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Abstract

Creative processes are typically divided into three types:
combinatorial, exploratory, and transformational. Here,
we provide a graphical theory of transformational scien-
tific creativity, synthesizing Boden’s insight that trans-
formational creativity arises from changes in the “en-
abling constraints” of a conceptual space (Boden 1992)
and Kuhn’s structure of scientific revolutions as result-
ing from paradigm shifts (Kuhn 1962). We prove that
modifications made to axioms of our graphical model
have the most transformative potential and then illus-
trate how several historical instances of transforma-
tional creativity can be captured by our framework.

Introduction

Boden (1992) famously divides creative processes into three
types: combinatorial, exploratory, and transformational cre-
ativity. Combinatorial creativity refers to the combination
of concepts and ideas; exploratory creativity involves the
traversal of a conceptual space; and transformational cre-
ativity entails restructuring the space itself. Historically,
groundbreaking scientific discoveries—including Einstein’s
theory of relativity, the Copernican shift from geocentrism
to heliocentrism, and the discovery of non-Euclidean geom-
etry—have fallen under the category of transformational cre-
ativity. However, despite scientific creativity being a heav-
ily studied topic in the philosophy and psychology of cre-
ativity (Simonton 2004; Rothenberg 2014; Simonton 2021;
Koestler 1964), rigorous formalizations of transformational
creativity in science have remained underexplored.

In this short paper, we formalize scientific conceptual
spaces as directed acyclic graphs (DAGs), with vertices that
function as generative rules for artifacts and edges that rep-
resent logical dependencies among axioms and rules. From
our graphical definition, we prove that modifications made
to axioms of the graph have the most transformative poten-
tial. Finally, we explain how our model can capture his-
torical instances of transformational scientific creativity and
discuss potential extensions of this paper in future work. To
start, we provide a background on transformational creativ-
ity and an account of its role in scientific revolutions.

Background on Transformational Creativity

The notion of transformational creativity is first introduced
by Boden (1992) as a distinct form of the creative process.
Unlike combinatorial creativity that involves novel combi-
nations of familiar elements, or exploratory creativity that
entails exploring a defined conceptual space, transforma-
tions specifically target what Boden calls the “enabling con-
straints” of a conceptual domain: the foundational assump-
tions, rules, or boundaries that determine what artifacts are
intelligible within it (Boden 1992; Aguiar, Ata, and Queiroz
2015). When these constraints are modified, the generative
landscape is restructured, and the scope of new artifacts be-
comes drastically altered.

Recent work has attempted to give computational ground-
ing to this notion. Santo, Wiggins, and Cardoso (2024) dis-
tinguish between novelty and transformation using concepts
from formal learning theory (FLT), showing how transfor-
mational creativity can be operationalized as a shift in the
hypothesis space informed by new data. Their framework
centers the agent’s capacity to adjust the criteria governing
the conceptual space, rather than operating under a fixed set
of rules. Similarly, Toivanen et al. (2018) describe an archi-
tecture for transformational creativity in generative systems,
where meta-level modules modify the constraints that gov-
ern the search space of songs to produce novel outputs. This
coheres with previous work by Wiggins (2006), who de-
fines transformational creativity as exploratory search over
the space of generative systems that collectively define a
conceptual space. Ritchie (2006) takes a similar view, em-
phasizing the idea that transformational creativity requires
modifications to the conceptual structure of a space.

Transformational Creativity in Science: Puzzle
Solving, Crisis, and Revolution

Kuhn’s history and philosophy of science articulates a
paradigmatic view in which periods of normal science—
consisting of problem solving within a predefined concep-
tual space—are followed by anomalies that underscore the
weaknesses and inconsistencies of the existing space. These
crises prompt scientists to return to first principles and mod-
ify existing paradigms or develop new ones, culminating
in a scientific revolution that alters a previous worldview
(Kuhn 1962). This model of the scientific process is largely
consistent with the three forms of creativity (combinatorial,



exploratory, and transformational) popular in the computa-
tional creativity community (Boden 1992; Varshney 2020;
Ritchie 2006). Below, we summarize Kuhn’s model, which
is later adopted as a conceptual guide for parts of our theory.

