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Abstract

High-quality, interpretable metadata is essential for enabling data reuse and reproducibility in the life
sciences. Frameworks such as the Investigation–Study–Assay (ISA) model provide a structured way
to describe experimental workflows, yet in practice metadata remains incomplete, inconsistent, and
costly to produce. Lab notebooks, which record experimental procedures, offer a promising source to
extract metadata from, but their unstructured nature makes extraction challenging.

This thesis investigates extracting ISA metadata from lab notebooks using LLM-based multi-agent sys-
tems. It also addresses the lack of suitable methods for evaluating the performance of such tasks. To
this end, this thesis contributes two artefacts: (1) a prototype multi-agent system that extracts ISA meta-
data from lab notebooks, and (2) a rubric-based evaluation framework which formalises and assesses
extraction performance.

A feasibility study is conducted on a set of real-world lab notebooks to evaluate the proposedmulti-agent
system. The results show that partial extraction is achievable with the current prototype, with 41%
of ISA entities represented well, and another 27% sufficiently. Therefore, the prototype can provide
a practical starting point for researchers in their ISA metadata creation task. While fully automated
extraction remains challenging with the current prototype due to missing and insufficiently represented
ISA entities, this work provides recommendations for future system design based on the performed
feasibility study. Specifically, to operationalise multi-agent ISA extraction in practical workflows, this
thesis recommends building a human-in-the-loop system where researchers and agents collaborate to
construct metadata.
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1
Introduction

Scientific progress relies on researchers’ ability to build on previous work. This ability requires that
experimental data, methods, and findings are not only accessible but also interpretable and reusable.
To support this, the scientific community has increasingly emphasised data management practices.
This emphasis is reflected in the priorities of consortiums such as CropXR 1, aimed at developing crop
varieties that are better adjusted to climate change. The consortium actively contributes to research
into improving sharing and reuse of experimental data in order to accelerate research.

A central example of emphasis on data management practices is provided by the FAIR (Findable, Ac-
cessible, Interoperable, Reusable) principles [30], which have become widely adopted to guide the
organisation and stewardship of scientific data. In parallel, domain-specific metadata frameworks and
standards are used to formalise how experimental information should be recorded. One prominent ex-
ample in the life sciences is the ISA (Investigation-Study-Assay) framework, which provides a general
structure to describe experimental workflows [22].

Despite the availability of such standards, scientific data often remains insufficiently documented for
effective interpretability. In practice, metadata is often incomplete, inconsistent or inaccurate [7, 29].
For example, discrepancies in reported clinical phenotype data in transcriptomics studies have been
shown to result in a 35% data loss between scientific publications and their corresponding public repos-
itories [20]. Such incorrect or incomplete metadata does not come without risk, as it can compromise
data reuse and the reliability of downstream analyses. This issue became particularly evident during
the COVID-19 pandemic, where insufficient adherence to metadata standards limited the usability of
genomic data [25]. For example, of approximately twelve thousand SARS-CoV-2 samples submitted
to public repositories, 68% had no information on the geographic location where the sample was taken.
This reduced the potential to analyse the spread of different variants of the disease, potentially slowing
broader understanding.

The lack of interpretability of metadata can, in part, be explained by the observation that researchers
face multiple barriers in creating metadata. They often experience metadata creation as a labour-
intensive and expensive activity which distracts from their primary work [19]. Additionally, researchers
might lack specific knowledge and skills required for metadata creation, while finding little incentive for
the task [8].

Given these barriers experienced by data producers, there is increasing interest, including within the
CropXR consortium, in automating metadata creation through extraction. A natural source for such
extraction is lab notebooks. In the life sciences, lab notebooks are routinely used to document experi-
mental procedures, materials, and observations at the time experiments are conducted. As such, they
capture much of the contextual information that metadata frameworks aim to formalise. Leveraging lab
notebooks as an extraction source is therefore a logical choice: their use is already embedded in sci-
entific practice. Consequently, extracting metadata from them allows researchers to create metadata

1https://cropxr.org/
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without requiring changes to their existing workflows.

At the same time, recent work has shown that large language models (LLMs) can reliably convert un-
structured text into structured representations [2]. Additionally, multi-agent systems have been shown
to outperform single LLM calls on complex tasks requiring decomposition [12]. This suggests an op-
portunity to leverage such systems for the extraction of structured metadata from lab notebooks.

This thesis, conducted in collaboration with CropXR, explores this opportunity. Specifically, it explores
extracting metadata from lab notebooks that is compliant with the ISA-framework. The choice of ISA
as the target framework is motivated by its widespread recognition and use in the life sciences, as
shown by its adoption by major life science data initiatives such as the FAIRDOMHub [31] and ELIXIR
[5] communities.

Despite the presented opportunity, extracting metadata in accordance with the ISA framework comes
with significant challenges. ISA requires the construction of a schema-constrained representation of
an experiment, defining ISA entities and the relationship between them. Furthermore, the flexibility of
the ISA framework introduces a degree of subjectivity, as different researchers may construct different,
yet still acceptable, representations of the same experiment. This complicates the definition of a single
correct output. Moreover, lab notebooks are typically written in unstructured natural language and
often include informal notes, abbreviations and might miss crucial context [24, 14], making them a
challenging extraction source. These characteristics distinguish ISA extraction from lab notebooks
from conventional information extraction tasks.

Existing work on metadata extraction has explored the use of natural language processing techniques
to extract structured information from scientific text. However, existing methods either rely on annotated
input data or do not enforce compliance with a complex schema such as ISA [16, 15]. These limitations
restrict practical applicability in real-world settings, as such methods require manual annotation or fail to
capture the full complexity of metadata required by real-world frameworks. As a result, fully automated
extraction of metadata in a format recognised by the life science community (in our case, ISA) from
unstructured lab notebooks remains a largely unexplored challenge. In addition, there is a lack of
established methods to evaluate the performance of a system performing this task, particularly given
that multiple valid metadata representations may exist for the same experiment.

This thesis addresses these challenges by exploring the use of multi-agent systems for ISA metadata
extraction from unstructured lab notebooks. In addition to a prototype multi-agent extraction system,
this thesis proposes a structured evaluation framework to assess the extraction performance of such
a system, accounting for the inherent flexibility of the ISA framework. The main research question
addressed in this thesis is:

How can a multi-agent system be designed and evaluated for ISA metadata extraction from
unstructured lab notebooks, and what can a prototype reveal about the feasibility of this approach in

practice?

To answer this question, the following sub-research questions are defined:

1. RQ1: How do challenges encountered in prototyping ISA extraction systems using multi-agent
approaches reveal design considerations, and how can these inform the design of a prototype
system?

2. RQ2: How can the extraction performance of an ISA extraction system be formalised, taking into
account the flexible nature of the ISA framework?

3. RQ3: To what extent does a prototype implementing these design considerations (RQ1) demon-
strate the feasibility of ISA extraction in practice?

To address these questions, this thesis adopts an artefact prototyping approach, inspired by design
science research [6], in which two artefacts are developed in parallel: a multi-agent ISA extraction
system (addressing RQ1 & RQ3) and a rubric-based evaluation framework (addressing RQ2 & RQ3).
Both artefacts are available in the GitHub repository of this project 2.

2https://github.com/Suzanne108/Metadata-Extraction-from-Lab-Notebooks



3

To address RQ3, a feasibility study is conducted using the prototype multi-agent system. This study
aims to establish a lower bound on the extraction performance that can be achieved using the prototype,
to facilitate reasoning about its usability in a real-world setting. The study also aims to analyse the
prototype’s failure modes, to identify opportunities for improvement to inform future system iterations.

Together, the contributions of this thesis lay the groundwork for the development and evaluation of a
large-scale ISA extraction system to support researchers in the construction of structured metadata.
The proposed rubric-based evaluation framework offers a tool for assessing extraction performance in
future system iterations. In addition, the implemented prototype establishes a lower bound for achiev-
able extraction performance, while the insights derived from the feasibility study highlight failure modes
and provide direction for future system development.

The remainder of this thesis is structured as follows. Chapter 2 provides background on the ISA frame-
work, lab notebooks as an extraction source and multi-agent system design. Chapter 3 describes the
artefact prototyping methodology and the feasibility study setup. Chapter 4 details the design con-
siderations found during system prototyping, the workings of the developed rubric-based evaluation
framework, and the results of the feasibility study. Finally, Chapter 5 synthesises these findings and
Chapter 6 suggests directions for future work.



2
Background

This chapter provides contextual background necessary to understand the problem of ISA metadata
extraction from lab notebooks. Section 2.1 introduces the ISA framework, outlining its structure for rep-
resenting experimental metadata. Section 2.2 describes the challenges accompanied with extracting
ISA metadata from lab notebooks, specifically going into the difficulties which can be encountered in
lab notebooks as extraction source. Finally, Section 2.3 outlines key concepts in multi-agent system
design that inform the approach taken in this thesis for the development of the multi-agent extraction
prototype.

2.1. The ISA framework
ISA is a widely used metadata framework that captures descriptions of life science experiments, mak-
ing these experiments and the data they produce reproducible and reusable [22]. ISA provides a
general structure for organising experimental metadata and functions as an overarching framework to
coordinate the use of different reporting standards within the bioscience community. The framework
is frequently implemented with domain-specific standards, such as MIAPPE [17] for phenotyping ex-
periments, which define the specific metadata field required within the ISA structure. However, some
public data repositories, for example FAIRDOMHub [31] and ELIXIR [5], also accept metadata in ISA
format directly. While ISA has multiple versions, this work targets extracting ISA version 1.0 1.

A conceptual overview of the ISA framework can be found in Figure 2.1. It defines the concepts of an
Investigation, Study and Assay. An Investigation contains information to understand the project context
and goals. It defines entities such as Person, describing people involved in the project and Publication,
describing publications resulting from the project.

An Investigation has one or more Study entities, which describe the materials used and procedures fol-
lowed during the experiment. Specifically, the Study entity defines a Study Design and study Factors,
which are independent variables manipulated by the experimentalist to affect biological systems in a
measurable way. It also defines Sources, Samples and Materials. Materials describe the materials
consumed or produced during an experimental workflow. Sources are a special kind of Material which
are considered the starting biological material used in a study. Samples are also a special kind of Ma-
terial that represent major outputs resulting from a Protocol application. Essentially, Sample materials
represent Source materials which have undergone some kind of manipulation. Any other materials
consumed or produced during the experiment are represented as Materials.

The Study entity further defines Protocols and Processes to describe the experimental workflow. A Pro-
tocol captures a coherent description of steps taken during the experimental workflow. These steps are
described in a general way such that they may be replicated. Additionally, the Protocol should define
parameters, which can later be given a value by a Process which applies the Protocol. A Process,

1https://github.com/ISA-tools/isa-api/tree/master/isatools/resources/schemas/isa_model_version_1_0_
schemas/core
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2.1. The ISA framework 5

Figure 2.1: A conceptual overview of the ISA framework, detailing the main entity types and the relationships between them 2.

defines a Protocol application to some input Material to produce some output. Multiple Processes can
apply the same Protocol. For example, a Protocol might define a step to grow plants in a growth cham-
ber. The settings of the growth chamber (temperature, light cycle, humidity) are defined as parameters
of the Protocol. Two different Processes might implement the same Protocol, but with different values
for temperature, light cycle and humidity.

An Assay represents a test performed on a Material, producing a measurement. An Assay records
the type of measurement that was taken and the technology that was used to do so. It also records
which Processes, Materials and Samples were involved. Furthermore, an Assay references one or
more Data entities, which represent raw data files produced by an Assay. Instances of all ISA entities
can be represented as nodes. They reference each other and, in this way, are conceptually linked in a
graph to represent the experimental workflow performed [21].

