September 2026

.
—

-—
RS
——

CS 839 - FALL 2026 - LECTURE 1

gents for Science

Course Overview

Fred Sala

University of Wisconsin—Madison

-i.-'&l""v i
:' : = ‘:. '. “ . . .>4 .~
3y B

t

V[ -



CS 839 - AIAGENTS FOR SCIENCE

Logistics: Lecture Location

* Tues. & Thurs. - 9:30-10:45 AM
* Mechanical Engineering 1164

» Slides, blackboard, discussion, and in-class activities

We meet in person twice each week.
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Logistics: Enroliment

» Approximately40 students
« Teams of four for activities and projects
* Ten teams, each with a modest shared API budget

The class is designed to include shared experimentation
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Logistics: Instructor

* Fred Sala
* Office: 5514 Morgridge Hall
* Office hours: TBD
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Logistics: Course Resources

1. Course website
schedule, slides, policies, links

2. Slack
all class announcements and questions - link TBD

3. Canvas
assignments, submissions, grades
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Course Content / Schedule

Part| - Sep—Oct 15 instructor lectures
Part Il - Nov-Dec student-led presentations and project
work

We will move from foundation models — agents —
scientific workflows.
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Logistics: Lecture Formats

Two types of class sessions:

Type 1: Lectures Type 2: Paper Presentations

» Mostly slides, some whiteboard » Student-led research discussions

» Brief activities during class » One team introduces the paper; everyone participates
* Questions during lecture and breaks » Presentations dominate the final third

Start with Type 1; conclude the semester with Type 2.
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Logistics: Grading (Tentative)

10% 40% 50%

Assignments Paper presentation Final research project
agent-building exercises presentation and participation graded through a group interview /
discussion

Fred Sala - UW-Madison




CS 839 - Al AGENTS FOR SCIENCE

Class Setup: Reading

No textbook
Research papers and system documentation

Expect one paper before selected classes

Presentations: choose from a list or propose an option

Read skeptically. Separate a compelling demonstration from
evidence of a reliable scientific capability.

Fred Sala - UW-Madison
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Class Setup: Background

More on this at the end of class, but:

Basic ML

» Atthe level of CS 760 or so
» Short review next lecture

This class is partially conceptual and partially technical.

Fred Sala - UW-Madison

Technical components

» Linear algebra

» Calculus

* Probability

» Comfort reading research papers
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Class Setup: Goals

Two goals:

 Become acquainted with how to use large pretrained / language / foundation models as components of agents
» Understand the technical underpinnings of these models—and why agent systems succeed or fail

The object of study is the whole system : model, tools, memory, environment, and feedback.

Fred Sala - UW-Madison
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Class Setup: Goals I

Mini-goals:

Understand research

See the big picture / ML ecosystem

Build intuition around modern ML paradigms

Learn to evaluate claims about autonomy

Fred Sala - UW-Madison
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Lecture 2: From Language Models to Agents

Instruction following,
reasoning models, and agent
loops.

Fred Sala - UW-Madison

.
Reasoning

| L . Traces ‘ LM I Env
Y ) - . -
Observations
Reason Onl
: Y Act Only
Actions
' ' 1
Reasoning
LM Env
Traces |

Observations

ReAct (Reason + Act)

14



CS 839 - AIAGENTS FOR SCIENCE

Lecture 3: Agent Architectures and Frameworks

In . LLM
Query/ Cé“/ Read/
Results Response | Write
Retrieval Memory
Tools

Orchestration, state, control
flow, and debugging.

Fred Sala - UW-Madison
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Lecture 4: Tools, Environments, and Agent—Computer Interfaces

@ SWE-agent Agent-Computer Interface (QEI Computer\

LM-friendly commands B Terminal
</ Navigate repo P Search files
< View files  EPEdit lines E= Filesystem

(EE LM Agent) BB sklearn/

LM-friendly ® examples/
environment feedback [ README.rst

\ 4

Function calling, code
execution, scientific software,

and error recovery.
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Lecture 5: Planning and Task Decomposition

U
-
¢

b Y e ;__+
ReAct, search, reflection, Qo) (oame) (ot oD
Verification, and Iong_horizon (al Inok-Outent [F] Chain aF Thaoaht  [e) Salf Caneistency
tasks.
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Lecture 6: Memory, Context, and Retrieval

LLM Finite Context Window (e.g. 8k tokens)

A
>
Prompt Tokens Completion Tokens
""""""""""""""" - - v
. . wmy O STy et - !
System Instructions ‘Working Context FIFO Queue —»1 | Output Buffer
s QUSRS s A oV ) L S h e 2 : :
Read-Only (static) Read-Write Read-Write
MemGPT System Prompt Write via Functions Write via Queue Manager

T 1

. Function Executor H Queue Manager Recall Storage
Persistent state, RAG,

Read via Functions Read via Functions

prove na nCG, d nd related Write via Functions Write via Queue Manager
techniques.