Phase I: Normal Science Normal science consists of re-
search based firmly on past scientific achievements that cre-
ate the foundation for further scientific practice. These
achievements establish a conceptual space (or a “paradigm”)
for organizing otherwise disconnected facts while also moti-
vating the discovery of new ones. The paradigm also offers
practical advantages for new work: because scientists do not
need to re-justify widely accepted concepts, they can focus
on core contributions that often entail exploratory or combi-
natorial creativity. Kuhn ascribes the term “puzzle solving”
to the period of normal science and highlights that the goal
of this period is not to produce major novelties, but rather to
extend the existing paradigm, often only incrementally.

Phase II: Anomaly and Extraordinary Science The lim-
itations of working within pre-defined paradigms are often
highlighted by periods of anomaly and crisis, when the “puz-
zle solving” phase, characterized by exploration of existing
conceptual spaces, is no longer sufficient to account for the
range of phenomena the field wishes to study. This marks
the beginning of an extraordinary science phase, hallmarked
by a loosening of existing rules that promotes the eventual
emergence of new paradigms. Extraordinary science often
involves a return to first principles, which may entail a “re-
course to philosophy” and “debate over fundamentals”.

Phase III: Scientific Revolutions The resolution of a sci-
entific crisis is a scientific revolution, including a paradigm
shift and a change of worldview. This phase involves a re-
configuration of the constraints that previously governed all
inquiry within a scientific domain. As a result, new arti-
facts abound, and their implications propagate throughout
the space. In Kuhn’s words:

It’s as if the scientific community has been transported
to another planet, where familiar objects appear in a
new light and are accompanied by previously unseen
ones. (Kuhn 1962, p. 111)

In the following section, we synthesize Kuhn’s structure of
scientific revolutions with prior formalizations of transfor-
mational creativity into a graphical model.

Characterizing Transformational Scientific
Creativity Using Graphs

In this section, we use a formal, graphical structure to define
conceptual spaces, clarify the distinction between axioms
and rules, and illustrate how existing constraints influence
the discovery and articulation of new scientific artifacts. In
the science of science, it is often common to use graphical
or network frameworks to model the act of, or phenomena
related to, scientific discovery (Shi, Foster, and Evans 2015;
Shi and Evans 2023; Wiggins 2006; Friedman et al. 2000).
Likewise, our approach focuses on dependency relation-
ships between scientific rules and axioms, allowing us to

characterize how changes to axioms may potentially trans-
form conceptual spaces. In contrast to prior, more gen-
eral accounts of transformational creativity (Boden 1992;
Ritchie 2006; Santo, Wiggins, and Cardoso 2024), we fo-
cus specifically on this phenomenon in science.

Scientific Conceptual Spaces and Artifacts

In science, an artifact can be any phenomenon, fact, concept,
variable, constant, technique, theory, law, question, goal, or
criterion of relevance to a particular field (Simonton 2004).
As explained in Boden (1992), conceptual spaces are de-
fined in terms of the “enabling constraints” that assert cri-
teria for acceptable and interpretable artifacts. To formalize
this notion, we start by adopting similar notation as Santo,
Wiggins, and Cardoso (2024), described below:

1. A formal language: L € &£, where &£ represents a class
of recursively enumerable sets. This defines a space of
possible artifacts.

2. Constraint: Any subset L' C L. This constrains the
space of possible artifacts.

3. A potential artifact: Any string w € L. Later, in Defini-
tion 2, we define what it means for an artifact to obey the
constraints of a scientific conceptual space.

Now, we introduce our graphical definition of a scientific

conceptual space.