An important characteristic of ISA is that it is flexible by design. The same experiment can be repre-
sented in multiple valid ways depending on modelling choices. For example, a researcher may choose
to model a sequence of experimental steps as separate Process nodes linked together, while another
may represent the same sequence as a single Process associated with a more detailed Protocol. Both
representations describe the same underlying experiment, yet differ structurally in how the workflow
is captured. This implies that ISA metadata creation is not fully deterministic, but involves a degree
of subjective interpretation and preferred style. This aligns with the general understanding that meta-
data creation is non-deterministic, as researchers choose what to document based on the goal of the
research and the needs of future research tasks [11, 13]. Also as a general notion, interpreting meta-
data requires researchers to use their existing knowledge to understand what others have done. This
means that two different researchers might require different metadata to achieve the same understand-
ing of an experiment or dataset. This further emphasizes the inherent ambiguity of the task of metadata
creation.
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2.2. Challenges of extracting ISA metadata from lab notebooks
In this section, the difficulties inherent to extracting ISA metadata from lab notebooks are discussed.
Section 2.2.1 explains why ISA extraction and its evaluation are inherently complex, while Section 2.2.2
highlights the interpretability issues associated with lab notebooks.

2.2.1. ISA as extraction challenge
ISA extraction from unstructured lab notebooks differs from standard information extraction tasks. In-
formation extraction tasks range from named entity recognition, relation or event extraction tasks, to
downstream knowledge graph construction tasks [32]. Many of these approaches focus on identifying
local pieces of information, which are independently evaluated using benchmark datasets with a single
ground truth. These approaches typically do not capture a full experimental workflow structure required
by metadata frameworks such as ISA.

Alternatively, metadata authoring platforms support the creation and validation of structured metadata,
but assume that the relevant information is already available in a structured form [3]. As a result, existing
approaches either focus on local information extraction or indirectly rely on manual metadata creation
by requiring structured input formats.

In contrast to local information extraction, extracting metadata in accordance with the ISA framework
requires constructing a schema-constrained graphical representation of an experiment. ISA defines a
set of typed entities (Investigation, Study, Assay, Protocol, Material) and requires these to be connected
in a way that reflects the underlying experimental workflow. As a result, ISA extraction is not limited to
identifying relevant information in local text, but also involves ensuring that the resulting representation
is globally consistent. This positions ISA extraction as a non-standard type of information extraction
problem.

Recent work has explored the use of multi-agent systems for metadata extraction for similar tasks.
For example, Mondal et al. [15] propose a system in which specialised agents collaboratively extract
metadata fields from biomedical datasets, achieving high-quality metadata curation across a predefined
set of attributes. While such approaches demonstrate the potential of multi-agent systems to improve
metadata quality and scalability, they primarily focus on extracting independent metadata fields and do
not construct schema-constrained, workflow-oriented representations such as those required by the
ISA framework.

One of the few systems that explicitly targets ISA metadata is LISTER [16]. This system performs semi-
automatic extraction of ISA metadata from laboratory records. However, it requires lab notebooks to
be pre-structured and annotated according to ISA-specific conventions, effectively shifting part of the
metadata creation effort to the data producer, rather than being fully derived from unstructured text.
Consequently, fully automated extraction of ISA-compliant metadata from unstructured lab notebooks
remains largely unexplored.

Additionally, there is a lack of established methods for evaluating extraction performance in unstruc-
tured settings where multiple valid representations may be possible. Other extraction challenges are
typically evaluated against predefined benchmark datasets that constrain the space of valid outputs,
using metrics such as precision and recall, which operate on isolated components [1]. This evaluation
methodology is not suitable for ISA extraction, as ISA representations may be partially correct, suit-
able or appropriate. For example, correctly describing a performed protocol, but omitting the required
parameters could still be considered valuable metadata. Combined with a degree of subjectivity due
to different representations potentially being equally valid, this complicates the evaluation of extraction
performance using standard metrics such as precision and recall.

In summary, ISA extraction from unstructured lab notebooks constitutes a non-standard information
extraction problem. Existing approaches either extract independent metadata fields instead of a repre-
sentative experimental workflow or rely on pre-structured inputs, leaving a clear gap for ISA-compliant
extraction from unstructured lab notebooks, as well as in evaluation frameworks to assess extraction
performance.

2https://isa-tools.org/isa-api/content/isamodel.html

https://isa-tools.org/isa-api/content/isamodel.html
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2.2.2. Lab notebooks
Lab notebooks serve as records of followed experimental procedures in the bioscience domain. One
of the main goals of keeping a lab notebook is to ensure interpretability and reproducibility of an ex-
periment. Moreover, they can serve as a personal organisational tool and aid for critical reflections
on scientific work [24]. They may contain protocols used, raw results, experimental parameters, or
settings for lab equipment [14]. Therefore, lab notebooks form a relevant potential candidate to extract
experimental metadata from.

However, while notebook-keeping guidelines exist, in practice, the interpretability of lab notebooks
varies significantly. They might contain language specifically used in a particular research group [14],
use personal and inconsistent style or lack important context. It is important to note, however, that
lab notebooks traditionally are not shared between people and are considered personal artefacts. The
personal notes are usually later transformed into metadata or publications intended for sharing. Due to
the personal nature of lab notebooks, extracting interpretable metadata from them can be considered
challenging.

To illustrate the challenge of extracting ISA metadata from lab notebooks, Appendix A provides an
example of what a lab notebook might look like. The notebook documents an experiment that studies
the development of roots and phenotyping characteristics of a certain plant species under different
drought conditions, either through a drought plate or through different watering regimes. Although this
example is not an actual notebook used in this thesis, it is inspired by those that were analysed and
reflects the types of challenges encountered in them.

The extraction issues present in the example notebook are categorized and summarized in Table 2.1.
As a first challenge, lab notebooks often introduce ambiguity, either regarding which steps were per-
formed or how relevant certain statements are for ISA documentation. For instance, when a step is
described as being performed “preferably while it is still 90 ◦C”, it is unclear how essential this condition
is and how important it is to formally capture it in an ISA protocol. Similarly, the note “MaxSWC 155%
(apparently 140%)” is ambiguous, as it remains uncertain whether the maximum soil water content is
155% or 140%.

Second, essential information may be omitted from lab notebooks. For example, a notebook may
mention that an autoclaving process is applied (a sterilization step using steam) without specifying key
parameters such as temperature or duration. In other cases, notebooks refer to external documents
where relevant details are supposedly recorded, making it difficult to obtain a complete description of
the experiment.

Issue Type Example (Appendix A)
Ambiguousness “nutrients were added regularly”

“preferably while it is still >90°C”
“MaxSWC = 155% [apparently 140%]!”

Omission of relevant details “Autoclave”
“[SENSOR DATA]”
“See lichtmetingen.docx”
“Drying them for ?? nights at 80°C”

Protocol deviations “First few days 80% were watered to 70%”
“From day 10 onwards, pots are not weighted and watered sepa-
rately but per tray to minimize workload”
“middle rack –> later more close to door”

Undefined terminology “Mickey”
“Dryzotron”

Abbreviations “DAG”
Usage of multiple languages “(Trays placed in middle rack – later meer richting deur)”
Noise “Hi <name>, so you start with....”

“13-M2-links 45”

Table 2.1: Categorisation of issues found in the example lab notebook presented in Appendix A, including examples.
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Third, notebooks may contain protocol deviations, even though they are not explicitly labelled as such.
For example, a note such as “From day 10 onwards, pots are not weighted and watered separately but
per tray to minimize workload” indicates a change in procedure. It is unclear whether such a change
substantially affects the applied process and should therefore be formally documented, or whether it
is merely a practical adjustment that can be omitted. Protocol deviations complicate metadata extrac-
tion because they challenge the assumption of a single, fixed protocol underlying the experiment, as
assumed by frameworks such as the ISA framework. In practice, procedures often evolve during ex-
ecution. Lab notebooks describe these changes informally. This creates a representation dilemma:
a deviation could be modelled as a new protocol, a parameter change within an existing process, or
simply as a comment. Because the text rarely clarifies the importance or scope of such deviations,
an automated system must interpret the situation rather than merely extract information, making the
extraction task difficult.

Finally, lab notebooks may use undefined or inconsistent terminology, further complicating interpre-
tation. Terms such as “dryzotron” (likely a combination of “dry” and “rhizotron”) may not be formally
defined. In addition, notebooks may mix multiple languages, use abbreviations, or include seemingly
unrelated information such as informal messages from colleagues. These factors introduce noise and
increase the difficulty of reliably extracting structured metadata.

2.3. Multi-agent system design
LLM-based multi-agent systems (MAS) are systems composed of multiple interacting LLM components
(agents), often using decentralized decision-making and information sharing to accomplish tasks [12].
Multi-agent systems are particularly suitable for complex tasks that require decomposition into spe-
cialised subtasks. As described in Section 2.2, ISA metadata extraction from unstructured lab note-
books can be considered a complex task because of the multiple ways ISA can be instantiated and in-
terpretability issues accompanying lab notebooks. As such, a multi-agent approach is deemed suitable,
as it allows for individual but collaborative reasoning, decision-making and task execution components.

To guide the design of a multi-agent system for ISA extraction, several design principles have been iden-
tified in prior work. First, proper task decomposition and topology is essential for addressing complex
problems, allowing agents to operate on well-defined subtasks rather than solving problems mono-
lithically. Hence, some works explore if proper task decomposition and topology construction can be
achieved dynamically [9, 33]. Second, agent role specialisation for the different subtasks is widely
adopted, allowing individual agents to work on a specific task [4]. Third, equipping agents with external
tools [23], such as retrieval-augmented generation (RAG) mechanisms [27], can enhance their capabil-
ities. Fourth, reflection and feedback mechanisms are often built-in components of MAS architectures
to improve performance [18, 26]. These design principles were considered and experimented with
during the prototyping methodology of the multi-agent extraction system developed in this work. The
principles of task decomposition, agent profiling and usage of external tools were also included in the
final version of the system, as described in Section 4.1.2.



3
Methodology

This chapter describes the research methodology used in this study. Section 3.1 introduces the arte-
fact prototyping approach used to develop an ISA extraction evaluation framework and a multi-agent
extraction system. Section 3.2 presents the feasibility study performed to investigate the viability of
multi-agent ISA extraction from unstructured lab notebooks using a prototype system.

3.1. Artefact development
As discussed in Section 2.2.1, ISA extraction from lab notebooks is a task which is characterised by
the absence of a single ground truth of what a good metadata representation is. As such, the task
itself is ill-defined and requires clear understanding. Additionally, because extraction outputs may be
partially correct and cannot be meaningfully evaluated using standard metrics, an appropriate evalua-
tion method is required to assess task performance. Artefact prototyping was used as an instrument
to explore the task requirements, evaluation methodology and to take the first steps toward an ISA
extraction system. This methodology is inspired by principles from design science research [6], which
emphasises the creation and study of artefacts such as methods, models, systems, and frameworks, to
solve real-world problems and generate knowledge about how and why solutions succeed or fail. Pro-
totyping also serves as an effective means to surface assumptions and latent requirements, as argued
by Sommerville and Sawyer [28].

The prototypingmethodology was employed with two goals in parallel. The first goal was to gain insights
into the development of a multi-agent ISA extraction system, addressing RQ1. This prototyping phase
was guided by design principles for LLM-based multi-agent systems (Section 2.3). The insights gained
were implemented in a final prototype used during the feasibility study (Section 3.2), addressing RQ3.
The final prototype was implemented using LangChain 1 and LangGraph 2, and is presented in Section
4.1.2.

Figure 3.1: A conceptual overview of the iterative prototyping methodology used in this study.

The second goal was to develop an evaluation method that can assess the performance of a system
extracting ISA metadata from unstructured lab notebooks, addressing RQ2. The systematic evaluation
of ISA extraction performance is a central challenge to ISA extraction. Binary metrics are inappropriate

1https://www.langchain.com/
2https://www.langchain.com/langgraph

9
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for this task because ISA modelling is inherently flexible (Section 2.1), making it impossible to define
a single authoritative ground truth. In addition, systems may produce outputs that are partially useful.
Such partially correct metadata may still be valuable to users, yet binary metrics such as precision and
recall cannot meaningfully capture these graduations of correctness.

