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Abstract

In copolymer chemistry, researchers aim to create molecules with desirable properties. The experimental process
towards a successful synthesis inherently contains uncertainties in different forms and can be described as a
structured process. Using ontologies to describe this process could help in predicting the synthesis setup and
conserve resources. Therefore in this thesis project, we want to examine how the representation of different
uncertainties in the ontology can increase the prediction success. Guided by five research questions, we detail our
approach consisting of expert interviews, mapping of uncertainties from the interviews to known representations
on Knowledge Graphs (KGs) and its evaluation.
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1. Problem statement and importance

Copolymer chemistry, a subfield of material science, investigates the creation (synthesis) and properties
of copolymers, macromolecules consisting of different monomers. These are widely used in the industry,
for example, as packaging materials [1, 2]. Chemists try to synthesize molecules that display desirable
properties such as biodegradability by consulting different knowledge sources to create a synthesis
plan and improving upon the past experiments (see Figure 1).

A main reason for the integration of methods from computer science with chemistry is the prediction
of reactions to conserve resources and focus on optimizing the chosen property [3]. To describe these
procedures and molecules in a formal model that can be then used for prediction regarding experimental
outcomes, ontologies are a suitable choice [4]. Several ontologies already exist in the field of copolymer
chemistry, with some describing a range of polymers including copolymers [5, 6], while others are
more concerned with the experimental setup [7].

As in any other experimental domain, chemistry deals with uncertainty and incomplete data from
experiments. For reliable predictions regarding the experimental setup or desirable properties, un-
certainties need to be figured into these calculations and ontologies need to be able to handle the
representation of those uncertainties, which is an active area of research [8, 9]. This is the starting
point for this thesis, where we want to explore how ontologies as formal models can support the
scientific discovery process in the natural sciences when uncertainty and incomplete data are factored
into the representation and reasoning process using Knowledge Graphs (KGs) [10] as a graph-based
representation. To achieve this, we apply our research to the domain of copolymer chemistry because
of the big potential impact of enhancing experiment prediction (see Figure 1).

The remainder of this proposal is structured as follows: In Section 2, we list related work on (1)
the term uncertainty, how (2) uncertainty is represented in KGs and (3) ontologies and data in the
copolymer chemistry domain. We then motivate our research questions and hypothesis in Section 3.
Preliminary results are then reported in Section 4, while we discuss the plans for the evaluation in
Section 5. Section 6 concludes this proposal with reflections and next steps.
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Figure 1: The workflow in the synthesis of a copolymer: the starting point of the research process is (a)
the chemist with a research question, e.g., How can I create a copolymer with the property “biodegradability”?
There are three key points in the process: Knowledge Acquisition, the Trial and Error Experimentation process,
and the resulting Synthesis setup. After posing the research question, the chemist will consult (b) a plethora of
different sources of knowledge like related literature, colleagues or their (electronic) laboratory notebooks to find
a good starting point. Then, they use the gathered knowledge to perform an experiment in a (c) trial and error
process to find a suitable combination of input materials and equipment that result in a (d) synthesis setup that
produces the (e) copolymer with the desired properties. In these three steps, there are inherent uncertainties
(pink stars) that influence the outcome of experiments. We propose to enhance this process by the (f) (re-)use of
existing ontologies with a novel uncertainty representation approach to predict the synthesis setup and thereby
conserve time and resources in the experimental process.

2. Related work

During a preliminary literature review, we focused on different definitions of the term uncertainty and
its representation in Knowledge Graphs, and ontologies and data sources in the copolymer chemistry
domain.

2.1. Definitions of Uncertainty

What researchers view as uncertainty varies in different scientific domains. For example, Ningrum et
al. [11] discuss this and list different definitions of uncertainty in their study on scientific uncertainty
in scholarly articles.

In the final report of the W3C Incubator Group for uncertainty reasoning for the World Wide Web, the
authors define uncertainty as “a variety of aspects of imperfect knowledge, including incompleteness,
inconclusiveness, vagueness, ambiguity, and others” [12].

As a starting point, uncertainty in this thesis refers in relation to the above mentioned W3C Incubator
Group definition to everything that hinders the prediction of the experimental outcome including,
among others, statistical, ethical, societal or experimental factors. We expect this definition to adapt
and to be refined as we continue the research process.