Definition 1 (Scientific Conceptual Space). A conceptual

space S is a finite, directed acyclic graph (DAG)

S = G=(V,E), VCP(L), ECV XYV,
where each vertex v € V represents a subset v C L. The

DAG represents a dependency structure over constraints,
with the following properties:

1. Axioms. The set of sink nodes
A={AcV|AueV: (Au) € E}
are the axioms of S and have no outgoing edges.

2. Edge dependencies. (u,v) € E iff u C v, meaning u is a
further constraint on v, so that v is a necessary condition
for u. By construction, each a € A satisfies the property
of non-dependence:

AveV (ACw).

3. Rules. A rule is any vertex R € V' \ A. A rule is distin-
guished from an axiom in that it depends on other nodes
in the graph, while axioms are self-justifying and define
the initial scope of artifacts worth considering.

4. Rule Prerequisites. Given any node v € V, the set of
constraints on which v depends is given by:

prereq(v) := {u € V' | there is a path from u to v on S}.

This represents all the nodes that must be assumed before
the constraint v can be invoked at all.

5. Rule Dependents. Given any node v € V, the set of con-
straints that depend on v is given by
depends(v) := {u € V| there is a path from u to v on S}.

This represents the set of all other constraints that cannot
be invoked without first assuming v.
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Figure 1: Conceptual-space DAGs before (.S) and after (S”) the Copernican and Keplerian revolution. All non-axiom artifacts
reach at least one axiom (sink node), satisfying the formal definition of a conceptual space.

Table 1: Historical instances of transformational creativity in science, demonstrating how the transformation of axioms A — A’

transformed the conceptual spaces S — S’.

S (Initial Space) A (Selected Axioms)

A’ (Modified Axioms)

S’ (Transformed Space)

Newtonian Physics Absolute time; separate

space/time; gravity as force

Ptolemaic Astronomy  Earth-centered universe

Euclidean Geometry Parallel Postulate: through a
point not on a line there is

exactly one parallel line

Relative time; spacetime unity;
gravity as curvature

Sun-centered model

Altered Parallel Postulate: through
such a point there are zero (elliptic)
or at least two (hyperbolic) parallels

Relativistic Physics

Heliocentric system

Non-Euclidean geometry
(elliptic and hyperbolic)

In Phase I: Normal Science of Kuhn’s model, a
paradigm’s structure and constraints are assumed as a foun-
dation to explore within the conceptual space they induce
(Kuhn 1962). Likewise, in our definition, axioms do not de-
pend on other constraints but are instead assumed for the
possibility of inquiry within the space. Also note that no
connectedness assumption about the graph is made, mean-
ing that the graph can have multiple connected components
to reflect disconnected but related subgraphs of knowledge,
corresponding to subsets of constraints over possible arti-
facts. A new artifact is generated from a conceptual space in
the following way.

Definition 2 (Scientific Artifact). Given a conceptual space
S = (V, E), a scientific artifact is an ordered triple

a = (h, o,w), heH, o CV, weEoa,

where

1. h is a header drawn from a domain-specific set H (e.g.
“phenomenon”, “law”, “measuring-technique”, “open-
question”) that fixes the kind of the artifact.

2. 0:={WV1,...,V,,} is a non-empty support set of vertices
in S = (V, E), representing a subset of constraints whose
Jjoint satisfaction makes the artifact well-defined or intel-
ligible.

3. we ﬂ?zl Vi is a string representing the artifact.

Transformational Scientific Creativity

Transformational creativity occurs when modifications are
made to a conceptual space. Our definition of a space S =
(V, E) naturally supports transformations in two ways.

1. Edge Modifications (¢, ©): An edge e € E is removed
(&) and/or a new edge ¢’ ¢ E is added (&).

2. Vertex Modifications (9, ©,/): A vertex v € V is re-
moved (©) and/or a new vertex v’ € A\ V is added (d).
This also encompasses the case in which the content of a
vertex is modified (/).