A rubric-based evaluation framework was selected as a suitable method to address these challenges.
Scoring rubrics are widely used in education, where open-ended tasks require the assessment of com-
plex competencies [10]. They allow evaluators to distinguish between fully correct, partially correct,
and insufficient representations, and to articulate why an output meets or fails to meet expectations.
This transparency is particularly important for ISA, where semantic adequacy, whether the metadata
is interpretable, meaningful, and accurate according to the described experiment, requires complex
judgement.

Prototyping the evaluation framework and the multi-agent extraction system followed the procedure
as shown in Figure 3.1. From a problem statement initial design objectives for both the evaluation
framework and the system were established. From this choice, cycles of artefact development for both
the framework and the system followed. After an iteration of artefact development, the system was
evaluated by the evaluation framework. After behaviour inspection in the evaluation phase, either the
objective setting or the artefact development phase was circled back towards.

The development of the evaluation framework was guided by six design principles. These criteria
reflect practical considerations that emerged during early iterations and were used to evaluate whether
each version of the framework supported meaningful, consistent, and fair assessment of ISA extraction
performance. The design principles are the following:

1. Fairness - the evaluation framework should be fair to the system it evaluates and refrain from
imposing impossible expectations. This is especially important since extraction of ISA metadata
not only depends on the extraction capabilities of an extraction system, but also on the complex-
ity of the described experiment and the clarity with which a reference document describes the
document. It would be unfair to expect an extraction system to extract perfect ISA metadata from
a lab notebook that is judged uninterpretable by an evaluator.

2. Granularity of assessment - The evaluation framework should both support a clear overview of
the overall extraction performance of the evaluated system, while also capturing nuanced differ-
ences in metadata quality across parts of the extracted metadata.

3. Comparability across systems - The framework should enablemeaningful comparison between
different extraction systems for the same lab notebooks.

4. Simplicity of use - The framework should be straightforward to apply for evaluators who are
familiar with the ISA framework.

5. Inter-rater consistency - Different evaluators should arrive at similar scores when assessing the
same metadata

6. Transparency - The rationale behind scoring decisions should be clear to both evaluators and
interpreters of the evaluation process.

3.2. Prototype-based ISA extraction feasibility study
This section describes the feasibility study conducted to assess the viability of operationalising ISA
metadata extraction using a prototype multi-agent system. Figure 3.2 details the workflow of the per-
formed study. ISA metadata was extracted from seven lab notebooks, as can be seen in the first
phase of the figure. More information about the lab notebooks is provided in Section 3.2.1. In the first
phase, the multi-agent system prototype as presented in Section 4.1.2 extracts ISA metadata from the
lab notebook. Due to resource constraints of the project, two different large language models were
used by the prototype system. For some lab notebooks this was gpt-5-nano, and for others it was
gpt-5-mini. Specifically, gpt-5-mini was used for lab notebooks N1 - N4 and gpt-5-nano was used for
lab notebooks N5 - N7, as presented in Table 3.1. The respective LLM was used for all components
of the multi-agent prototype which required an LLM. The use of relatively small models reflects practi-
cal deployment constraints that are likely relevant for ISA extraction workflows. Scientific practitioners



3.2. Prototype-based ISA extraction feasibility study 11

Figure 3.2: A conceptual overview of the workflow of the ISA extraction feasibility study.

may prefer privacy-preserving or locally hosted LLM deployments, where computational resources and
operational costs can limit the feasibility of larger models.

During the second phase, a single annotator used the rubric-based evaluation framework, as presented
in Section 4.2, to evaluate Experiment Complexity and Extraction Performance, which are identified
as two factors influencing the quality of extracted ISA metadata. Experiment complexity represents
the inherent complexity of the experiment described by a lab notebook, while extraction performance
represents the ability of the system to translate natural language descriptions in a lab notebook into
ISA entities that correctly and completely represent the described experiment. Section 4.2 explains
how these concepts are formalised by the developed evaluation framework and Section 3.2.2 provides
additional information on the evaluation procedure performed.

3.2.1. Lab notebook dataset
The seven lab notebooks used in this experiment were collected from plant science researchers within
the CropXR network, who created them during their experiments. Since the notebooks are collected
from real-world experimental work, they form a realistic representation of lab notebooks in practice.
They, for example, describe plant science experiments investigating plants’ growth performance under
different conditions, such as the amount of water available. A more detailed description of each note-
book can be found in Table 3.1. Note that N1, N2 and N3 described semantically similar experiments
and N1 and N2 had some overlap in the content of the documents. While both N6 and N7 describe
experiments studying Arabidopsis thaliana under different osmotic stress conditions, the studies had
different experimental setups and studied different stress conditions.

The general observation that lab notebooks mainly function as personal documents and can therefore
be difficult to interpret for external readers (as discussed in Section 2.2.2), is also reflected in the lab
notebooks used for the feasibility study. Both the example lab notebook given in Appendix A and the
lab notebook issue categories defined in Table 2.1 were based on the interpretability issues found in
the lab notebooks used for the feasibility study. Several illustrative examples of the interpretability
difficulties from the notebooks include that notebook N1 refers to lab infrastructure using lab specific
terminology (e.g., “Dombo”, assumed to refer to a specific growth chamber) without further explanation.
N1 also uses abbreviations such as “DAG” (days after germination) without definition. In notebook N2,
references are made to materials from prior experiments (e.g., “use soil from experiment 0b2”) without
providing sufficient context, indicating reliance on external or implicit knowledge. In notebook N5, new
terminology is introduced (e.g., “dryzotron”) without explanation, reflecting that researchers may use
undefined terms. Finally, in notebook N6, the description of experimental conditions is sufficiently un-
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clear that determining the amount of experimental conditions used in the experiment is difficult. These
examples illustrate that, although the lab notebooks used for this feasibility study contain relevant ex-
perimental information, their clarity, completeness, and accessibility can vary substantially.

Note-
book Description Pages Content

N1 Studies flowering of Arabidopsis thaliana under 4 different
drought conditions. Records phenotype measures. 4 text

N2 Studies flowering of Arabidopsis thaliana under 4 different
drought conditions. Records phenotype measures. 4 text

N3 Studies RNA expression levels and flowering of Arabidop-
sis thaliana under drought conditions. 7 text

N4
Experiment identifies specific genotype given small sam-
ples of plant material. Procedures of DNA isolation, PCR
and electrophoresis.

15 text, images, ta-
bles

N5 Studies the development of Arabidopsis thaliana roots in
drought conditions. 1 text

N6 Studies the development of Arabidopsis thaliana under dif-
ferent osmotic stress conditions. 5 text and tables

N7 Studies the development of Arabidopsis thaliana under dif-
ferent osmotic stress conditions. 4 text and tables

Table 3.1: An overview of the lab notebooks used in this study. A short description of the notebook is provided under
’Description’. The column ’Pages’ approximates the amount of pages of the lab notebook solely filled with text. The column

’Content’ records the type of content which can be found in the notebook.

3.2.2. Evaluation procedure
The evaluation procedure was performed through use of the developed rubric-based evaluation frame-
work, as presented in Section 4.2. The procedure was carried out by the author of this thesis, who
is familiar with the ISA framework and has basic knowledge of plant science experimental practices.
Two measures were taken to increase the validity of the evaluation procedure. First, the evaluator was
familiarised with ISA metadata by studying examples of ISA metadata 3. Second, a pilot evaluation
phase was employed to both uncover ambiguities in the evaluation procedure and to familiarise the
evaluator with the task. Based on this pilot, a set of practical guidelines was constructed to support
consistent application of the evaluation framework.

First, evaluation was guided by a set of implicit criteria that emerged during the pilot phase. These in-
cluded whether the extracted metadata captured the core experimental intent, whether key experimen-
tal components identified in the lab notebook were present and correctly interpreted in the metadata,
whether the representation was sufficiently complete to allow reconstruction of the experiment, whether
modelling choices resulted in a coherent and interpretable workflow representation and whether the
metadata recorded was relevant and concise. These criteria correspond broadly to notions of accu-
racy, completeness, modelling logic, relevance and conciseness but were not assessed independently.
Instead, they informed a unified judgment of the usefulness and adequacy of each ISA evaluation unit.

To ensure fairness, the evaluator was allowed to adjust the maximum obtainable experiment complex-
ity points for ISA entities that were substantially simpler or more complex than typical instances of the
same type. This prevents systems from being penalised or rewarded purely due to modelling choices
that fall within the flexibility of the ISA framework. This mechanism of adjusting experiment complexity
points is inherent to the used evaluation framework and is further explained in Section 4.2. Additionally,
complete descriptions were prioritised over concise descriptions. ISA components that lacked impor-
tant information which was explicitly provided in the lab notebook were more severely punished than
answers that added unnecessary details, as long as these unnecessary details were correct according
to the lab notebook.

Finally, because ISA modelling is inherently flexible, the evaluator accepted multiple valid representa-
3https://github.com/ISA-tools/ISAdatasets
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tions of the same experiment. When several modelling choices were plausible, the evaluation focused
on whether the extracted metadata captured the relevant experimental information and adhered to ap-
propriate ISA structure, rather than on enforcing a single preferred representation. In cases where the
notebook description was too ambiguous for the evaluator to determine what information should be
represented, the corresponding experiment complexity points were excluded from the total.



4
Results

This chapter presents the results of the thesis. Section 4.1 discusses observations from prototyping
a multi-agent ISA extraction system and presents the prototype system used for the feasibility study.
Section 4.2 describes the rubric-based evaluation framework, detailing how it approximates experiment
complexity and extraction performance. Finally, Section 4.3 reports the results of the feasibility study.

4.1. Multi-agent system design: observations and prototype
This section presents the results from the prototyping phase for the development of a multi-agent sys-
tem for ISA metadata extraction, as described in Section 3.1. First, Section 4.1.1 summarises obser-
vations that emerged during early prototype iterations and translates these into design implications
for multi-agent ISA extraction systems. Second 4.1.2 presents the final prototype developed for the
feasibility study, which operationalises these design implications.

4.1.1. Multi-agent system observations and design implications
The findings presented in this section originate from the exploratory prototyping of a multi-agent ISA
extraction system. The observations should not be interpreted as universal properties of ISA extraction
systems. Instead, they reflect behaviours observed within the specific system architecture and proto-
typing setup used in this study. The associated design implications represent reasoned interpretations
of these observations and may inform future research on ISA extraction systems.

Output structure
Monolithic generation was observed to be structurally unstable. Earlier prototype versions experi-
mented with interleaved monolithic generation of ISA and correction of structural mistakes, such as
omitted object parameters. Fixing structural mistakes in one place induced mistakes in other places,
leading to a structural collapse of the metadata. The generated ISA no longer adhered to structural
requirements according to the ISA standard. This suggests that ISA extraction systems should enforce
ISA-compliant structured output during generation, rather than relying on post-hoc structural correc-
tions.

Agent workflow control
Unconstrained agent autonomy produced drift in task execution. Earlier prototypes contained agents
with relative freedom in the execution of the task at hand. For example, an agent had the freedom to
drive the task with no clear guidelines on how to break the task into smaller subtasks. It was given
the freedom to determine what step should be executed next to create ISA, like reading from the lab
notebook, invoking an evaluation module or creating part of the ISA structure. This resulted in drift in
the task execution as the agent made unreasonable choices given the current task progress state. This
suggests that an ISA extraction system requires proper task decomposition and agent profiling, limiting
the freedom of agents and providing structured prompts on how to execute their task.

Extraction strategy
ISA extraction is not a flat entity extraction task. Earlier prototypes attempted to directly convert natural

14
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language descriptions in lab notebooks to corresponding ISA entities. This led to shortcomings in the
accuracy with which the extracted ISA reflected the experiment in the lab notebook. ISA entities were
not logically related to each other in a coherent experiment workflow. This indicates that ISA extraction
might benefit from the use of an intermediate conceptual representation that captures experimental
workflows prior to constructing ISA-compliant entities. This step would globally model the experimental
graph and conceptually define which natural language concepts map to which ISA entities and how
they should relate to each other.

