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Large Language Models (LLMs)
Text-to-text, translation, code generation

Open hela-cells.tif
from skimage.io import imread

image = imread(“hela-cells.tif”)
English

Python

Neural 
network
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Bio-image Analysis

Biologist
Domain-specialist 

(focused on 
real-world problems)

Computer Scientist
Method + infrastructure specialist 

(algorithm-centered)

Bio-image Analyst
 Generalist →

(data-driven, 
service-oriented)

Kubernetes 
cluster

Many 
computers 

working 
together

Tribolium
castaneum

Flour 
beetle
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Bio-image Analysis

My job …
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Bio-image Analysis using Large-Language Models

My job is changing, since we have ChatGPT

Prompt: 
“Please segment 
the nuclei in the 
blue channel of 

the image”
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Vision language models for counting objects

LLMs were not exactly built for this use-case…

n=1
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Vision language models for counting objects

Prompt: „Analyse the following image by counting the bright blobs. Respond 
with the number only. “ (n=25)

https://haesleinhuepf.github.io/BioImageAnalysis
Notebooks/20c_vision_models/vision_models.html

Nov 
2023

Apr 
2024 May 

2024

https://haesleinhuepf.github.io/BioImageAnalysisNotebooks/20c_vision_models/vision_models.html
https://haesleinhuepf.github.io/BioImageAnalysisNotebooks/20c_vision_models/vision_models.html
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Multi-modal LLMs
Combining image, text and […] data, to gain new [biological] insights.

How many cells

are there?

There are 4 cells.

I just marked their

nuclei.



LLMs for Bio-image Analysis
ScaDS.AI Summer School
Robert Haase @haesleinhuepf
June 25th 2024

9

Bio-image Analysis using Large-Language Models

My job is changing, since we have ChatGPT

Prompt: 
“Please segment 
the nuclei in the 
blue channel of 

the image”
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Large Language Models (LLMs)
Text-to-text, translation, code generation

Open blobs.tif
from skimage.io import imread

image = imread(“blobs.tif”)
English

Python
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Benchmarking LLMs for Bio-image Analysis

How good are LLMs for 
Bio-image Analysis?

Do LLMs 
introduce bias?

What are the limits of 
the LLM technology?

Can LLMs act 
according to good 
scientific practice?

How can we validate 
LLMs for BiA?

How can we validate 
specific LLM output 

without ground truth?

Will we all be 
replaced by AI 
anytime soon?

Is GPT-4o better 
than Claude?Which LLM should I 

pay for?
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Benchmarking LLMs for Bio-image Analysis
Example test-case inspired by HumaEval (Chen et al 2021)

Prompt

Reference 
solution

Unit test 
(excerpt)

We formulated 
57 of such test-

cases (yet)

Chen at al 2021: https://arxiv.org/abs/2107.03374
https://www.biorxiv.org/content/10.1101/2024.04.19.590278v1
https://github.com/haesleinhuepf/human-eval-bia

https://arxiv.org/abs/2107.03374
https://www.biorxiv.org/content/10.1101/2024.04.19.590278v1
https://github.com/haesleinhuepf/human-eval-bia
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Benchmarking LLMs for Bio-image Analysis
Use case: segment the image and measure the average area of objects.

https://www.biorxiv.org/content/10.1101/2024.04.19.590278v1
https://github.com/haesleinhuepf/human-eval-bia

858.04

…

Unit-test pass-rate (n=10):

https://www.biorxiv.org/content/10.1101/2024.04.19.590278v1
https://github.com/haesleinhuepf/human-eval-bia
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Benchmarking LLMs for Bio-image Analysis
Use-case: compute the correlation matrix

https://www.biorxiv.org/content/10.1101/2024.04.19.590278v1
https://github.com/haesleinhuepf/human-eval-bia

Unit-test pass-rate (n=10):

https://www.biorxiv.org/content/10.1101/2024.04.19.590278v1
https://github.com/haesleinhuepf/human-eval-bia
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Benchmarking LLMs for Bio-image Analysis
Use case: Count segmented objects in a folder of segmentation results.