Fred Sala - UW-Madison

18



CS 839 - AIAGENTS FOR SCIENCE

Lecture 7: Agents for Scientific Literature and Evidence Synthesis

©3 Paper Search 3 Gather Evidence
Sear Pa X
Keywords ) ( (/j%‘ Aéze Top k ie:‘::;:('i_ Scored Filter topm
= @ us;)tc?;teo} Question » chunks (RCS) summaries by score u%tg::o
range P Search 28 & B8
e %% =] am 5iid
[% PaperQA2 Agent
Artifact History
User state state
query il
&==1Tool repsonse
2 @ = Tool request
PR 8 =1Tool response
. . . . = Se— - A ‘
SearCh, C|tat|0n Ver|f|Cat|On, (02 Citations Traversal %;, Generate Answer
ilter score raverse Collec - :
t t. . d r-lhn.t:-.m_;l’.l '- r' pa:” l:A(:t::r:?.I."'? ’leﬁ‘r -h[:-v p“-jy(_”:': Answer
SyS ema IC reVIGWS, an P @ @ L Add ugptda:ge P info summaries answer u%t;:tee
Citation @ & £ i};
research gaps. ® @ = [ = B
= ala
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Lecture 8: Agents for Scientific Coding, Data Analysis, and Simulation

@ Idea Generation Experiment Iteration -=§ Paper Write-Up

| LLMIdeaspian Experiment [ Experiments ] Manuscript

. Innovation Template : Template

T - o [

. [ Text A via

Novelty Check Code A via LLM & aider y
[ Sem. Scholar ] [ LLM & aider J [ Update Plan | ‘ ¥

: l l ..... l o | Manuscript
AnaIySIS COde’ SI!T]U|8’[OFS, . |dea scoring / Experiment Numerical f LLM Paper )
workflow debugging, and : archiving Exec Script Data/Plots | Reviewing
reproducibility. '

Fred Sala - UW-Madison
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Lecture 9: Agents for Hypothesis Generation and Experimental

Design

Hypotheses, experiment

D The module does not use LLMs

a
Input prompt from scientist 1 B The module uses LLMs
Command used by LLM
Coscientist
Google _ 00G :
Search API S = Physical world
hardware
Web searcher GOOGLE — — EXPERIMENT — Automation « Cloud laboratory
" * Liquid handler
Internet «— BROWSE — * Manual
PYTHON DOCUMENTATION experimentation
i ; Docs index
Docker Code A Retrieval and
container ~ submission > Code execution * summarization g:é?f%f::zﬁn
i Performed experiments Searching for ~ Performing Generating ~ Controlling a hquid handler
to validate the agent organic syntheses cross-coupling reactions SLL code for - Using a liquid handler and
online - Optimizing reaction a cloud UV-Vis together
conditions laboratory
c

Heater-shaker

selection, active learning, and

uncertainty.

Fred Sala - UW-Madison

module
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Laptop, accessing
a web server with
deployed Coscientist
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Lecture 10: Auto-Laboratories and Autonomous Experimentation

a “Getting started” Vectorized tutorial
Open source in system prompt and API reference

liquid handling
system < EXPERIMENT > < DOCUMENTATION > [ Docs searcher |

) Planner
UV-Vis plate reader < UWIS — -* PYTHON » [Code execution |

b c

Draw a red cross { Colour every other
using food { row of a 9%96-well
colouring in the man plate with one LA WY R N R
center of LT colour of your
96-well plate, choice. Remember iy e L S .
that for me to
<setup description> = see it, you should PER B N A NN TR
put at least
-
10 pl.
£l A A A A

<setup description>

Draw a 3 x 3 Draw a blue t 11
rectangle using diagonal starting E suN
0 vellow cclour at from lower left -
Robotics, closed-loop s 1okt et G (H1) in the o
the 96-well plate. 96-well plate. -
s . Remember that for Remember that for S - A
experlmentatlon, COStIy me to see it, you mz to s:e it, you EY . B A R
. should put at least should put at FANAS . oA
actions, and approval. o S RN AN
<setup description> <setup description> o’ y i o3 2 o
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Lecture 11: Evaluation and Benchmarks for Scientific Agents