ISA conceptual stability
Conceptual modelling of ISA is not an objective task. ISA is positioned as a relatively flexible framework
and thus multiple valid ISA configurations could be created for the same experiment. This is reflected
in the behaviour of prototype versions implementing a conceptual modelling step, as the model created
for the same notebook is not stable over different runs of the prototype. Whether this behaviour is un-
desirable depends on the goals of the system user. While some users might be satisfied by any correct
ISA configuration, others might prefer a particular one. If the latter situation applies, the observation
suggests that steps should be taken to stabilise the conceptual modelling phase.

4.1.2. Multi-agent system design
The implemented prototype extracts ISA metadata from lab notebooks by operationalising the design
insights identified during the prototyping phase as presented in Section 4.1.1. At a high level, the
system first interprets the lab notebook at a conceptual level, then decomposes the extraction task into
smaller subtasks, and finally constructs ISA entities and their relationships.

The prototype operationalises ISA entity extraction, but does not extract production-ready ISA-compliant
metadata, because two implementation aspects were intentionally left out of scope. First, extracted
metadata is not grounded in existing ontologies. Second, relationships between ISA entities are not
properly instantiated, but instead are reasoned about by the system. However, these limitations do not
prevent the use of the prototype for the feasibility study conducted in this thesis, where the goal is to
assess the viability of agentic ISA extraction rather than to produce production-ready metadata.

System workflow
The prototype implements a workflow in which a set of role-specialized LLM components collaboratively
extract ISA metadata. Figure 4.1 provides a sequence diagram of the workflow. First, the concept
modeller receives the lab notebook text as input. In addition, it is provided with a natural language
description of the workings of the ISA framework. This description is generated by an agent outside
the multi-agent system and is derived from the ISA abstract model as specified in ‘ISA Model and Se-
rialization Specifications’ [21]. Using these inputs the concept modeller produces a natural language
mapping between concepts described in the lab notebook and corresponding ISA entities. This in-
termediate conceptual representation, hereafter referred to as the ‘ISA contract’, serves as a bridge
between unstructured experimental descriptions and the structured ISA schema.

Next, the ISA contract is passed to the task definer, which decomposes it into a set of atomic tasks.
Each task corresponds to the creation of a specific ISA entity. Task progression is managed by the
Task Manager, implemented as a deterministic script responsible for maintaining execution order and
state. All tasks are subsequently processed by the task execution planner, which governs control flow
during task execution.

The task execution planner receives both the current task and a limited history of recent agent mes-
sages. Based on this context, it selects between two actions. First, it may determine that additional
information is required to complete the task. It then generates a query for the document searcher mod-
ule. This module performs a semantic search over the lab notebook and returns the most relevant
context to the query. Alternatively, the planner may determine that sufficient information is available
and proceed with task execution. In this case, the task execution planner generates an instruction for
the ISA construction coordinator, which is responsible for delegating the task to the appropriate ISA
specialist. These specialists are role-specific LLM components, each constrained to generate a particu-
lar type of ISA entity (Investigation, Study, Assay, Protocol, Process, Factor, Material, Source, Sample
and Data). Given the instruction from the ISA construction coordinator and the latest retrieved context
by the workflow, the specialist generates a structured representation of the corresponding ISA entity.
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Upon completion of all tasks, the system produces a collection of ISA entities generated by the ISA spe-
cialists. These entities represent the components of the experimental workflow and can be interpreted
as nodes in an ISA experimental graph. The assembly advisor then reasons about the relationships
between the generated ISA components. The advisor receives both the constructed ISA entities and
the original lab notebook text as input, and produces natural language descriptions of how the objects
should be connected. These descriptions specify which samples are derived fromwhich sources, which
processes implement which particular protocol and how assays relate to samples, materials and pro-
cesses. Together, the generated entities and the linking descriptions provide a complete representation
of how the ISA experimental graph would be structured.

In a fully implemented system, these inferred relationships could be translated into explicit graph con-
nections by a component that iterates over the entities and establishes links based on the decisions
produced by the assembly advisor. This would result in fully automated ISA graph construction. How-
ever, for the purposes of the feasibility study, representing these relationships in descriptive form is
sufficient to capture the structure of the experimental workflow.

Finally, the ISA exporter maps all generated ISA entities to their counterparts in the ISA tools package
1. Using these representations, the module deterministically constructs the ISA graph and exports the
resulting metadata in a standardised format.

Design rationale
A first design aspect is constrained output generation. As highlighted in Section 4.1.1, enforcing output
structure improves structural reliability when generating ISA metadata. This aligns with MAS design
principles that emphasize constraining agent behaviour to reduce uncertainty. This is reflected in the

1https://isatools.readthedocs.io

Figure 4.1: A sequence diagram showing the workflow of the prototype multi-agent ISA extraction system. It includes
components such as the Concept Modeller, Task Definer, Task Manager, Execution Planner, Document Searcher, ISA

Specialists, Assembly Advisor, and ISA Exporter, illustrating how they interact to transform unstructured text into structured ISA
metadata.
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prototype through the ISA Specialist components, which generate output conforming predefined object
structures corresponding to specific ISA entities (Protocol, Material, etc.)

A second design aspect concerns workflow control and agent freedom. Insights from Section 4.1.1
indicate that unconstrained agent behaviour leads to inconsistent results. Accordingly, the prototype
employs a clear decomposition of the general task of ISA extraction, in which each component fulfils a
specific role. Agent autonomy is deliberately limited through predefined roles and constrained decisions.
This is consistent with the usage of agent profiles and a cooperative communication style, as described
in Section 2.3.

A third aspect is the execution strategy of the ISA extraction task. Rather than directly extracting
structured metadata from the lab notebook, the system first constructs a conceptual representation
(the ISA contract) through the concept modeller. This fulfils the identified need for an intermediate
representation, as mentioned in Section 4.1.1. This approach is consistent with general decomposition
strategies in MAS design, where complex tasks are broken down into intermediate representations and
subtasks.

The insight regarding ISA conceptual stability, as identified in Section 4.1.1, is not explicitly addressed
in the current implementation and is left as an area for future work.

4.2. Rubric-based evaluation framework
This section presents the rubric-based evaluation framework developed to assess the extraction perfor-
mance of ISA extraction systems. The framework is a tool that guides experts in providing structured
evaluations of the semantic quality of extracted ISA metadata by comparing it against the information
present in a reference document. These evaluators should be experts in that they should be familiar
with the ISA framework and the evaluation methodology.

The framework measures extraction performance as the proportion of ISA-relevant information in a lab
notebook that is correctly and sufficiently represented in the extractedmetadata. This is operationalised
through the evaluation of evaluation units. These evaluation units either correspond to individual ISA
fields, for example the investigation and study title and description, or to composite ISA entities which
consist of multiple fields that together form a coherent ISA concept. An example of this is a protocol,
which consists of a name, description and a list of parameters.

Each evaluation unit is assigned a complexity score and a performance score. The complexity score
represents the amount and structural complexity of information that must be correctly represented in
the extracted metadata. Units requiring the representation of a larger number of attributes, relation-
ships, procedural steps, or contextual details are assigned higher complexity scores. The performance
score represents a holistic expert judgement of metadata quality. In forming this judgement, evalua-
tors are guided to consider aspects such as accuracy, completeness, modelling logic, relevance and
conciseness, but do not assess these dimensions independently. Instead, they are integrated into a
single score reflecting the overall adequacy of the representation.

By aggregating the performance scores of all evaluation units relative to their total experiment com-
plexity, the framework produces both an approximation of the inherent complexity of the underlying
experiment and the extraction performance of the system. While the interpretability of lab notebooks
influences extraction performance, the evaluation framework does not formalise lab notebook quality
as a separate evaluation dimension. This is left to future work. However, interpretability can be partly
accounted for indirectly through evaluation practices by for example excluding ambiguous information
from scoring, as is done in the feasibility study performed in this work (Section 3.2.2).

The remainder of this section provides more detail on how experiment complexity and extraction per-
formance are formalised and how the evaluation framework is used to determine these measures.

4.2.1. Experiment complexity
Experiment complexity is derived solely from the reference document. The evaluation framework
guides the evaluator in identifying all ISA-relevant entities (protocols, processes, materials, samples,
factors, and assays) based on the experiment description in the document. Each identified ISA entity
is an evaluation unit which will be evaluated by the framework. Each unit contributes a fixed number of
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complexity points corresponding to the amount of information required to represent it accurately. Table
4.1 provides an overview of the default complexity points awarded to unit. The default complexity points
differ per ISA entity, because each entity constitutes different levels of extraction difficulty. For example,
material entities typically require relatively limited metadata representation involving the material name
and potentially relevant characteristics, whereas protocol descriptions often involve multiple sequential
actions and parameters. This is reflected by a higher number of complexity points.

ISA entity Default complexity points
Experiment Factors 7
Source 3
Sample 5
Material 5
Protocol 10
Process 10
Assay 10

Table 4.1: The default complexity points assigned to each evaluation unit. These points represent the expected information
richness and are used to approximate experiment complexity

While most evaluation units will receive a default point value based on their type, the framework encour-
ages evaluators to adjust the number of points for units that capture substantially more or fewer details
than typical instances of the same type. This guideline reflects the flexibility of the ISA framework
for scoping entities. For example, a soil preparation phase for a plant growth experiment containing
roughly five steps could be modelled as five separate protocols or as one larger protocol. Because
the rubric-based evaluation framework advises a maximum of 10 points for a protocol entity, a system
modelling this as five different protocols could potentially earn or lose more points for the same pro-
cedural step as a system modelling this as one larger protocol, while both representations could be
correct. To ease this tension, evaluators using the framework are encouraged to increase or decrease
the complexity points of entities which were scoped notably larger or smaller compared to a baseline
entities of the same type. These baseline entities can be found in Appendix B.

The total experiment complexity of a lab notebook is defined as the sum of the complexity scores of all
evaluation units identified in the reference document. Let U denote the set of evaluation units, and let
Cu represent the complexity score assigned to unit u ∈ U . The overall experiment complexity is then
given by:

Complexity =
∑

u∈U Cu

4.2.2. Extraction performance
Extraction performance measures the ability of the system to construct ISA metadata relative to the
information present in the lab notebook. The evaluation framework guides the evaluator in approximat-
ing extraction performance by awarding performance points for each evaluation unit. The performance
points are a percentage of the complexity points for that unit. This means that a system perfectly extract-
ing ISA from the lab notebook will be awarded the same amount of performance points and complexity
points, and the extraction performance will be 100%.

The amount of performance points an evaluation unit is awarded is influenced by how accurate, com-
plete, concise and relevant the provided metadata is and whether logical modelling choices have been
made for the unit. Rather than evaluating these aspects separately, the evaluator considers them jointly
when assigning points. To guide the evaluator in determining the performance points, for each evalu-
ation unit the categories ‘insufficient’, ‘sufficient’ and ‘good’ are defined. For every evaluation unit, the
framework provides guidelines as to under which conditions each category applies.

The guidelines for the different categories are specific to each evaluation unit. However, in general, a
insufficient score is assigned when a required ISA object is not represented in the metadata despite
being present in the lab notebook, in which case 0% of the points is awarded. A unit may also be
categorised as insufficient when it is represented but contains severe deficiencies, such as substantial
incompleteness or inaccuracy, such that correct interpretation of the experimental component is not
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reliably possible. A sufficient score is assigned when the representation contains the necessary infor-
mation to describe the experimental component, but may still include omissions or ambiguities. The
core meaning of the experimental element is preserved, but the representation is not fully specified. A
good score is assigned when the representation is complete and accurately reflects all relevant infor-
mation available in the lab notebook. Minor omissions or ambiguities may still be present, provided
they do not alter the overall correctness or completeness of the representation.