https://www.biorxiv.org/content/10.1101/2024.04.19.590278v1
https://github.com/haesleinhuepf/human-eval-bia
Data Source: https://www.ebi.ac.uk/bioimage-
archive/galleries/S-BIAD634-ai.html

Unit-test pass-rate (n=10):

300
398
368
378
363

https://www.biorxiv.org/content/10.1101/2024.04.19.590278v1
https://github.com/haesleinhuepf/human-eval-bia
https://www.ebi.ac.uk/bioimage-archive/galleries/S-BIAD634-ai.html
https://www.ebi.ac.uk/bioimage-archive/galleries/S-BIAD634-ai.html
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Benchmarking LLMs for Bio-image Analysis

Unit-test pass-rate (n=10)

Statistics / tabular data wrangling

Measurements / feature extraction

Advanced workflows / big data
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Benchmarking LLMs for Bio-image Analysis
Summary: 57 use-cases (yet), 15 LLMs (yet), n=10

https://www.biorxiv.org/content/10.1101/2024.04.19.590278v1
https://github.com/haesleinhuepf/human-eval-bia

https://www.biorxiv.org/content/10.1101/2024.04.19.590278v1
https://github.com/haesleinhuepf/human-eval-bia
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Benchmarking LLMs for Bio-image Analysis
Summary: 57 use-cases (yet), 16 LLMs (yet), n=10

https://github.com/haesleinhuepf/human-eval-bia/pull/66

New: gpt4 
omni

https://github.com/haesleinhuepf/human-eval-bia/pull/66
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Benchmarking LLMs for Bio-image Analysis
Summary: 57 use-cases (yet), 17 LLMs (yet), n=10

https://github.com/haesleinhuepf/human-eval-bia/pull/67

New: 
gemini 1.5 

flash

https://github.com/haesleinhuepf/human-eval-bia/pull/67
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Benchmarking LLMs for Bio-image Analysis
Summary: 57 use-cases (yet), 18 LLMs (yet), n=10

https://github.com/haesleinhuepf/human-eval-bia/pull/69

New: 
claude 3.5 

sonnet!

https://github.com/haesleinhuepf/human-eval-bia/pull/69
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Benchmarking LLMs for Bio-image Analysis

Common error 
messages (n=570)

https://www.biorxiv.org/content/10.1101/2024.04.19.590278v1
https://github.com/haesleinhuepf/human-eval-bia

Halucinating
API?

Forgot import 
statements?

https://www.biorxiv.org/content/10.1101/2024.04.19.590278v1
https://github.com/haesleinhuepf/human-eval-bia
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Benchmarking LLMs for Bio-image Analysis

Common Python 
libraries (n=570)

https://www.biorxiv.org/content/10.1101/2024.04.19.590278v1
https://github.com/haesleinhuepf/human-eval-bia

Do we need a 
BiA-specific LLM?

https://www.biorxiv.org/content/10.1101/2024.04.19.590278v1
https://github.com/haesleinhuepf/human-eval-bia
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Open source Bio-image Analysis assistant: BiA-Bob

• No need to upload 
your [image] data 
(-> privacy)

• Multi-agent / 
-platform capable

• Vision models

• Extensible through 
plugins

• Integrated in Jupyter

https://github.com/haesleinhuepf/bia-bob

https://github.com/haesleinhuepf/bia-bob
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Generating complex code blocks
Use the %%bob … syntax to ask for complex analysis tasks.

https://github.com/haesleinhuepf/bia-
bob/blob/main/demo/basic_demo.ipynb

https://github.com/haesleinhuepf/bia-bob/blob/main/demo/basic_demo.ipynb
https://github.com/haesleinhuepf/bia-bob/blob/main/demo/basic_demo.ipynb
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Generating notebooks
… also great for learning Python

