of paradigms and theirmarket share inmature science reach a ceiling, but not that of the
entire community? This is because once at 4, a dominant paradigm is firmly in place but is still getting replaced
occasionally by another one. In other words, the system avoids lock-in to a single paradigm. To demonstrate
why this is the case, Fig.4 plots the evolution of the value of amature (α > 4) paradigm in isolation as adoption
first gradually rises to 8 (= the full Moore neighborhood) and then stays at 8, all the while adding to production.
What emerges is a three-phase lifecycle of growth, stagnation and decline. The phases aremarked by di�erent
shades of grey. The three phases are separated by two points: the point at which the expected value to a con-
tribution reaches its maximal value (Umax) and the point at which it reaches the value 1 (U = 1). During the
growth phase, the expected value of a contribution to the existing theory increases asmore scientists adopt the
theory and production has only just begun. Adoption is self-reinforcing because every new adopter increases
the probability of adoption and the exhaustion of the paradigm resulting fromproduction is not yet su�icient to
o�set it. At the end of this phase, the comparative value of a contribution to the existing theory is at its highest
and the probability that new theories will be created at its lowest. But adoption-led growth cannot continue
forever because of the finite size of the neighborhood, in this case the Moore-neighborhood. The stagnation
phase begins when the increase in adoption stops but production continues. The value of a contribution to
the existing theory decreases but remains superior because of the benefits of high adoption. Scientists break-
ing away from the pack and starting on new paradigmatic assumptions will be fighting the odds because their
newparadigmo�ers opportunities for contributions of lower value,making it di�icult to convince others to join
them and start reaping the benefits of specialization together. A turning point is reached when sooner or later
the necessarily decreasing value of contributing to the existing theory becomes smaller than 1 and those break-
ing away from the pack will be able to motivate adopters of the existing theory to join themwith contributions
of higher value. Quantitatively speaking, at every turn the probability of adopting a new set of paradigmatic
assumptions is now higher than adopting the initial set. Every adopter gained for the new theory is one lost for
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Figure 4: Evolution of value of a paradigm (α = 5)

the existing theory. This initiates the decline phase because breaking away from the pack is no longer damp-
ened but reinforced. It is only a matter of time before one of the new theories gains prominence and replaces
the existing theory.

5.6 The three-phase lifecycle is very robust. Except for very small systems, thebenefits of adoptionalwaysoutweigh
the cost of production in the short term. However in the long term there will always be a point at which the
benefits of adoption are o�set by the cost of production. This follows analytically from the fact that adoption is
finite (size of neighborhood) while production is infinite. All paradigms will perish eventually.2

5.7 If paradigms are a state of coordination among agents over paradigmatic assumptions, a revolution is the dis-
solution of this state. “Rather than a single group conversion, what occurs is an increasing shi� in the distribution
of professional allegiances.”(Kuhn 1970b, 158) A size distributionof revolutions canbeobtainedby looking at the
distribution of maximal size of each paradigm. Since all paradigms perish eventually, this distribution reflects
the size in the shi� of professional allegiance brought about by the paradigm a�er its peak, and hence the dis-
tribution of revolutions. SSR gives the impression that revolutions always involve the entire community. In the
postscript to the second edition, Kuhn provides somemore detail about the size distribution of revolutions. He
claims that it was never his intention to suggest that revolutions are total. Rather hemaintains that revolutions
of any size can occur and that most of them areactually quite small.(Kuhn 1970b, 180-1) Plotting the rank-size
distribution of paradigms in themodel reveals that this is a very robust feature of themodel. Revolutions of all
sizesoccur,with small revolutionsbeing themost likely. Robustness analysis has shown that thesedistributions
are robust against the length of the simulation and the size of the community. As far as α is concerned, again
the pattern occurs that di�erences in distribution occur as a result of changes in α only for pre-paradigmatic
science and not once the science has matured (α > 4). Figure 5 shows the rank-size distribution of paradigms
forN = 1, 000 a�er 2,000 turns for various values of α.

Conclusion

6.1 In this paper I have shown that Kuhn’s Structure of Scientific Revolutions can be interpreted in a coherent
way as the specification of an agent-based model. From this perspective, Thomas Kuhn, himself a condensed-
matter physics at Harvard under the Nobel prize winning physicist Van Vleck before turning philosopher, can
be seen as one of the pioneers in attempting to apply insights from complex systems in physics to the social
world.(Newman 2011) I have interpreted SSR as an account of how scientists as autonomous agents coordinate
onparadigmatic assumptions in the absence of centralized control to form scientific specialties or “paradigms”,
both the emergence and decline of which contribute to the success of science. The key to this interpretation
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Figure 5: Rank-size distribution of paradigms

has been to isolate in Kuhn’s description of the process of science the stigmergic processes responsible for self-
organization in scientific communities. These stigmergic processesweremodeled in anagent-basedmodel and
shown to causeboth the rise frompreparadigmatic tomature scienceandwithinmature science theemergence
and decline of paradigms.

6.2 Kuhn’s project is important because it suggests amiddle ground between philosophers of science and sociolo-
gists.(Wray 2005, 154-5) Because in Kuhn’s perspective the emergence and evolution of coordination is a condi-
tion of possibility for successful science, Kuhn’s account implies that the evolution of the structure of scientific
communities contributes to the success of science (Kuhn 1970b, 8-9) whereas philosophers of science have tra-
ditionally focusedon thepropertiesof successful scienceandsociologists ondescriptionsof the social structure
of science. A synthesis bears promise of drawing normative consequences from the wealth of (e.g. scientomet-
ric) data about the structure of scientific communities that has become available with the recent digitization
of science. This is a project Kuhn explicitly anticipated already in 1962 at a time in which scientometrics and
agent-based modeling were still largely undeveloped: “I take it that the job can and will be done.”(Kuhn 1970b,
178)
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