Along with determining the appropriate category, the evaluator determines the exact performance score
to the evaluation unit as a percentage of its complexity score. The possible percentages for the cat-
egories ‘insufficient’, ‘sufficient’ and ‘good’ are 0-40%, 50-70% or 70-100%, respectively. When all
evaluation units are scored, the overall extraction performance is obtained by aggregating the awarded
points relative to the total experiment complexity. Let Pu denote the performance points awarded to
evaluation unit u ∈ U . The overall extraction performance, expressed as a percentage, is then defined
as:

Performance =
∑

u∈U Pu∑
u∈U Cu

× 100

Figure 4.2: A diagram illustrating the evaluation workflow of the rubric-based framework. It shows the workflow from a higher
level from Investigation, to Study, to Assay, and the field-level scoring process used to determine complexity and performance

points.

4.2.3. Framework workflow
This section describes the step-by-step procedure followed by evaluators when applying the rubric-
based evaluation framework. Figure 4.2 provides a conceptual overview of this process. At a high
level, the evaluator proceeds through the ISA structure, starting at the Investigation level and continuing
with all identified Studies and Assays. For each of these levels, all corresponding evaluation units are
assessed individually. The framework defines a row to evaluate each unit individually. Some units
defined by the Study object, such as materials, sources, samples, protocols or processes, may occur
multiple times when multiple of these entities can be identified within the reference notebook. In such
cases, the evaluator records how many distinct entities can be identified in the reference document
and adds more rows for the units, so that each unit can be evaluated individually.

For each evaluation unit, the evaluator follows a consistent procedure, which is best explained using
Figure 4.3, which provides an excerpt of the rubric used during evaluation. For each evaluation unit,
the framework provides an explanation of the type of information that is expected. This explanation
is given in column B as seen in Figure 4.3. First, the evaluator uses this explanation and identifies
whether relevant information for the unit is present in the reference document. If no relevant informa-
tion is present, the unit is marked as not applicable and assigned zero complexity points. If relevant
information is present, the evaluator records this in column B, overwriting the explanation, and assigns
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Figure 4.3: A table excerpt from the rubric used to evaluate ISA extraction quality. It includes descriptions of expected
information per field (column B) scoring categories (insufficient, sufficient, good) (Columns C, D, E) and point allocations

(column F).

complexity points to the unit, either using the default value or adjusting it. The complexity points are
recorded in column F.

Next, the evaluator determines the performance points for the evaluation unit, assessing it on accuracy,
completeness, relevancy, conciseness and modelling logic while being guided the guidelines for the
categories ‘insufficient’, ‘sufficient’ and ‘good’, which are given in columns C, D and E. The obtained
performance points are recorded in column G. Lastly, when all evaluation units are evaluated, the
experiment complexity and extraction performance can be calculated according to the formulas given
in Sections 4.2.1 and 4.2.2.

4.3. Feasibility study results
As described in Section 3.2, extraction performance and experiment complexity were scored for each
lab notebook using the evaluation framework presented in Section 4.2. The results are given in Table
4.2. As a reminder, experiment complexity represents the inherent complexity of the experiment de-
scribed by a lab notebook, while extraction performance represents the ability of the system to translate
natural language descriptions in a lab notebook into ISA objects that correctly and completely represent
the described experiment. A higher experiment complexity number thus represents a larger extraction
task. It is important to note that the experiment complexity points can vary depending on how the exper-
iment is conceptualised. For this reason, complexity points should be interpreted as an approximate
indicator not as an exact measure. The same holds for extraction performance. Because performance
scores are based on holistic expert judgement, they should be interpreted as approximate indicators
of metadata quality.

Notebook Extraction Performance Experiment Complexity
N1 58% 364
N2 56% 347
N3 52% 457
N4 57% 443
N5 46% 278
N6 60% 239*
N7 51% 367

Table 4.2: A table presenting extraction performance and experiment complexity scores for each of the seven lab notebooks.
Note that the experiment complexity for N6 in reality is much higher. However, it was not possible to reliable determine this, as

it was unclear what the experimental conditions were, and thus the Sample entities for this notebook were considered
undetermined.

It is important to note that the experiment complexity of lab notebook N6 should be higher. The notebook
did not clearly specify how many experimental conditions were studied, making it difficult to determine
how many sample entities were required to model the experiment. Depending on interpretation of the
lab notebook, the number of samples could reasonably range from 9 to 26, resulting in a wide range
of possible complexity scores. Because of the ambiguity of the notebook, the points associated with
sample entities were excluded when evaluating the extraction performance, as the unclarity made it
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impossible to determine a fair target for extraction. Consequently, they were also excluded from the
experiment complexity score.

Figure 4.4: A bar chart showing the distribution of quality ratings (good, sufficient, insufficient, missing) across ISA evaluation
units aggregated over all notebooks.

The bar chart in Figure 4.4 shows extraction performance per ISA entity type as an aggregated sum
across all lab notebooks. Per ISA entity type, it reports how many entities were judged as represented
well (awarded between 70% and 100% of points), sufficiently (between 50% and 70%), insufficiently
(between 0% and 40%) or were missing from the metadata, while they were identified by the evaluator
in the lab notebook (no points awarded). Bar charts showing the same information for each individual
lab notebook can be found in Appendix C. Aggregating the results in Figure 4.4 across all ISA entity
types, for a total of 337 identified entities, 41% of entities are represented well, 27% of entities are
represented sufficiently, 12% are represented insufficiently, and 20% of entities are missing. Because
the ISA framework allows multiple valid modelling choices for representing the same experiment, the
entity type distribution should not be interpreted as an absolute measure of extraction correctness per
ISA category. Instead, it provides an indication of where extraction errors tend to occur, given the
conceptual modelling generated by the system.

4.3.1. Qualitative observations
In addition to the quantitative results, several qualitative observations were made regarding the ex-
tracted ISA metadata. These observations provide further insight into the strengths and limitations of
the used prototyping setup.

First, the system demonstrates a proper ability to segment procedural descriptions in the lab notebooks
into coherent protocol units. The extracted protocols generally represent logically consistent steps
within the experimental workflow. However, the system does not always capture all relevant protocols,
indicating limitations in recall. An example of this are the extracted protocols from notebook N6. The
notebook first generally describes a procedure to create drought plates. Either with the medium MS
(Murashige and Skoog), mannitol or sorbitol, after which the plates are PEG-infused (polyethylene
glycol). After this, the notebook describes sterilising Arabidopsis thaliana seeds and moving them
to a growth chamber. After which they are placed on the drought treatment plates. Lastly, a brief
scanning procedure is described. The system extracts separate protocols for all of these procedural
steps, except for how to produce the plates with mediumMS, though some information for this step was
captured in the protocol for creating the other plates. An example of a properly extracted protocol from
the lab notebook is given in Figure 4.5. While the extracted protocol does not reflect that the seeds
were placed in the fridge for three days, this information was reflected in a following protocol, which
indicated a waiting time.
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Notebook excerpt

Sterilised roughly 1000 Arabidopsis thaliana Col-0 seeds according to the following protocol:
- Add 70% EtOH for 5 minutes
- Add 20% bleach for 15 minutes
- Wash 3 times with sterile MQ
- Plate on 1/2 MS
- Place in fridge for 3 days.

Extracted ISA Protocol

Name: Protocol 1: seed sterilization and plating
Description: This protocol outlines a reusable seed surface sterilization and plating workflow for the
current study. Seeds are treated with 70% ethanol for surface sterilization, followed by 20% bleach
solution, then rinsed multiple times with sterile deionized water (MQ) to remove residual sterilants, and
finally plated on solid 1/2 MS medium under sterile conditions. Exact exposure times and numerical
parameters are not defined in this Protocol and will be specified at execution time in corresponding
Processes. The protocol is intended for the current Study/Investigation and will be referenced by sub-
sequent Processes.”
Parameter list:

1. Parameter: Ethanol concentration (%)
2. Parameter: Ethanol exposure time (minutes)
3. Parameter: Bleach concentration (%)
4. Parameter: Bleach exposure time (minutes)
5. Parameter: Number of rinse cycles with sterile MQ water (%)
6. Parameter: Plating medium (solid 1/2 MS) (%)

Protocol type: seed sterilization and plating protocol

Figure 4.5: Notebook excerpt from N6 and the corresponding extracted ISA protocol.

A second observation is that the system models a one-to-one relationship between processes and
protocols, even where this is not a logical modelling choice. As a reminder, a Protocol should capture a
coherent description of steps taken during the experimental workflow, describing relevant parameters.
While a Process applies a protocol, giving values for the defined parameters. A one-to-one mapping
may be appropriate, because a protocol is applied exactly once in an experiment. However, it may
be possible that multiple processes correspond to a single protocol. The system however, does not
model this relationship. As a result, the generated representations may lack the expected level of
informational details for the experimental workflow. An example of this is given in Figure 4.6

Third, as shown in Figure 4.4, the system is able to identify and instantiate a majority of the expected
ISA entities. However, the quality of these representations varies. In many cases, the most essential
information is captured correctly, but is accompanied by additional irrelevant details, which for example
read like the underlying LLM reasoning about its own execution strategy. This can be seen in Figure
4.5. Part of the description includes content which is irrelevant for the description of the protocol (‘Exact
exposure times and numerical parameters are not defined in this Protocol and will be specified at ex-
ecution time in corresponding Processes. The protocol is intended for the current Study/Investigation
and will be referenced by subsequent Processes’). Another example of sufficient but clearly suboptimal
representation is given by a material entity extracted from notebook N1, given in Figure D.1 in Appendix
D. While the material and its function are represented, the characteristics of the material include un-
necessary details such as a description, protocol references, completeness flag and provenance notes.
These concepts do not need to be modelled according to the ISA framework and although they are not
incorrect, could be considered irrelevant.

Fourth, the ISA framework defines experimental factors as independent variables manipulated by the
experimentalist to affect biological systems in a measurable way [21]. The system generally succeeds
in identifying the key factors under investigation. At the same time, it tends to identify additional factors
that, while relevant to the experimental context, do not strictly conform to this definition. For example,
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High-level description notebook N7
The lab notebook describes the preparation of treatment plates using four materials. Ten treatments
are prepared, each using a different amount for each of the four materials.

Possible ISA modelling
This setup can be represented using a single Protocol defining parameters for the four components,
combined with ten separate Process instances, each corresponding to a specific combination of
parameter values.

System output
The extracted ISA defines one Protocol for plate preparation, but generates only a single corresponding
Process. As a result, the nine additional treatment plate configurations are not represented.

Figure 4.6: Example of relationships modelled between extracted protocols and processes from notebook N7.

lab notebook N2 studies the flowering of Arabidopsis thaliana under four different drought conditions.
Plants are grown under identical conditions, except for differences in watering treatments. The system
correctly identifies the drought treatment as an experimental factor. However, it additionally identifies
as factors to be: the genotype of the plant, the position in the growth cabinet, the nutrients applied and
light, temperature and humidity conditions. While these variables influence plant growth, they are kept
constant across all treatment groups and therefore do not constitute experimental factors according to
the ISA definition. This example illustrates that the system does not fully distinguish between controlled
variables and manipulated experimental factors.

Finally, it was observed that the system generates more detailed protocol descriptions than those explic-
itly present in the lab notebook, requiring the specification of parameters that were previously implicit.
For example, in lab notebook N6, the preparation of drought plates for growing Arabidopsis thaliana
includes an autoclaving step. While the notebook mentions autoclaving as a sterilisation process, it
does not specify the conditions under which it is performed (temperature, duration). In contrast, the
extracted protocol introduces standard autoclaving conditions and represents them as a parameter to
be filled by a corresponding process application. The full lab notebook excerpt and corresponding
extracted protocol can be found in Figure D.2 in Appendix D.