Cropped, licensed CC-BY 4.0 by Matthias Täschner & Robert Haase
https://github.com/ScaDS/Python-training-
2024/blob/main/2_tables_plots/python_weather_analysis.ipynb

https://github.com/ScaDS/Python-training-2024/blob/main/2_tables_plots/python_weather_analysis.ipynb
https://github.com/ScaDS/Python-training-2024/blob/main/2_tables_plots/python_weather_analysis.ipynb


LLMs for Bio-image Analysis
ScaDS.AI Summer School
Robert Haase @haesleinhuepf
June 25th 2024

26

Generating notebooks
… also great for learning Python

Cropped, licensed CC-BY 4.0 by Matthias Täschner & Robert Haase
https://github.com/ScaDS/Python-training-
2024/blob/main/2_tables_plots/python_weather_analysis.ipynb

In these kind of 
tasks, Python and 
ChatGPT are !

https://github.com/ScaDS/Python-training-2024/blob/main/2_tables_plots/python_weather_analysis.ipynb
https://github.com/ScaDS/Python-training-2024/blob/main/2_tables_plots/python_weather_analysis.ipynb
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Generating books
… also great for learning Python

https://github.com/generated-
books/python-basics

100% LLM- 
generated 

content

Costs:
• 1 day of prompt engineering
• $3.90 API usage of Claude 

3.5 Sonnet (Anthropic)

https://github.com/generated-books/python-basics
https://github.com/generated-books/python-basics
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Costs
I consider myself an advanced LLM user. I mostly use services from 
OpenAI / chatGPT. My recent monthly usage:

March: $6 April: $30 

May: $38 June: $16 



LLMs for Bio-image Analysis
ScaDS.AI Summer School
Robert Haase @haesleinhuepf
June 25th 2024

31

Prompt Engineering
Integrating / combining LLMs with other technology

User‘s 
input

Prompt 
Engineering

LLM

Output: 
Respons

e

Prompt 
Engineering

LLM

System 
prompt
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32Visualization cropped from Greg Kamradt, Licensed MIT (modified), 
Source: https://github.com/gkamradt/LLMTest_NeedleInAHaystack

Long contexts

https://github.com/gkamradt/LLMTest_NeedleInAHaystack
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Under the hood: prompt engineering
Context-dependent
system prompt 
considering

• local variables and 
functions

• installed python 
libraries

• chat history

You are a extremely talented bioimage analyst and you use 
Python to solve your tasks ...

## Python specific code snippets
If the user asks for those simple tasks, use these code snippets.

* Load an image file from disc and store it in a variable:
```
from skimage.io import imread
image = imread(filename)
```

## Todos
Answer your response in three sections:

1. Summary: First provide a short summary of the task.
2. Plan: Provide a concise step-by-step plan without any code.
3. Code: Provide the code.

+ your prompt

About 
6500 
tokens 
(words)

…

…
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Chain-of-throught prompting

Demonstrating reasoning steps to the model

Cropped from Wei et al 2022, licensed CC-
BY 4.0 https://arxiv.org/abs/2201.11903 

„Let‘s think this 
step-by-step.“

https://creativecommons.org/licenses/by/4.0/deed.en
https://creativecommons.org/licenses/by/4.0/deed.en
https://arxiv.org/abs/2201.11903
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Chain-of-throught prompting

Example: ChatGPT

„Let‘s think this step-
by-step“ seems part of 

the system-prompt
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Reflection

Iterating over tasks/solutions

Cropped from Shinn et al 2023, licensed CC-BY 
4.0 https://arxiv.org/abs/2303.11366

https://creativecommons.org/licenses/by/4.0/deed.en.
https://creativecommons.org/licenses/by/4.0/deed.en.
https://arxiv.org/abs/2303.11366
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Reflection

Example task: Generate a Jupyter notebook

https://github.com/ScaDS/BIDS-lecture-
2024/blob/main/11a_prompt_engineering/10_
reflection.ipynb

https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11a_prompt_engineering/10_reflection.ipynb
https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11a_prompt_engineering/10_reflection.ipynb
https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11a_prompt_engineering/10_reflection.ipynb
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Reflection