Data Processing (23) Model Development (23) Data Analysis (59) Info Visualization (65)
Feature Engineering (20) Deep Learning (14) Statistical Analysis (9) Data Visualization (45)
Feature Selection (2) Machine Learning (9) Geospatial Analysis (12) Map Visualization (18)
Data Selection (1) Computational Analysis (38) Molecule Visualization (2)
N> A\ ' 1 » Y ‘
\ W ‘» ¥
X \\ %1% . MWW A\ M ANARY
\ “% .. ' q \ { ] ) [ 8 'Ir
\ \_’ﬁ \ \;.\’{ H! . 1] a YA i’
l —~0l) ' At W
I — e =
Scientific validity, baselines, ' —
(2) (b) (¢) (d)

reproducibility, cost, and
discovery.
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Lecture 12: Training and Improving Agents

--------------------------------------------------------------------------------------

Inference Engme _|Prompt / Responses ; LLM Proxy Prompt / Responses |
-@: (e.g., vLLM) @ (LiteLLM based) D ‘openai.chat.
........................................... ; completion()
T Weights Update I Spans | || T
Tasks + Resources | | Tasks + R
Q Algorithm's | == LightningStore [ ks e Eswmes*l @ agl.emit()
%f lteration Loop e T
“@u"/ 1 Trainable Data tool calls, rewards,
;; AGL Core logs, exceptions, User-defined Agent
=1]
< llr)Q Adapter Spans A )
l mal,"rrages AGL Agent Runner & Tracer
i AGL Algorithm ... X 3
Trajectory data, process \ ... (2 agl.Trainer() .. S0
supervision, reinforcement Algorithm —
P _ ’ ] @ Researcher Datasers&.qgem l" Agent Developer
learning, and credit
assignment.
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Lecture 13: Multi-Agent Scientific Discovery
Virtual Lab

Agents ' Immunologist
Title, Expertise, Goal, Role

Machine Learning Specialist

Title, Expertise, Goal, Rok

Principal Investigator | Computational Biologist
Title, Expertise, Goal, Role Title, Expertise, Goal, Role
'~'.'A L

| Human User

Scientific Critic
Title, Expertise, Goal, Rols

'; Response Responsc O"o Crlthue \ Summary y
—_ P Answer

Synthesis & Questions

Team Meeting

a Agenda \ Gu de @ Response

Specialized roles, debate,

0 0 0 Individual Meetin <N
peer review, coordination, ’ g =
and failure.

Response o)Xk
—_— a —e| ANSWET
k2

P O et

Critique
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Lecture 14: Human—Agent Interaction, Safety, and Scientific Integrity

Action

Human LLM Call Environment

. _ Feedback
Oversight, sandboxing,

credentials, evidence, Stop
attribution, and novelty.

Fred Sala - UW-Madison
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Lecture 15: Scientific Case Studies and Open Frontiers

Biology, chemistry, materials,

mathematics, climate, and
new applications.

Fred Sala - UW-Madison
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Levels of Autonomy: From LLMs to Fully Autonomous Agents

S

4 Autonomous

3 Delegate pursues an extended
2 research objective

Collaborate executes bounded

. workflows
1 Assist plans subtasks and asks for

Answer uses tools under close feedback

responds to a scientific direction

question

Autonomy: not a single number. Lots of thigns matter: scope, permissions, duration, oversight.

Fred Sala - UW-Madison 29
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Representative Scientific Agent Systems

ReAct

Coscientist

Al Scientist

Virtual Lab

Fred Sala - UW-Madison

General
Chemistry
ML research

Biomedicine

What it connects Autonomy

Reasoning + actions + observations Short tool-use loops
Literature, code, hardware, optimization Bounded laboratory tasks
|deas, code, experiments, writing, review Long digital workflow

Pl agent, specialist agents, human feedback Collaborative research team

30
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Brief History of LLM Agents

Three historical threads:

1. Agents, planning, and tool use — decades of ideas
2. Pretraining and foundation models — reusable language interface and world knowledge

3. Reasoning + acting with feedback — models embedded in environments

Fred Sala - UW-Madison
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1. Agents Predate Language Models

The old question

Planning and search How should an intelligent system choose
Reinforcement learning actions in an environment?
Robotics and embodied control

The new ingredient

Multi-agent systems .
A broadly capable language model can interpret

goals and interfaces expressed in language.