5
Discussion

This chapter discusses the designs and interprets the findings presented in Chapter 4 in relation to
the research questions and broader objectives of this thesis. Section 5.1 reflects on the insights ob-
tained from the prototyping process and formulates hypotheses to explain the observed patterns (RQ1).
Section 5.2 examines the strengths and limitations of the proposed rubric-based evaluation framework
(RQ2). Section 5.3 analyses the extraction performance of the prototype system developed for the fea-
sibility study and discusses its implications for the viability of ISA extraction using multi-agent systems
(RQ3). It further identifies failure modes of the prototype and considers how these inform future system
design. In addition, it addresses limitations of the feasibility study setup.

5.1. Agentic design insights
Prototyping a multi-agent system for ISA extraction yielded several insights that suggest design impli-
cations, as presented in Section 4.1.1. While the primary objective of generating these insights was to
inform the development of the prototype used to address RQ3, the insights can be informative for future
system iterations as well. This section analyses each insight and formulates hypotheses to explain the
observed behaviours.

First, a monolithic approach was observed to be structurally unstable, leading to the design implica-
tion that structured output is required. This instability is hypothesised to arise from the difficulty large
language models experience in maintaining global structural consistency across iterative modifications
and across large outputs. When adjustments are made to one part of the structure, constraints in other
parts are not reliably preserved. As a result, ISA generation may constitute a structurally complex task
that is difficult to perform without explicit output constraints.

Second, increased agent autonomy was observed to result in drift during task execution, suggesting
that explicit task decomposition and agent profiling may improve ISA extraction performance. One pos-
sible explanation is that the used large language models have limited capacity for long-term planning
and task decomposition. Alternatively, the observed drift may be attributed to insufficient feedback
mechanisms, preventing agents from effectively correcting errors during execution. Another explana-
tion might be that the given prompts were too unclear, so that the task was not properly specified,
resulting in execution drift by agents.

Third, failures were observed when agents were required to infer ISA structure and instantiate corre-
sponding ISA entities within a single step. This suggests that ISA extraction benefits from decomposi-
tion into two stages: conceptual modelling of the ISA experimental workflow and instantiation of entities.
A possible explanation is that the reasoning required to perform both steps simultaneously exceeds the
capabilities of the models used during prototyping, particularly when consistency with a global concep-
tual model must be maintained. ISA mapping may require global reasoning prior to entity instantiation,
and separating these tasks may better align with the models capabilities.

Finally, instability in the construction of ISA models was observed, with identical notebooks leading to
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different conceptual ISA representations. This is hypothesised to result from the inherent flexibility of
the ISA framework. Given that human modellers may represent the same experiment in different valid
ways, variability across runs of multi-agent systems is not unexpected. If a more standardizedmodelling
approach is desired, future systemsmay explore incorporating stronger guidelines to constrain how ISA
representations are constructed.

These findings should be interpreted with appropriate caution. The behaviour and outputs of multi-agent
systems are influenced by numerous factors, including coordination strategies, tooling, prompting, and
specific models used. Consequently, no claims are made regarding the universality of the observed
insights. Establishing their general validity would require controlled experimentation in which such
factors are systematically varied. Furthermore, as prototyping is inherently exploratory, alternative
design choices may have led to different observations. The insights presented here primarily support
the development of the prototype for the feasibility study (RQ3), while also contributing an empirical
perspective to the literature on multi-agent system design.

5.2. Addressing the evaluation gap
To address the challenge of evaluating the extraction performance of an ISA extraction system, a rubric-
based evaluation framework was developed. This section first highlights its contributions and imple-
mented design principles, after which limitations and future directions for ISA extraction evaluation will
be discussed.

5.2.1. Contributions and design rationale
Beyond formalising extraction performance, the framework contributes a structuredmeans of character-
ising inherent experiment complexity. Because experiment complexity directly influences the difficulty
of the extraction task, measuring it enables interpretation of system performance relative to task diffi-
culty.

Rather than evaluating quality dimensions independently, the framework adopts a holistic scoring ap-
proach at the level of each evaluation unit. Evaluators are guided to consider aspects such as accuracy,
completeness, relevance, conciseness and modelling logic jointly when assigning scores. This design
reflects the interdependent nature of these aspects in ISA metadata and simplifies the evaluation pro-
cedure.

An important advantage of this holistic approach is that it accommodates the inherent flexibility of the
ISA model. As discussed in Section 2.1, the same experiment may be represented in multiple valid
ways, making it inappropriate to enforce a single gold-standard representation. The rubric takes this
into account by evaluating whether the extracted metadata captures all information required to interpret
the experiment using appropriate ISA entities in a meaningful manner, rather than whether it matches
a specific structural configuration. For example, a system is not penalised for modelling a sequence
of experimental steps as a single protocol rather than several smaller ones; instead, the evaluator can
adjusts the scope of the protocol and assesses the adequacy of the representation. This allows the
framework to evaluate the semantic adequacy of ISA extractions rather than strict structural similarity.

The framework also supports partial correctness, reflecting that partially correctly represented ISA en-
tities may still provide substantial value to users. Even when an object is incomplete or imperfectly
modelled, a structured baseline representation can reduce cognitive load for researchers constructing
metadata for their experiments compared to reconstructing the experiment from scratch.

Additionally, the framework ensures a fair evaluation through both scoring and weighting of ISA entities
relative to the reference lab notebook. Evaluators assess only the information that is present in the lab
notebook, and the maximum obtainable score for an ISA component depends on how much relevant
information the document provides. This design decision contributes to evaluating the system fairly,
while ensuring comparability across systems. When multiple systems are evaluated on the same lab
notebook, their scores become directly comparable, as they are judged against an identical baseline.

Furthermore, the rubric allows for fine-grained evaluation of various ISA components by evaluating
metadata at the level of individual evaluation units, which could be individual fields or larger entities
within the major Investigation, Study, and Assay objects. Entities within the Study that may occur
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multiple times, such as protocol, processes and materials are also individually assessed. This supports
the design principles of granularity.

Finally, the evaluation procedure is structured as a sequence of small, repeatable decisions, reducing
cognitive load for evaluators by structuring evaluation into smaller, localised holistic assessments per
evaluation unit. Evaluators first determine whether relevant information is present in the reference
notebook and then assess how well it is represented in the extracted metadata. This makes usage of
the framework relatively straight forward and supports inter-rater consistency, as breaking the task into
smaller decisions reduces ambiguity and variability in interpretation.

5.2.2. Trade-offs and limitations
While the framework offers several advantages, its design choices introduce several methodological
trade-offs and limitations. First, although the rubric is designed to support inter-rater consistency, its
actual inter-rater reliability has not yet been established. Aswith any subjective task, evaluatorsmay dis-
agree, particularly when assigning scores within broad percentage ranges (e.g., 70–100% for “good”).
A follow-up study is required to quantify inter-annotator agreement. Until such validation is performed,
extraction scores should be interpreted cautiously, and only substantial differences should be con-
sidered indicative of meaningful performance differences. This limitation affects the comparability of
results across systems or studies, as differences in evaluator judgment may introduce variance that is
unrelated to system performance.

Second, the framework aggregates multiple aspects of extraction quality, such as accuracy, complete-
ness, conciseness, relevance and modelling logic, into a single performance score per evaluation unit.
This design choice is explainable in this development stage, as establishing all relevant quality dimen-
sions might have proven difficult a priori to the feasibility study. Additionally, while this design choice
simplifies the evaluation process and supports consistent scoring in the presence of interdependent
criteria, it reduces diagnostic granularity, making it difficult to distinguish between different types of
extraction errors. As a result, additional qualitative analysis is required to identify specific weaknesses
in system behaviour. This suggests that future versions of the framework could benefit from explicitly
separating evaluation dimensions.

Third, the evaluation process depends on the evaluator’s ability to interpret the reference notebook and
to conceptualise plausible ISA representations of the described experiment. This may be challenging
for evaluators with limited familiarity with ISA. Although the rubric includes guidelines for each evalu-
ation unit, some degree of domain knowledge remains necessary. Because the framework relies on
expert interpretation of both the reference notebook and the extracted metadata, the evaluation pro-
cess is inherently interpretive. This introduces a degree of subjectivity into scoring. However, this is
not a limitation of the framework alone, but a consequence of the ISA modelling task itself, where no
single ground truth can be defined.

Fourth, while the rubric defines standard point allocations for each entity type and allows adjustments
when more or less information should be represented than expected, the underlying point distribution
remains somewhat arbitrary. Alternative weighting schemes may be equally defensible and could lead
to different complexity scores. Because of this, the resulting scores may not be directly comparable
across evaluations.

Fifth, the evaluation procedure requires manual assessment at the level of individual ISA entities. Al-
though this enables fine-grained evaluation, it alsomakes the framework labour-intensive and difficult to
scale to larger notebooks. This limits its applicability in settings were large-scale evaluation is required.

Finally, although the framework measures extraction performance and experiment complexity, it does
not address the interpretability of the lab notebook. Lab notebook interpretability would represent the
extent to which the lab notebook describes an experiment in a clear and interpretable manner. As
explained in Section 2.2, lab notebooks may in general not be clearly interpretable. Additionally, this
may differ strongly per notebook. This makes notebook interpretability a distinct factor influencing
extraction difficulty, and its omission limits the framework’s ability to fully characterise task complexity.
Incorporating this factor remains a direction for future work. Several other limitations discussed in this
section suggest directions for future work as well. These suggestions will be described in Section 6.2.
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5.3. Feasibility analysis
Table 4.2 reports extraction performance scores between 46% and 60% for the evaluated lab note-
books, indicating overall sufficient extraction performance, except for notebook N5. This is observed
despite variation in experiment complexity across notebooks. These results suggest that, on average,
sufficient ISA representations for the various parts of the experiment are extracted. However, Figure 4.4
suggests large performance differences per ISA evaluation unit. A substantial number (20%) of units
were identified in the source lab notebook, but are missing from the extracted metadata entirely, mean-
ing that essential information is not captured by the metadata. While 41% of entities are represented
well. Overall, this means that with the current combination of the prototype, LLMs and lab notebooks
used, extracting ISA metadata without missing or insufficiently representing substantial parts of the
information, is not yet possible without supervision.

The following sections will firstly analyse these results and identify the different failure modes of the
prototype in Section 5.3.1. Section 5.3.2 will synthesise the results into broader insights into the task
of ISA extraction and its feasibility with multi-agent systems. Finally, Section 5.3.3 will describe the
limitations of the performed feasibility study.

5.3.1. Failure modes
Two primary sources of error can be distinguished to contribute to the observed performance. First,
as shown in Figure 4.4, extraction performance is significantly reduced by a large number of missing
protocols, materials, and processes. These entities are identified as inherent to the lab notebook, but
are not included in the metadata extracted from the notebook. These omissions indicate failures not in
local extraction but in the system’s ability to construct a coherent conceptual model of the experiment.
For example, notebook N5, which achieved an extraction score of 46%, fails to model all process
entities inherent to the experiment. This modelling failure leads to substantial loss of performance
points obtained.

Second, objects evaluated as ‘sufficient’ or ‘insufficient’ reflect representation errors occurring during
the task execution steps. In these cases, created objects might lack essential information required for
interpretation, represent information partially inaccurate or in way which makes it difficult to interpret
(see Section 4.3.1). Such representation errors further reduce extraction performance. Additionally,
performance may be negatively affected when objects contain excessive irrelevant information. Even
when the required information is present and the object is graded as ‘good’, a small number of points
may still be lost due to a lack of conciseness.

Further analysis of Figure 4.4 indicates that the prototype performs worst on sample and process en-
tities. This suggests that both the conceptual modelling and representation of these entity types are
particularly challenging. According to the ISA specification, a sample object is a material which is de-
rived from a source material through a sampling process. While a process represents an application of
a protocol to some input material to produce some output. A hypothesis would be that these concepts
are more difficult to model than other ISA concepts. These concepts require reasoning about deriva-
tion, chronology, and protocol application tasks that are more demanding than identifying stand-alone
entities.