2.2. Uncertainty in Knowledge Graphs

Jarnac et al. [13] classify data from different sources with conflicting information in the construction
of a KG into two groups of so-called knowledge deltas and differentiate six types of conflicting data:
invalidity, vagueness, fuzziness, timeliness, ambiguity, and incompleteness.

In 2008, the final report of an W3C Incubator Group [12] on uncertainty reasoning for the world wide
web was released with two goals, namely the identification of world wide web challenges that would



benefit from uncertainty reasoning and building on that what techniques could be used to improve and
standardize the same. In the report, they describe an uncertainty ontology and list common approaches
to model uncertainty in the World Wide Web. We will apply and extend their work for our experimental
domain.

Recent work on the combination of KGs with uncertainty includes Ni et al. [14] who propose a multi-
hop reasoning framework combining LLMs with KGs to address uncertainty estimation in LLM-KG
systems. Deng et al. [15] explore the creation of artificial intelligence systems based on structured
knowledge for systems such as generative Al and investigate the handling of uncertainty. Yang et
al. [16] review KG reliability from the perspective of knowledge correctness and uncertainty. Building
upon knowledge representation learning, they compare score function modification, representation
vector optimization, loss function adjustment, and textual information integration. Freedman et al. [17]
combine Bayesian Probabilism with existing KGs to transform them to what they call probabilistic KGs.

2.3. Copolymer Data and Ontologies

Currently available datasets for copolymer chemistry include the polyOne dataset [18] that contains
100 million hypothetical polymers along with several predicted parameters and PolyInfo [19] which
was introduced in 2011 and recently examined in "NIMS polymer database PoLyInfo (I): an overarching
view of half a million data points” [20]. The purpose was the collection of different polymers and related
information on their structure and methods of processing including measurements, properties, and
monomers. The PoLyInfo Knowledge Collection [6] consists among other things of the PoLyInfo
ontology and aim to systematize polymer chemistry and provide a machine-readable understanding of
the polymer knowledge contained in “PoLyInfoRDF” [21].

In the paper "NIMS polymer database PoLyInfo (II): machine-readable standardization of polymer
knowledge expression” [22], Ishii et al. introduce the management of polymers including copolymers,
where they use shape expression language and used IDs to refer to different variational parts of the
copolymer, such as the repeating unit.

With PolyNERE [5], the authors created an ontology for polymers, related entities and relationships
and a corpus of abstracts annotated by the different features.

Conjugated Polymer Process Ontology [7] is used for the design of experiments for organic
field-effect transistors and aim to provide FAIR data for experiments.

NanoMine [23] aims to provide an open source data resource for polymer nanocomposites! serving
as an open source data resource.

Other ontologies that include copolymers as concepts include the Devices, Experimental scaffolds
and Biomaterials Ontology [24] and the Materials Data Vocabulary [25, 26].

PolyMAT [27] is an ontology for polymer membrane research that puts a focus on being used in
electronic laboratory notebooks. We find that especially PolyNERE and PolyInfo as extensive sources
for polymers including copolymers could serve as interesting applications to examine the occurrence of
missing, incomplete or uncertain data.

3. Research questions and hypotheses

Using the domain of copolymer chemistry, we want to examine how uncertainty in different aspects
of the experimentation process can be represented in KGs. Therefore, we pose the following research
questions (RQs).

+ RQ1: What does the term "Uncertainty” refer to in the experimental sciences?

« RQ2: What factors (domain-specific uncertainties) influence the outcome of experiments in a
domain such as copolymer chemistry?

« RQ3: To what extent are existing uncertainty representation approaches able to represent the
specific uncertainties in the experimental sciences, in particular copolymer chemistry?
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« RQ4: How can approaches that represent uncertainty in KGs be applied to predict the outcome
of experiments?

« RQS5: If the exploration of the previous RQs shows that there is a need for improvement: How can
a novel uncertainty representation approach with regards to the specific needs for the copolymer
chemistry domain be designed?