Software agents and workflow automation

Fred Sala - UW-Madison 33
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2. Where did LLMs come from? (1) Multitask Models

Task Al [Task B| [Task C] Task-
» Given tasks T4, ..., Ty, train a common base with task-specific ~ —f a C specific
"heads’ layers
» Related to transfer learning t
» Usually fixed tasks; limited cross-task data
Shared representation: seed of a general-purpose model. 1 Shared

x layers

Fred Sala - UW-Madison 34
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3. Where did LLMs come from? (2) Pretraining and Fine-tuning

om (YN Pyeo—

; -
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v + '
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-" VA' p—
v - -
* e
. .-' -

Motivation: training from scratch is expensive. T = aES

e Larger datasets
e Larger hardware resources = i

» Larger models

Much of 2010-2015 computer vision scaled to larger CNNs

.
3
—
T
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'
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3. Where did LLMs come from? (2) Pretraining and Fine-tuning

Idea: pretrain a single model on a dataset, then fine-tune it for a
downstream task.

* ImageNet pretraining becomes a standard recipe el et
« Self-supervised learning reduces the need for labels
 The same recipe transfers to language

Fred Sala - UW-Madison
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4. Where did LLMs come from? (3) Word Embeddings

Motivation: deep learning advances—can they be applied

to NLP?
Three areas:

1. General: word embeddings
2. Specific: translation tasks
3. Specific: language modeling tasks

Fred Sala - UW-Madison

Embeddings for arXiv papers (6 ML categories)
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- Machine Learning - Computation and Language
Neural and Evolutionary Computing - Computer Vision and Pattern Recognition
- Learning - Artificial Intelligence
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4. Where did LLMs come from? (3) Word Embeddings

» Learn advanced, structured representations of words
* Input to language-specific networks such as LSTMs

» Word embeddings: GloVe, word2vec, etc.

Issue: static—no context used for words like “bank.”

Fred Sala - UW-Madison

Embeddings for arXiv papers (6 ML categories)
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Neural and Evolutionary Computing - Computer Vision and Pattern Recognition
- Learning - Artificial Intelligence
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4. Where did LLMs come from? (3) Word Embeddings

Forward Language Model Backward Language Mode
Forwar d Bacl | |
Layert e eccaa, Layer 1 )
Solution: contextual word embeddings. : hio hi N\ A \h1o
:®_,[ cail 1 H cal'1 h’_f/: i J Cell Ry 1 Cell Rew 1
* Plug input into a model to obtain a context-dependent R i agy . S ' $
embeddlng Forward @ @ Backwar
. 0 0 er 0 ayer 0 4 4
« Include context in both directions e et et o
. . : aun Moo ren | 0 ;ﬂ\‘-:: b ' \ oo
 ELMo makes contextual representations practical ' ceil® cell 0 o Q&Y
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5. Where did LLMs come from? (4) Transformers

So far: embeddings, contextual or otherwise.

Translation is the critical task.

 Transformers arrive in 2017

e Attention replaces recurrent computation

* The architecture is unusually scalable

Fred Sala - UW-Madison 40
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6. BERT and GPT

Contextual embeddings + Transformer architecture

BERT: pretraining followed by fine-tuning

GPT: autoregressive language modeling

Train on massive text corpora, then adapt through context

At this point, a language model can be a reusable
component inside many systems.

Fred Sala - UW-Madison
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7. Prompts Became Programs

Instruction —5 Demonstrations __, Reasoning — Tools — Memory

state a goal show behavior decompose change the world carry state

Once a model can interpret interfaces expressed in language, adding a tool can add a capability.

Fred Sala - UW-Madison 42
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8. Reasoning Was Connected to Action

Before Agent loop

Generate an action, observe the external result,

Generate an answer from the model’s current context. .
update the plan, and continue.

Thought — Action — Observation — Thought — ...

Fred Sala - UW-Madison
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9. Digital Environments Made Actions Cheap

Web Code Science
Search, browse, retrieve documents. Run experiments, simulations, and Query databases, analyze data,
tests. control instruments.

The environment turns language-model output into observable consequences.

Fred Sala - UW-Madison
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10. Representative Systems

2022 — 2023 — 2024 — 2025

ReAct Coscientist Al Scientist Virtual Lab

The direction is toward longer horizons, more heterogeneous tools, and more consequential environments.

Fred Sala - UW-Madison
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Summary

Modern agents build on old ideas about planning, environments, and feedback

Foundation models provide a reusable language-and-code interface

Prompts, tools, memory, and interaction traces turn models into systems

Scientific agents connect this loop to evidence, experiments, and real-world consequences

Central question for the semester: when does workflow automation become reliable scientific assistance?

Fred Sala - UW-Madison
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Next Two Lectures

2.

From Language Models to Agents

Interface failures, reasoning models, and agent loops.

Fred Sala - UW-Madison

3.

Agent Architectures and Frameworks

Tools, control flow, orchestration, memory, and
debugging.

47
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