Given that a substantial portion of the performance loss is attributable to missing entities, improvements
to the conceptual modelling step are likely to yield the largest gains in extraction performance. Enhanc-
ing how the prototype constructs the initial ISA model, therefore, represents a key direction for future
work.

5.3.2. Implications for feasibility
The feasibility study provides the first empirical reference point for fully automated ISA extraction from
unstructured lab notebooks. The observed extraction performance of 46-60%, therefore, does not
indicate whether the prototype performs well or poorly in absolute terms; instead, it establishes an
initial benchmark against which future systems can be compared.

The results highlight that ISA extraction is inherently challenging due to characteristics of both the ISA
framework and lab notebooks themselves. ISA is intentionally flexible and allows multiple valid repre-
sentations of the same experiment. This flexibility introduces conceptual instability: different modelling
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choices can lead to different sets of ISA entities, even when based on the same underlying experiment.
As a result, determining which entities should be modelled is not a deterministic task.

In addition, lab notebooks are personal and often ambiguous documents. They may omit context, use
shorthand, or assume knowledge that is not explicitly stated. In several cases, even the evaluator
found it difficult to determine the intended experimental workflow. These characteristics impose an
upper bound on the quality with which metadata can be extracted by any automated system. However,
if metadata extraction from lab notebooks becomes an integral part of scientists’ workflows, scientists
have an incentive to produce lab notebooks which are more interpretable by people other than the
scientists themselves, and consequently also more interpretable for multi-agent systems.

The failure modes discussed in Section 5.3.1 indicate that fully automated ISA extraction, without parts
of the metadata missing or insufficiently represented is not yet feasible with the current combination
of prototype, LLMs and lab notebooks used. Omissions and representation errors prevent reliable
end-to-end automation, where complete, accurate and relevant metadata is extracted without human
intervention. However, 41% of the experimental information is captured well, meaning that the current
feasibility setup can provide a meaningful starting point for researchers developing their own metadata.
Researchers could use the current setup to extract metadata from their lab notebooks, after which they
would need to adjust the extracted metadata to complete omitted information or correct errors. When
researchers previously developed metadata for their experiments from scratch, this can already be
considered a benefit to them.

Furthermore, the results of the feasibility study reveal where progress towards more reliable ISA ex-
traction systems is most likely to come from: improving conceptual modelling and incorporating mecha-
nisms for resolving ambiguity. More robust multi-agent system designs may prove better performance
on this task. However, human-in-the-loop workflows appear to be the most realistic path forward. Given
the inherent flexibility of ISA and the ambiguity of lab notebooks, achieving a satisfactory ISA represen-
tation will likely require human collaboration in ISA modelling choices. Section 6 explores these ideas
further and outlines concrete directions for advancing both the conceptual modelling and system design
components of future ISA extraction systems.

5.3.3. Study limitations
The experimental setup used to evaluate the prototype has several limitations. First, the system was
executed only once per lab notebook. Due to the inherently non-deterministic nature of large lan-
guage models, different runs are expected to produce different results. Evaluating performance across
multiple runs and reporting average scores would provide a more reliable assessment of extraction
performance.

Second, due to resource constraints only seven lab notebooks were evaluated using this study, which
is a limited sample size. Additionally, different models were used across the evaluated lab notebooks.
And so, differences in model capacity may have influenced extraction quality between notebooks. How-
ever, the results show similar feasibility results across the two model versions. As the focus of the study
is feasibility and not model benchmarking, this model variation does not undermine the central conclu-
sions of this work. Future work should investigate which model variants are most appropriate for ISA
extraction, including considerations of cost, latency, and the practical constraints faced by scientific
practitioners.

Third, the evaluation procedure was conducted by a single evaluator who was not an expert in ISA
metadata creation. Relying on a single evaluator introduces subjectivity as to what constitutes as a
‘good’, ‘sufficient’ or ‘insufficient’ metadata representation and limits the reliability of the assessment.
While consistency was promoted through a pilot study and the use of predefined guidelines, the ab-
sence of multiple evaluators prevents the assessment of inter-annotator agreement. The evaluator’s
lack of expertise was mitigated as much as possible through exposure to example ISA representations.

Finally, the measurement of experiment complexity based on ISA entities introduces inherent ambigu-
ity. The ISA framework allows multiple valid representations of the same experiment, meaning that the
number and granularity of entities are not uniquely defined. This makes grounding experiment com-
plexity in ISA entities a suboptimal way to formalise this measure. To mitigate this issue as much as
possible, point weights were adjusted when objects deviated significantly in size from typical instances,
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ensuring that complexity reflects information content rather than entity count. Moreover, all valid ISA
representations must capture the same underlying experimental information, which supports the use
of this approach as a consistent approximation of experiment complexity.



6
Future Work

Future work can extend this research in several directions. First, approaches for improving the perfor-
mance of ISA extraction systems are discussed in Section 6.1. Subsequently, directions are considered
to enhance the evaluation of such systems in Section 6.2.

6.1. Towards operational ISA extraction
The implemented prototype exhibits limitations in its ability to construct accurate conceptual represen-
tations of ISA metadata from lab notebooks. In particular, errors in conceptual modelling often result in
missing entities or entities that lack essential information. A primary direction for future work is there-
fore the incorporation of more advanced mechanisms for reasoning about the global structure of ISA
representations.

Twomain approaches can be identified. The first is the exploration of more advanced agentic strategies,
in which multiple agents collaboratively construct a conceptual ISA model. For example, agents could
engage in iterative refinement or debate-based interactions to converge on an improved representation.
The second approach is to introduce a human-in-the-loop component into the conceptual modelling
stage. In this setting, the system and the researcher collaboratively define a conceptual ISA contract
that guides subsequent extraction steps. The conceptual modelling agent could, for example, generate
one or more initial representations, after which the researcher selects and refines the most appropriate
option.

Given the inherently subjective nature of ISA modelling, a human-in-the-loop approach may be partic-
ularly suitable. Such an approach also enables support for users with limited familiarity with the ISA
framework. For instance, a dedicated ISA expert agent could assist users by answering ISA-specific
questions, such as clarifying the role of parameters within ISA protocols or explaining the function of
different ISA entity types.

A second direction for improving extraction performance lies in strengthening evaluation mechanisms
within the system’s execution loop. For example, intermediate outputs could be assessed and improved
upon by a dedicated evaluation agent after each task is completed. Alternatively, evaluation could be
transformed into a human-in-the-loop process as well, in which users are prompted to review and, if
necessary, revise ISA entities as they are extracted. Presenting entities incrementally during execution
may reduce cognitive load and encourage active user engagement, thereby improving overall metadata
quality.

From a technical perspective, the current prototype leaves several implementation components re-
quired for a more complete system to future work. In particular, the current prototype lacks an ontology
integration module, which would enable the grounding of extracted entities in controlled vocabular-
ies. Furthermore, the process of connecting individual ISA entities into a coherent experimental graph
workflow is not yet fully automated and requires a dedicated module for relationship construction. Ad-
dressing these limitations would move the prototype closer to a fully operational ISA extraction pipeline
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and enhance the structural validity of the extracted metadata.

To illustrate how these improvements could be integrated into a unified system, Figure 6.1 presents
a conceptual sequence diagram of an extended prototype system. The figure implements both pro-
posed human-in-the-loop components and the to-be-implemented ontology and experimental graph
construction modules.

6.2. Evaluation and workflow integration
With respect to evaluation, future work is needed to strengthen both the reliability and scalability of
the proposed rubric-based evaluation framework. In particular, future research should establish inter-
annotator agreement to assess the consistency and robustness of the evaluation procedure. As dis-
cussed in Section 5.2, the current framework relies on interpretative judgments and has not yet been
validated in terms of inter-rater reliability, making such validation an important next step.

Another key direction for future work is to improve the scalability of the evaluation process. The current
framework relies on manual expert annotation, which limits its applicability for larger notebooks or re-
peated evaluations. To address this, future work could build upon the current framework and implement
it as an LLM-as-a-judge task, in which large language models are used to approximate rubric-based
scoring. Such approaches may enable faster and more scalable evaluation. Furthermore, employing
multiple independent LLM judges would make it possible to aggregate scores across judges, poten-
tially improving the robustness of the evaluation by reducing reliance on a single annotator. However,
the validity of such approaches must be carefully assessed against human judgment, and challenges
related to prompt design and quality of model outputs should be taken into account.

Building on improved scalability, another direction for future work is to increase the diagnostic gran-
ularity of the evaluation. As discussed in Section 5.2, the current evaluation framework aggregates
multiple interdependent aspects of extraction quality into a single performance score per evaluation
unit. While this holistic approach supports consistent evaluation in the presence of flexible ISA repre-

Figure 6.1: A sequence diagram showing the workflow of the proposed future iteration of a multi-agent ISA extraction system.
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sentations, it limits the ability to analyse specific system failure modes. Future work could therefore
investigate whether a set of evaluation dimensions can be more explicitly operationalised without sac-
rificing flexibility. As is emergent from the practical experience with the feasibility study, suggestions
for these dimensions could be accuracy, completeness, relevancy, conciseness and ISA modelling
logic. These dimensions could be complemented by a distinction between high-level modelling qual-
ity (e.g., coherence of the workflow and appropriateness of ISA structure) and entity-level correctness
(e.g., correctness of individual entities). Such an extension would enable more fine-grained and ac-
tionable analysis of system behaviour. However, it could also potentially increase evaluation effort, as
evaluators would need to assess multiple criteria per evaluation unit. This reinforces the importance of
developing scalable evaluation approaches, such as LLM-assisted judging, to support more detailed
evaluation procedures.

Additionally, future work may investigate the integration of ISA extraction systems into real-world re-
search workflows. This includes studying how researchers interact with system-extracted metadata,
as well as evaluating whether such systems effectively reduce the burden of metadata creation while
maintaining quality and usability. Insights from such studies are essential to determine the practical
value and adoption potential of agent-based ISA extraction systems.



7
Conclusion

This thesis addresses the research question, ‘How can amulti-agent system be designed and evaluated
for ISA metadata extraction from unstructured lab notebooks and what can a prototype reveal about
the feasibility of this approach in practice?’. This main research question is addressed through three
contributions, addressing three sub-research questions.

The first research question, focusing on the design of a multi-agent system for ISA extraction, is ad-
dressed through a prototypingmethodology which revealed design considerations for the ISA extraction
task. These findings emphasise that ISA extraction is not merely a local information extraction task, but
requires a form of conceptual modelling that requires global reasoning over the notebook as a whole.
The developed multi-agent prototype system provides an instantiation of these design requirements.

The second research question, concerning how ISA extraction can be evaluated, is addressed through
the development of a rubric-based evaluation framework. The evaluation framework contributes a struc-
tured manner for experts to evaluate a performed ISA extraction task, while also providing a manner
to formalise the difficulty of the specific task through expressing the complexity of an experiment. It
contributes a novel approach to evaluate a task that is inherently subjective and provides a foundation
for comparative studies of future iterations of ISA extraction systems. It is encouraged that future work
establishes an inter-rater agreement measure for the framework and investigates turning the framework
and develops future iterations of the framework. For example by turning it into an LLM-as-a-judge task
in order to scale up the evaluation process or by defining explicit quality dimensions instead of using a
holistic judgement.

The third research question, concerning the feasibility of automated ISA extraction, is addressed through
the evaluation of the prototype ISA extraction system on real-world lab notebooks. The results show
that partial automation is achievable, with performance scores ranging from 46% to 60%, and 41%
of the expected ISA entities represented well. As such, the extracted metadata may be valuable in
providing a starting point for researchers developing ISA metadata for their experiments.

However, fully automated ISA extraction without human oversight is not feasible with the used com-
bination of prototype, LLMs and lab notebooks, without parts of the metadata missing or insufficiently
represented. The primary bottleneck lies in the phase of the extraction process where the to be con-
structed ISA workflow is conceptually modelled. As a result, a fully autonomous systemmay be unlikely
to precisely extract the metadata as desired by the data producer without human oversight. This is why
future work is recommended to construct a human-in-the-loop workflow for this part of the extraction
process.