For simplicity, we consider the case of modifying an ex-
isting node rather than adding a new one or removing an ex-
isting one. Still, in future work, our results can be extended
to these cases, as well as to the modification of edges. Be-
low, we quantify the transformative potential of nodes in the
conceptual space’s graph.

Definition 3 (Transformativeness via Modification). Given
a node v € V, its transformative potential is the number of
nodes that depend on v, given by

TP (v) := |depends(v)]

mod

Since it is not possible to invoke any rule in depends(v)
without assuming or observing v, if v is modified, then this
has the potential to transform the structure of every node in
depends(v).



As articulated in Phase I11: Scientific Revolutions of Kuhn
(1962), revolutions occur when the foundational principles
of existing spaces are modified, leading to paradigm shifts.
Our definition of a scientific conceptual space naturally has
the property that modifying its most foundational principles
(axioms) has the most transformative potential. We prove
that this is the case below.

Theorem 4 (Modifying Axioms has the Most Transfor-
mative Potential). Given a conceptual space S for which
V' \ A # 0, the node with the greatest transformative poten-
tial when modified T" , must be an axiom. Formally stated,

(v)e A

Proof. Let R be the non-axiom node in V' \ A with the
largest number of dependents (transformative potential):

P
argmax, ey 1, .

R := arg max |depends(v)| = arg max |1 ,(v)]
veV\A veV\A
Assume for contradiction that R also has the most transfor-
mative potential among all nodes in the graph, including ax-
ioms.

Since R is not an axiom, there exists some v € V such
that (R,u) € E, meaning that R depends on u. By the
structure of DAGs, any dependent of R is also a dependent
of u. Therefore, u satisfies

|depends(u)| > |depends(R)| + 1

meaning that it has strictly more dependents than R. How-
ever, since we defined R = arg max,cy\ 4 |depends(v)],
u cannot be in V' \ A as well, so we must have that u € A.
Therefore, we have found an axiom with more dependents
(transformative potential) than R, leading to a contradiction.
Since R was chosen arbitrarily, this means there is no rule
v € V' \ A with more transformative potential than the ax-
iom with the most transformative potential, which is what
we wanted to show. ]

Conceptual Space Operations

Ritchie (2006) presents five critical operations that concep-
tual spaces should permit. Below, we explain how our defi-
nition supports each.

1. Locating an artifact A within S: An artifact a =
(h, o, w) can be located according to the necessary set of
vertices o given in Definition 2 which make a intelligible.

2. Rate artifacts A, B for similarity with respect to S:
Given artifacts a, b, their similarity with respect to S can
be computed using a Jaccard similarity over their vertex
support sets (Jaccard 1901).

3. Induce a space definition from artifacts A{,..., A,:
Given artifacts a1, ..., a, and the corresponding set of
vertices V, = |Ji_, o; which make the artifacts well-
defined or intelligible, one can construct a DAG by learn-
ing or discovering the edge dependencies between the set
of vertices V.

4. Given existing artifacts, generate a new artifact: After
arranging existing artifacts into a conceptual space S, a
new artifact can be generated according to Definition 2.

5. Create a revised definition of S — S’ to include ar-
tifact A: This can be done by applying vertex or edge
modifications to the graph.

Historical Illustrations

Our definition of a conceptual space supports interpretations
of historical instances of transformational scientific creativ-
ity. Importantly, in each case, our model does not attempt
to reconstruct the steps used by the scientist(s) making their
transformation, but instead attempts to provide an explana-
tion for why such instances were so transformative. In Ta-
ble 1, we provide three examples of transformational cre-
ativity, explained in more detail below.

From Geocentrism to Heliocentrism In the shift from
Ptolemaic astronomy to a heliocentric system, the axiom
that the Earth was the center of the universe (A4;) was modi-
fied to reflect a heliocentric model with the sun at the center
(A}). Rules in S which previously depended on A; neces-
sarily had to be transformed after the axiom modification A
was made.