Example task: Generate a Jupyter notebook

https://github.com/ScaDS/BIDS-lecture-
2024/blob/main/11a_prompt_engineering/10_
reflection.ipynb

https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11a_prompt_engineering/10_reflection.ipynb
https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11a_prompt_engineering/10_reflection.ipynb
https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11a_prompt_engineering/10_reflection.ipynb
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Retrieval augmented generation

… the technology behind various chatbots:

https://github.com/haesleinhuepf/
simple-chat-with-docs/

https://github.com/haesleinhuepf/simple-chat-with-docs/
https://github.com/haesleinhuepf/simple-chat-with-docs/
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Query 
encoder

Document index

Retrieval Augmented Generation

Enriching a prompt with relevant context

Document A

Document B

Document C

Document C

Generator 

Prompt
MIPS

Query

Maximum inner 
product search 
(MIPS)

q

x1

x2

x3

x4

Read more: Lewis et al 2020
https://arxiv.org/abs/2005.11401  

https://arxiv.org/abs/2005.11401
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Retrieval Augmented Generation

Embeddings

https://github.com/ScaDS/BIDS-lecture-
2024/blob/main/11c_rag/10_word-
embeddings.ipynb

https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11c_rag/10_word-embeddings.ipynb
https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11c_rag/10_word-embeddings.ipynb
https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11c_rag/10_word-embeddings.ipynb
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Retrieval augmented generation

0. Encode the knowledge base (code snippets)

Embedding, ideally 
permanently stored!

…

https://github.com/ScaDS/BIDS-lecture-
2024/blob/main/11c_rag/20-simple-
rag.ipynb

https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11c_rag/20-simple-rag.ipynb
https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11c_rag/20-simple-rag.ipynb
https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11c_rag/20-simple-rag.ipynb
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Retrieval augmented generation

1. Encode the question

https://github.com/ScaDS/BIDS-lecture-
2024/blob/main/11c_rag/20-simple-
rag.ipynb

https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11c_rag/20-simple-rag.ipynb
https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11c_rag/20-simple-rag.ipynb
https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11c_rag/20-simple-rag.ipynb
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Retrieval augmented generation

2. Identify related code-snippets

https://github.com/ScaDS/BIDS-lecture-
2024/blob/main/11c_rag/20-simple-
rag.ipynb

Sorted by 
distance

https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11c_rag/20-simple-rag.ipynb
https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11c_rag/20-simple-rag.ipynb
https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11c_rag/20-simple-rag.ipynb
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Retrieval augmented generation

3. Generate prompt

https://github.com/ScaDS/BIDS-lecture-
2024/blob/main/11c_rag/20-simple-
rag.ipynb

https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11c_rag/20-simple-rag.ipynb
https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11c_rag/20-simple-rag.ipynb
https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11c_rag/20-simple-rag.ipynb
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https://github.com/ScaDS/BIDS-lecture-
2024/blob/main/11c_rag/20-simple-
rag.ipynb

Retrieval augmented generation

4. Retrieve answer

From our knowledge base

Without 
RAG

https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11c_rag/20-simple-rag.ipynb
https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11c_rag/20-simple-rag.ipynb
https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11c_rag/20-simple-rag.ipynb
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Fine-tuning
Classical prompt-engineering is limited

• Response time 

• Costs 

Fine-tuning a custom, 
domain-specific 
model may help

Pretrained 
LLM

[Domain]-
specific LLM

Fine-tuning

[Domain]-
specific training 

data
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Fine-tuning
Reinforcement learning from human feedback (RLHF)
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Fine-tuning OpenAI‘s gpt-3.5-turbo
• Training data: 

conversations

• In JSON format

https://github.com/ScaDS/BIDS-lecture-
2024/blob/main/11b_fine_tuning/40_fine_tuning.
ipynb

https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11b_fine_tuning/40_fine_tuning.ipynb
https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11b_fine_tuning/40_fine_tuning.ipynb
https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11b_fine_tuning/40_fine_tuning.ipynb
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Fine-tuning OpenAI‘s gpt-3.5-turbo
Training data should include successful general/system prompts