We operate under the assumption that there are certain types of uncertainty in research that are not yet
(well) represented in KGs as a medium for connecting information on different domains. However, if
these uncertainties were represented, this would be helpful for domain experts because the modeled
knowledge can then be utilized for predicting the outcome of experiments. As an application domain,
copolymer chemistry was chosen for the big potential improvement areas. To explore the above
mentioned research questions, we pose the following hypotheses with each hypothesis corresponds to
the same numbered research question:

1. Hypothesis 1: The definition of uncertainty depends on the scientific domain.

« Surveying taxonomies and definitions of uncertainties
« Exploratory expert interviews with ten researchers from different scientific domains
2. Hypothesis 2: There are certain factors in experimental domains that hinder the prediction of
experimental outcomes.
« Domain-specific expert interviews with five experts
« Conducting a requirement analysis for the prediction of experiment outcomes
+ Decision on metrics for the evaluation
« Establishing a use case for the remainder of the thesis

3. Hypothesis 3: Current approaches are not yet able to represent all of the specific uncertainties in
experimental sciences.

+ Mapping between the state-of-the-art and the the discovered uncertainty types from the
interviews from H1 and H2

« Literature review on the representation of uncertainty in ontologies and specifically in
Knowledge Graphs

» Literature review on Knowledge Graphs in copolymer chemistry

4. Hypothesis 4: A representation design with uncertainty in mind would enhance reasoning, and
therefore have a practical impact.

« Comparative analysis of the different representation approaches on the chosen use case

5. Hypothesis 5: A new specific representation approach and accordingly reasoning abilities improve
upon the chosen use case.
+ Development of a novel representation approach

« Evaluation and comparison of the new representation approach with the state-of-the-art
representations

4. Preliminary results

From January to May 2025, 10 interviews were conducted with scientists from different domains about
uncertainty in their research. This sets the foundation for further exploration and more detailed
questioning in the future. We use the sociological method guideline based expert interviews [28] to
answer hypothesis 1 to access domain expert knowledge to uncover areas of insufficient data uncertainty
coverage. We designed a guideline encompassing the following questions to be as open as possible:

« What kind of uncertainty do you deal with in your research?
« What kind of uncertainty occurs in your data?



Domain Career-level participants

Ecology PhD Candidate, Postdocs, (assistant) professors | 7
Copolymer Chemistry | PhD Candidate 2
Sociology PhD Candidate 1

Table 1
Interviewee distribution across domains and career-levels

« How do you deal with that (referring to the occurring uncertainty)?
« How is this (referring to both the uncertainty and its handling) represented for future reuse?

We experimented with including the question “How do you define uncertainty?” at the beginning, but
found that it narrows the participants’ answers to mostly statistical uncertainty.

For a standardized transcription process, we use the seven working steps outlined by Kuckart [29].
First, to ensure comparative transcription, we adapted the transcription rules from [29]. Second, the
interviews were transcribed using the software “noScribe” [30] in version 0.6.1 and manually corrected.
Currently, we are redacting personal information from the interviews and will use pseudonymized
transcripts for the collection of uncertainty types.

5. Evaluation

In this section, we want to connect the research questions and hypotheses from Section 3 with concrete
evaluation steps and expected outcomes. We started from a very generic definition of uncertainty as
everything that hinders the prediction of the experimental outcome including, among others, statistical,
ethical, societal or experimental factors. To operate under a more grounded definition, we pose the first
research questions as RQ1: What does the term “Uncertainty” refer to in the experimental sciences? To
answer it, we will survey definitions from different disciplines like mathematics, philosophy, sociology
and the experimental sciences. We conduct interviews with ten researchers from different scientific
domains to explore the notion of uncertainty in their domain. As outcome, we expect to obtain diverse
definitions of the term uncertainty as well as examples of uncertainty in different scientific domains.

At the same time, we will look more specifically at our application domain with the second research
question RQ2: What factors influence the outcome of experiments in a domain like copolymer chemistry?
to extract uncertainties specific to copolymer chemistry. For example, incomplete or missing data,
representations of copolymers, or distributions of values come to mind. We plan to conduct interviews
with five domain experts about uncertainties in the experimentation process which will also help us to
establish a use case for the remainder of the thesis. In consideration of the domain-specific challenges,
we conduct a requirement analysis to extract the specific requirements for the prediction of the outcome
of an experiment and building on that metrics for the evaluation of a knowledge representation approach
with reasoning including uncertainty.