Relativity Theory In the shift from Newtonian (S) to rel-
ativistic mechanics (.5”), space and time were originally con-
sidered absolute (axiom A1), so that momentum obeyed the
formula p = muv (rule ), but relativity theory revealed that
this original formulation only held locally for v < ¢. When
the new axioms that physical laws are Lorentz invariant (ax-
iom A) and the speed of light is constant (axiom A%) were
introduced, the momentum equation had to be reformulated

to reflect the dependence on these new underlying princi-
muv

ples, yielding rule R: thatp = Wy

Non-Euclidean Geometry The discovery of non-
Euclidean geometry, which removed the parallel postulate
P from the prior Euclidean axiom set 4, yielded a new
axiom set A’ := A\ P. As aresult of this transformation,
derived rules such as the angle sum of a triangle equaling
180 degrees (1) were modified to reflect that the compu-
tation of angular sums no longer depended on the parallel
postulate (RY).

Towards AI Super-Scientists: Using Our
Framework for Transformative Discovery

In light of a series of recent works using Al for scientific
ideation (Gu and Krenn 2024; Si, Yang, and Hashimoto
2024; Su et al. 2024; Wang et al. 2024), experiment design
(Kon et al. 2025), and even end-to-end discovery (Intology
2025; Lu et al. 2024), we believe our theory opens a promis-
ing avenue towards building the first Al super-scientists
poised to make transformative breakthroughs. By coupling
the wide-reaching creative abilities of large language mod-
els (LLMs) with our graphical theory above, we envision
a neuro-symbolic approach to transformative scientific dis-
covery that, given a particular scientific field or sub-field D,
can be built using the following components.

1. Background Knowledge: A collection C of scientific lit-
erature (surveys, conference proceedings, journal papers,
etc.) representing background knowledge about D.



2. Graph Construction: A DAG construction technique
M : C — G, where G is a space of graphs structured
according to Definition 1, representing the dependency
structure of rules and axioms in D.

3. Problem Identification: The identification of a set P of
“open problems” or anomalies that currently plague the
research community in D, obtained from the background
literature A : C — P.

4. Idea Generation: Finally, an idea generation module
I:LxGxP—=Txg

that maps from a space of large language models L, de-
pendency graphs G, and open problems P to produce
a transformative idea text ¢ € 7T and its corresponding
graph transformation G’ € G.

This approach offers a natural way to incorporate knowledge
graphs to enhance the use of LLMs for scientific discovery
(Wang et al. 2024; Gu and Krenn 2024), a direction which
has shown early promise in improving the technical detail
of generated ideas (Wang et al. 2024). Moreover, by mak-
ing graph transformations explicit, this technique also boasts
significant interpretability benefits.

Conclusion

In this paper, we provided a graphical theory of transfor-
mational scientific creativity, illustrated the transformative
potential of modifying axioms, and used our framework to
elucidate the transformativeness of several groundbreaking
historical discoveries.

Subsequent investigations could extend our theory by pro-
viding greater depth, breadth, and nuance to the framework,
contextualized within the history and philosophy of science.
For example, we suggest exploring in-depth historical il-
lustrations for one to three exemplary discoveries, such as
those in Table 1, showing how all components of the the-
ory are instantiated and transformed. Similarly, it may be
insightful to study a large collection of scientific discover-
ies, such as those addressed in Haven (2007) and Thagard
(2012), and delineate a “logic of discovery” via common
graph transformation patterns among these cases. Historical
studies such as these may suggest criteria for “good” graph
transformations and highlight distinctions between edge and
vertex modifications.

One notable implication of our theory’s rigid structure is
that it may be best suited to scientific areas that involve for-
mal systems, such as mathematics, engineering theory, and
computer science. Nevertheless, in exchange for generality,
we obtain more specificity regarding how the transforma-
tional creativity process can be formulated in these domains,
opening the door for future theoretical or computational in-
quiry. Our work, like Santo, Wiggins, and Cardoso (2024),
is a crucial first step towards formalizing transformational
creativity.
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