Complex 
general prompt

Complex 
general prompt

Complex 
general prompt

Specific prompt

Specific prompt

Specific prompt

Training 
sample 1

Training 
sample 2

Training 
sample 3

Expensive 
fine-tuning 

through 
repetition

Cheaper inference as 
the general prompt is 
„baked in“ the model

• Inference with fine-tuned model

Read more: 
https://platform.openai.com/docs/guides/fine-
tuning 

Specific prompt

Specific prompt

Specific prompt

https://platform.openai.com/docs/guides/fine-tuning
https://platform.openai.com/docs/guides/fine-tuning
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Fine-tuning OpenAI‘s gpt-3.5-turbo
Upload training data

Start fine-tuning job

Test fine-tuned model
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Fine-tuning OpenAI‘s gpt-3.5-turbo
Upload training data

Start fine-tuning job

Test fine-tuned model
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Fine-tuning OpenAI‘s gpt-3.5-turbo
Upload training data

Start fine-tuning job

Test fine-tuned model
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Prompt engineering decision tree (opinionated)

For deciding between classical prompt engineering, RAG and 
fine-tuning, these questions may provide guidance:

Is your knowledge base …

big data?
frequently 
updated?

small and 
permanent?

Turn it into a prompt RAG RAG

Fine-tune 
a model

Yes Yes Yes

NoNoNo
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Vision Language Models

• Classifying images 

• Describing images 

A picture of a

cat and a

microscope
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Variational Auto-Encoder

Encoder Decoder

“Bottleneck”, 
“Embedding”

O
u

tp
u

t

In
p

u
t µ

σ S
a

m
p

le
r

Grey cat picture source: Ramesh et al. 2021, licensed 
CC-BY 4.0 https://arxiv.org/pdf/2102.12092.pdf

http://creativecommons.org/licenses/by/4.0/
https://arxiv.org/pdf/2102.12092.pdf
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Image classification

Encoder

“Bottleneck”, 
“Embedding”

In
p

u
t Image 

Classification 
Model

„Image of a cat“

„Image of a dog“

Grey cat picture source: Ramesh et al. 2021, licensed 
CC-BY 4.0 https://arxiv.org/pdf/2102.12092.pdf

http://creativecommons.org/licenses/by/4.0/
https://arxiv.org/pdf/2102.12092.pdf
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Image classification -> image describing

Encoder

“Bottleneck”, 
“Embedding”

In
p

u
t Large 

Language
Model

„Image of a cat“

„Image of a 
microscope“

„Image of a dog“

Expanding the list of options 
without retraining is possible 

thanks to LLM technolgy

Grey cat picture source: Ramesh et al. 2021, licensed 
CC-BY 4.0 https://arxiv.org/pdf/2102.12092.pdf

http://creativecommons.org/licenses/by/4.0/
https://arxiv.org/pdf/2102.12092.pdf
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Contrastive Language-Image Pre-Training

„CLIP“ Transformers

Source: Radford et al 2021, License MT
https://arxiv.org/abs/2103.00020 
https://github.com/OpenAI/CLIP 

https://arxiv.org/abs/2103.00020
https://github.com/OpenAI/CLIP
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CLIP-transformers in Python

Using huggingface 
Downloads 

500 MB

https://github.com/ScaDS/BIDS-lecture-
2024/blob/main/13_benchmarking_llms/
10_CLIP_scores.ipynb

…

https://github.com/ScaDS/BIDS-lecture-2024/blob/main/13_benchmarking_llms/10_CLIP_scores.ipynb
https://github.com/ScaDS/BIDS-lecture-2024/blob/main/13_benchmarking_llms/10_CLIP_scores.ipynb
https://github.com/ScaDS/BIDS-lecture-2024/blob/main/13_benchmarking_llms/10_CLIP_scores.ipynb
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Vision language models

Computer
scientist

That 
makes 
sense!