After exploring RQ1 and RQ2, we can compare existing representation methods on our specific use
case and therefore ask RQ3: To what extent are existing uncertainty representation approaches able to
represent the specific uncertainties in the experimental sciences, in particular copolymer chemistry? In a
first step, we will map the uncertainties from the interviews to the definitions. This will enable us to
make grounded assumptions in how to represent these uncertainties as we can use established methods
for the application domain specific use case. For a nuanced comparison, we need to review existing
ontologies in the copolymer domain. An extensive review on the coverage for the application area
copolymer science needs to include both domain specific entities like the monomer types as well as
information about the license and reusability. Second, we will further analyze the existing ontologies
in different aspects. Investigations include the domain area, whether they are actively used in the
chemistry domain and if the described domain includes data that are uncertain. Furthermore, with the
mapping of domain-specific uncertainties (RQ2) to definitions (RQ1), we can evaluate the coverage of
different types of uncertainty with existing representation and reasoning approaches for KGs. We will



use these insights in the decision whether a new representation method is needed if a certain type of
uncertainty is not well represented.

To report on RQ4: How can approaches that represent uncertainty in KGs be applied to predict the
outcome of experiments?, we will compare the performance of different state-of-the-art approaches
regarding our chosen use case and the evaluation criteria established in H2. With this comparison, we
can (1) evaluate the strengths and drawbacks of each approach and (2) judge whether all aspects of the
use case are appropriately covered.

Our last research question RQ5: If the exploration of the previous RQs shows that there is a need for
improvement: How can a novel uncertainty representation approach with regards to the specific needs for
the copolymer chemistry domain be designed? uses the insights from RQ3 and RQ4 to develop a novel
representation approach. We will use the comparison from RQ4 as a baseline for the novel approach.

Continuous working packages are (1) keeping up-to-date on the current literature regarding uncer-
tainty in KGs and ontologies for the copolymer domain and (2) thesis writing. We opt for writing and
researching in parallel instead of consecutive research and writing phases. Even though this thesis is
not planned as a cumulative dissertation, we plan to submit milestones to suitable conferences and use
the published results in the thesis.

6. Reflection and future work

In conclusion, we laid out how we plan to investigate the representation of uncertainty in KGs and how
we apply this to the copolymer chemistry domain. We will now reflect on the main steps and illustrate
future work.

6.1. Expert Interviews

As reported in Section 4, we have conducted ten exploratory interviews. The next steps are
pseudonymization and coding to cluster different types of uncertainty. For the copolymer chemists,
only two PhD level candidates were interviewed. Further interviews with senior scientists or industry
specialists are necessary to ensure a complete picture. With the start of a new graduate school focused
on the intersection of copolymer chemistry and computer science (COIN)?, a new pool of potential
interviewees of different levels of expertise are available. Furthermore, on the basis of the exploratory
interviews, more directed questioning is possible as we plan to use the interviews we have to develop
an enhanced and more focused questionnaire for the domain of copolymer chemistry. As a guideline,
we aim for five interview partners that hold a PhD in copolymer chemistry and use those interviews to
further clarify the uncertainty types. Furthermore, we aim to extract at least two types of synthesis
as a use case for the thesis. For RQ1 and RQ2, we are dependent on the availability of experts and
their willingness to participate in multiple iterations as the use case developments and we classify
uncertainties.

6.2. Literature Review

Though literature review is an ongoing process, we identified several areas like uncertainty representa-
tion in KGs and copolymer ontologies where an in-depth review will be beneficial. This includes the
topic of uncertainty in different scientific fields to see the state-of-the-art in uncertainty taxonomies.
We plan to map the insights from the interviews to current uncertainty representation methods in
Knowledge Graphs to analyze where gaps in the current research exist.

6.3. Development of a novel representation approach

Generative Al is transforming scientific practice as well as all scientific domains, as recent examples
show [31, 32]. Works such as [33, 34] explore the current abilities and drawbacks of using Large
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Language Models for Material Science. For example, Miret and Krishnan [33] point out several future
challenges, one of them being the development of domain-specific reasoning techniques that implement
the principles of the domain, namely material science. While this is still in the early stages, the
combination of LLMs and ontologies for representing the uncertainty in copolymer chemistry might be
an interesting research direction for this thesis.
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