Furthermore, the feasibility study revealed that the interpretability issues of the lab notebooks them-
selves add to the complexity of the task. The ambiguous and personal nature of these documents
makes it hard even for other human experts to evaluate what proper ISA metadata for a performed
experiment would look like. However, once agentic extraction techniques are improved and used in
practice more often to aid in the development of metadata, researchers might have an incentive to
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develop more interpretable lab notebooks.

This work also has several limitations. The evaluation was conducted on a relatively small dataset of
seven notebooks, which limits the generalizability of the results. In addition, the use of a single annota-
tor introduces potential subjectivity in the scoring process. The prototype system was evaluated under
specific configurations and using a single run per notebook, meaning that variability in model output
was not explored. These limitations highlight the need for larger-scale and more rigorous evaluations
of the ISA extraction task in future research.

Despite these limitations, this thesis makes several important contributions. It introduces a structured
evaluationmethodology for ISA extraction and provides empirical insights into the challenges of building
multi-agent systems to automate this task. The developed prototype demonstrates that partial automa-
tion of ISA extraction is feasible, potentially already reducing the efforts researchers have to spend
on metadata construction. Although fully automated extraction remains beyond the capabilities of the
current prototype, the findings indicate promising directions for future work, indicating that the most
effective path forward lies in collaborative systems that combine multi-agent intelligence with human
oversight.



Use of AI

In line with TU Delft publishing policies1, I acknowledge that certain passages of this thesis were
rephrased using OpenAI’s ChatGPT, Microsoft Copilot, or Perplexity. GitHub Copilot was used to as-
sist with code development and the cover of this thesis was generated using Google’s Gemini 3 Flash.
All AI-generated text and code was critically reviewed and verified.

1https://www.tudelft.nl/library/actuele-themas/open-publishing/about/policies
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A
Example lab notebook

Figure A.1 and A.2 together provide an example of what a lab notebook might look like. The notebook
documents an experiment that studies the development of roots and phenotyping characteristics of Ara-
bidopsis thaliana under different drought conditions, either through a drought plate or through different
watering regimes. Although this example is not an actual notebook used in the feasibility study of this
thesis, it is inspired by those that were analysed and reflects the types of challenges encountered in
them.

Dryzotron
Effect of different drought treatments on shoot + root growth. Mannitol induced or different water treat-
ments (100% (mannitol), 80%, 60%, 30%). Nutrients were added regularly.

Started: 12/03
Mickey (middle rack → later more close to door)

Make drought plates
Make standard ½ MS medium. Add the following amount of mannitol:

Autoclave

add PEG according to the amounts in excel to your overlay solution (preferably while it is still >90°C to
prevent contamination).

14/03

soil:
• Use soil from experiment 4b
• Dryzotron pots filled according to protocol established by <name>
• Max SWC was measured by soaking full pots for 24 hours, dripping them for 24 hours and drying
them for ?? nights at 80°C

• MaxSWC = 155% [apparently 140%!]

stratification:
Seeds were sterilised as follows:

• 5 minutes in 80% EtOH
• Rinse 3-4 times with sterile MQ
• Store in fridge for 3 days

Figure A.1: Example lab notebook part 1
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Growth conditions:
• long day conditions (16h light: 3.00 till 19.00, 8h dark)
• 21*C [CHECK!]
• 55% hum [MEASURE!]
• Light intensity –> see lichtmetingingen.docx
• Trays placed in middle rack - later meer richting deur

watering
• First few days 80% were watered to 70%.
• Per tray, 5 pots are weighted to determine tray-evaporation; water lost amount with pipet
• Evaporation data > see excel
• watering on Wednesday and Friday
• water around the plant
• From day 10 onwards, pots are not weighted and watered separately but per tray to minimize
workload

Hi <name>! so you start with 80% rSWC for all containers right? And then from day 7 you let them dry
until you achieved the rSWC you wish to achieve? And then from day 12 to 80% again?

Watering notes

DAG 5
• Pots 1 till ?? have 10 ml too little because decided to water till 80%
• add 5 ml nutrients

DAG 7
• !Less evaporation than thought
• First time pictures

DAG 8
• Dryzotron 1-5 temporarily at shelf next to door

DAG 10
• #322-455 watered at:

– 100% - 99.4 gr
– 79% - 77.3 gr
– 61% - 60.6 gr
– 30% - 29.5 gr

• watering till 9:45

13-M2-links 4&5

After DAG 15, the dryzotron back was openend. After 24 hours, 90, 80, 50 and 20 % soil capacity was
reached and the rhizotrons were closed again.

• Sensors: [SENSOR DATA]
• Dryzotrans were scanned on day 17 and 20
• Score # leaves

Figure A.2: Example lab notebook part 2



B
Baseline ISA entity references for

evaluation framework

This appendix defines baseline ISA entity references used to guide evaluators in assessing experiment
complexity points in lab notebooks. Each baseline gives an example of the information details which
are expected to be found in a lab notebook for a default ISA entity. These baselines serve as reference
points to improve inter-rater consistency of the rubric-based evaluation framework, while preserving
the flexibility of the ISA framework.

Experimental Factors

Plants were grown under four drought conditions: 100%, 75%, 50%, and 25% soil water content.

This fragment defines an experimental variable (soil water content) and its levels. A well-represented
experimental factor should clearly specify the variable under investigation and the distinct conditions
or levels applied. A lab notebook typically only records one experimental factor, though multiple might
be possible. Representing all experimental factors correctly corresponds to seven points.

Source

Arabidopsis thaliana (Col-0) seeds were sown onto the prepared soil.

This fragment introduces the source material for this experiment. Properly extracted metadata repre-
sents both the plant species and the specific genotype used. A source detailing the presented informa-
tion will be worth three points.

Sample

100 plants were divided among four treatment groups based on water availability (100%, 75%, 50%, 25%)
and labelled as D1–D4.

This text fragment implies that from the source material, four sample materials can be derived, based on
the different treatment groups. Properly constructed metadata will represent from what source material
each sample is derived (which is the same source material in this case), and what treatment condition is
applied. Ideally, it also records how many plants are included in each sample group. Samples detailing
the presented information are by default awarded five complexity points per sample.
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Material

A commercial DNA extraction kit (Qiagen DNeasy Plant Mini Kit) was used for isolating genomic DNA.

This fragment defines a material used in the experiment, including its exact version and role. A well-
represented material should specify all relevant characteristics about the material. Representing a
material entity detailing the presented information correctly corresponds to five points.

Protocol

Seeds were stratified at 4°C in darkness for 3 days to synchronize germination. After stratification, seeds
were sown on soil and transferred to a growth chamber set to 22°C with a 16 h light / 8 h dark photoperiod.
Plants were watered daily to maintain consistent soil moisture levels.

This fragment describes a protocol including its purpose, ordered steps, and parameters. A well-
represented protocol should capture the exact sequence of steps performed. It will also define parame-
ters for the two different temperature settings, duration and light cycle. Protocols are information-dense
and therefore protocols detailing the presented information corresponds to ten points.

Process

Seeds were stratified at 4°C in darkness for 3 days to synchronize germination. After stratification, seeds
were sown on soil and transferred to a growth chamber set to 22°C with a 16 h light / 8 h dark photoperiod.
Plants were watered daily to maintain consistent soil moisture levels.

The same fragment describes a process, which is a specific application of a protocol. A correctly rep-
resented process correctly refers to the corresponding protocol and to materials, sources or samples
used as input or produced as output of the process. It should give the correct values for all parameters
defined by the protocol. Representing a process detailing the presented information corresponds to
ten points.

Assay

Root length wasmeasured using scanned images of the plants. Images were analysed using ImageJ software
to determine total root length per sample.

This fragment describes a measurement performed on samples, including the method and data gen-
eration. A well-represented assay should specify what is measured, on which material, and how the
measurement is performed. Representing an assay detailing the presented information corresponds
to ten points.



C
Supplementary results

Figure C.1: A set of bar charts showing the quality distribution of extracted ISA evaluation units for each notebook individually
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D
Extracted ISA metadata examples

Figure D.1 presents a material extracted from lab notebook N1. It serves as an example of an ISA
entity that is judged as ‘sufficient’, specifically, it was awarded 70% of the obtainable performance
points. The material and its function in the experiment (pots and trays used to grow plants in) are
sufficiently captured, but an unnecessary protocol reference, description, completeness flag and notes
are given as well. Still the material and its purpose can be interpreted.

Figure D.2 provides an example of a protocol extracted from lab notebook N6, accompanied with the
relevant notebook fragment. While the notebook mentions autoclaving as a sterilisation process, it
does not specify the conditions under which this is performed. The extracted protocol introduces stan-
dard autoclaving conditions and presents them as parameters to be filled by a corresponding process
application.

Name: pots and trays (growth containers)
Characteristics:

• category: container type
value: [’pot’,’tray’]

• category: role
value: growth container

• category: description
value: Growth containers used in the experiment. These containers are used with the soil mix (sieved
potsoil #4) and are handled in Cabinet ’Dombo’ (shelf 2). The material is involved in pot filling and
weighing steps. Referenced protocol: Protocol #5.

• category: protocol reference
value: Protocol #5

• category: forward processes
value: [pot filling, weighing]

• category: completeness flag
value: partial; pot/tray dimensions, supplier, tray IDs, and marking procedure missing in source

• category: provenance evidence
value: ”<A specific section of the lab notebook is given here> The retrieved evidence lists soil mix and
cabinet/shelf (Cabinet = Dombo; shelf 2) and procedures in which these containers are used (pot filling
and weighing), but pot/tray specifics (pot volume, pot dimensions, tray IDs), supplier/catalog details,
and any labeling/marking procedure were NOT present in the retrieved source”

• category: notes
value: No pot/tray volume, dimensions, tray ID, supplier, or labeling/marking procedure information
found in source.

Figure D.1: A sufficiently represented material extracted from lab notebook N1
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Notebook excerpt

1/2 MS standard recipe
To make about 1 L of 1/2 MS
2.2 g of Muraskige and Skoog basal salts including vitamins
10 mL of MES buffer pH5.8
Set pH to 5.8
Note: usually, no adjustments are needed if your buffer is correct
Add 10 grams of plant agar to the bottle.
Autoclave.
Mannitol/sorbitol plates
Make standard 1/2 MS medium. Before autoclaving, add the following quantities of mannitol OR sorbitol
(Mw is the same, so concentration is the same too).

Extracted ISA Protocol
Name: Protocol #2: Drought plate preparation (mannitol/sorbitol)
Description: Purpose/Scope: Protocol #2 describing drought plate preparation using 1/2-strength
Murashige and Skoog (MS) basal salts with either mannitol or sorbitol as the osmotic agent.
Procedure steps:
1) Prepare 1/2 MS basal salts solution.
2) Add osmotic agent (mannitol or sorbitol) to achieve the target osmolarity (document the osmolarity
target as a ProtocolParameter if defined).
3) Add agar to render the medium solid, and perform buffering/pH adjustment to a typical target of pH
5.7.
4) Dispense medium into plates and sterilize by autoclaving under standard conditions (e.g., 121 C for
15-20 minutes).
5) Post-autoclave handling: allow cooling to approximately 50 C before adding any heat-labile compo-
nents and pouring plates.
Inputs/Outputs: Inputs = MS basal salts, water, osmotic agent, agar, buffering components; Outputs =
prepared drought plates ready for pouring.
Notes: This Protocol is standalone and ready to be referenced by a Study/Process without requiring
linkage to other Protocols at this time.
Parameter list:

• Parameter: MS basal salts strength (half-strength)
• Parameter: Osmotic agent type (mannitol or sorbitol)
• Parameter: Osmolarity target (mOsm/L)
• Parameter: pH target ( 5.7)
• Parameter: Agar concentration (g/L)
• Parameter: Autoclave conditions (temperature and duration)

Figure D.2: Notebook excerpt from N6 and corresponding extracted ISA protocol
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