Biologist

That’s 
half 

right!
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Generating notebooks using vision models 

Ask %%bob to generate a Jupyter notebook

https://github.com/haesleinhuepf/bia-
bob/blob/main/demo/generate_notebooks.ipynb

Present Bob an image like this

https://github.com/haesleinhuepf/bia-bob/blob/main/demo/generate_notebooks.ipynb
https://github.com/haesleinhuepf/bia-bob/blob/main/demo/generate_notebooks.ipynb
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Generating notebooks using vision models 

https://github.com/haesleinhuepf/bia-
bob/blob/main/demo/generate_notebooks.ipynb

https://github.com/haesleinhuepf/bia-bob/blob/main/demo/generate_notebooks.ipynb
https://github.com/haesleinhuepf/bia-bob/blob/main/demo/generate_notebooks.ipynb
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Summary & outlook
• LLMs can generate code to analyze 

biological microscopy images

• Open-source benchmarks can help 
targeting further improvement

• Challenges:

• Identify best strategy (fine-
tuning, prompt-engineering, 
RAGs)

• Multi-modal / multi-agent 
approaches

• Introduce good scientific 
practice -> trustworthy AI

How many

cells are

there?

There are 4

cells. I used

this code…



LLMs for Bio-image Analysis
ScaDS.AI Summer School
Robert Haase @haesleinhuepf
June 25th 2024

71

Exercises

Robert Haase

CENTER FOR SCALABLE DATA ANALYTICS 
AND ARTIFICIAL INTELLIGENCE



LLMs for Bio-image Analysis
ScaDS.AI Summer School
Robert Haase @haesleinhuepf
June 25th 2024

72

Exercise: OpenAI API Key
Create an OpenAI API Key (usage may cost money)

https://openai.com/index/openai-api/

1
3

2

4

https://openai.com/index/openai-api/
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Exercise
You can enter the OpenAI API-key like this at the beginning of notebooks:
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Exercise: Store the API key in your environment

Add the OPEN AI API Key to your environment variables

1

2

3

4
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Exercise: ChatBots
Start the chatbot like this:

Stop the chatbot by hitting CTRL+C 
while in the terminal window.

Modify the chatbot‘s instructions to be 
more friendly and explain things well.

https://github.com/ScaDS/BIDS-lecture-
2024/blob/main/06_chatbots/gui.ipynb

https://github.com/ScaDS/BIDS-lecture-2024/blob/main/06_chatbots/gui.ipynb
https://github.com/ScaDS/BIDS-lecture-2024/blob/main/06_chatbots/gui.ipynb
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Exercise: Retrieval augmented generation
Compare generated code for complex tasks

Why does RAG work better / worse in this case?

https://github.com/ScaDS/BIDS-lecture-
2024/blob/main/11c_rag/20-simple-rag.ipynb

https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11c_rag/20-simple-rag.ipynb
https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11c_rag/20-simple-rag.ipynb
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Exercise: Fine-tuning code-generation models

Compare the output of two differently fine-tuned models:
• ft:gpt-3.5-turbo-0125:leipzig-university::9X7PFVgP

ft:gpt-3.5-turbo-0125:leipzig-university::9X7CCzv4 

• Why do they perform differently?

Reach out if you want 
to try this exercise

https://github.com/ScaDS/BIDS-lecture-
2024/blob/main/11b_fine_tuning/40_fine_tuning.ipynb
https://github.com/ScaDS/BIDS-lecture-
2024/blob/main/11b_fine_tuning/50_model_testing.ipynb

https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11b_fine_tuning/40_fine_tuning.ipynb
https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11b_fine_tuning/40_fine_tuning.ipynb
https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11b_fine_tuning/50_model_testing.ipynb
https://github.com/ScaDS/BIDS-lecture-2024/blob/main/11b_fine_tuning/50_model_testing.ipynb
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