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➀
A Short History of Search Engines



Information Retrieval in a Nutshell

❑ A vague request.
Expression of a complex information need: a question, or just a few keywords.

❑ Billions of documents.
Text, images, audio files, videos, . . .

❑ High class imbalance.
Only a tiny fraction of all documents are relevant to the request.

➜ Retrieve relevant documents in milliseconds.

How can a computer's
intelligence be tested?

4 △ © WEBIS 2025



Information Retrieval in a Nutshell

� A vague request.
Expression of a complex information need: a question, or just a few keywords.

� Billions of documents.
Text, images, audio files, videos, . . .

� High class imbalance.
Only a tiny fraction of all documents are relevant to the request.

� Retrieve relevant documents in milliseconds.

Computer
Intelligence

Test
➜➜

How can a computer's
intelligence be tested?

5 � © WEBIS 2025



A Short History of Search Engines
U

se
r

Sy
st

em

Card catalogs Plain text
indexing

Ranked
output

Learning to rank Query log analysisWorld Wide Web

300 BC − 1950 60 70 80 90 2000 10
Conversational UIBoolean searchCard lookup Search box

Direct answers
Web directories

20

LLMTF-IDF

Snippets

Digitization & indexing RelevancePre-digital Answering

• M. Potthast, M. Hagen, B. Stein (2020). The dilemma of the direct answer.

6 △ © WEBIS 2025



A Short History of Search Engines
U

se
r

Sy
st

em

Card catalogs Plain text
indexing

Ranked
output

Learning to rank Query log analysisWorld Wide Web

300 BC − 1950 60 70 80 90 2000 10
Conversational UIBoolean searchCard lookup Search box

Direct answers
Web directories

20

LLMTF-IDF

Snippets

Digitization & indexing RelevancePre-digital Answering

• M. Potthast, M. Hagen, B. Stein (2020). The dilemma of the direct answer.

7 △ © WEBIS 2025



A Short History of Search Engines
U

se
r

Sy
st

em

Card catalogs Plain text
indexing

Ranked
output

Learning to rank Query log analysisWorld Wide Web

300 BC − 1950 60 70 80 90 2000 10
Conversational UIBoolean searchCard lookup Search box

Direct answers
Web directories

20

LLMTF-IDF

Snippets

Digitization & indexing RelevancePre-digital Answering

Search the web using Google

Google Search I'm feeling lucky

©1999 Google Inc.

Weekly Picks

Search Options

Yellow Pages - People Search - City Maps -- News Headlines - Stock Quotes - Sports Scores

Arts - - Humanities, Photography, Architecture, ...

Business and Economy [Xtra!] - - Directory, Investments, Classifieds, ...

Computers and Internet [Xtra!]  - - Internet, WWW, Software, Multimedia, ...

Education - - Universities, K-12, Courses, ...

Entertainment [Xtra!] - - TV, Movies, Music, Magazines, ...

Yahoo! Deutschland

Keyword “telegrams” + multimedia resultsConversational Conversational

• M. Potthast, M. Hagen, B. Stein (2020). The dilemma of the direct answer.

8 � © WEBIS 2025



A Short History of Search Engines
U

se
r

Sy
st

em

Card catalogs Plain text
indexing

Ranked
output

Learning to rank Query log analysisWorld Wide Web

300 BC − 1950 60 70 80 90 2000 10
Conversational UIBoolean searchCard lookup Search box

Direct answers
Web directories

20

LLMTF-IDF

Snippets

Digitization & indexing RelevancePre-digital AnsweringKeyword “telegrams” + multimedia resultsConversational Conversational

Of which kind is the user workload?

Physical Cognitive

Who is doing the job of knowledge organization?

Human (hierarchical & ontological) Machine (associative)

• M. Potthast, M. Hagen, B. Stein (2020). The dilemma of the direct answer.

9 △ © WEBIS 2025



A Short History of Search Engines
U

se
r

Sy
st

em

Card catalogs Plain text
indexing

Ranked
output

Learning to rank Query log analysisWorld Wide Web

300 BC − 1950 60 70 80 90 2000 10
Conversational UIBoolean searchCard lookup Search box

Direct answers
Web directories

20

LLMTF-IDF

Snippets

Digitization & indexing RelevancePre-digital AnsweringKeyword “telegrams” + multimedia resultsConversational Conversational

Of which kind is the user workload?

Physical Cognitive

Who is doing the job of knowledge organization?

Human (hierarchical & ontological) Machine (associative)

Task-based speed-accuracy tradeoff

SpeedAccuracy

What is the user preference?

Peak retrievability

Which fraction is considered from the hypothesis space?

• M. Potthast, M. Hagen, B. Stein (2020). The dilemma of the direct answer.

10 △ © WEBIS 2025



Web Search Architecture

?

Indexing

Retrieval

Storage

11 △ © WEBIS 2025



Web Search Architecture

?

Indexing

Retrieval

Storage

Acquisition

Document
store

Text analysis
d

Indexing
t1

t2

t3

d

Index

12 △ © WEBIS 2025



Web Search Architecture

Indexing

Retrieval

Storage

Acquisition

Document
store

Text analysis
d

Indexing
t1

t2

t3

d

Index

query

Query
analysis q

Retrieval
model

Query
processing

d1
d2
d3...

en.wikipedia.org › wiki › Query
Query - Wikipedia
In general, a query is a form of
questioning, in a line of inquiry.

dictionary.com › browse › query
Query | Dictionary.com
to ask or inquire about: No one
queried his presence.

dictionary.com › browse › query
Query | Dictionary.com
to ask or inquire about: No one
queried his presence.

Snippet
generation

13 � © WEBIS 2025



Web Search Architecture

Indexing

Retrieval

Storage

Fine-tuning

Acquisition

Document
store

Text analysis
d

Indexing
t1

t2

t3

d

Index

query

Query
analysis q

Retrieval
model

Query
processing

d1
d2
d3...

en.wikipedia.org › wiki › Query
Query - Wikipedia
In general, a query is a form of
questioning, in a line of inquiry.

dictionary.com › browse › query
Query | Dictionary.com
to ask or inquire about: No one
queried his presence.

dictionary.com › browse › query
Query | Dictionary.com
to ask or inquire about: No one
queried his presence.

Snippet
generation

Query log

Query
synthesis

query meaning
query definition
query string...

q

Language
model

Relevance
inference

Re-ranking

Pre-training

14 � © WEBIS 2025



Web Search Architecture

Indexing

Retrieval

Storage

Fine-tuning

Acquisition
T crawling
T plain text conversion
T encoding unification

Document
store

Text analysis
T�index terms
T�meta data
T�classification

d
Indexing
T�term weighting
T doc. embedding
T�collection statistics t1

t2

t3

d

Index

query

Query
analysis q

Retrieval
model

Query
processing

d1
d2
d3...

7.9
6.8
6.2...

Snippet
generation

en.wikipedia.org › wiki › Query
Query - Wikipedia
In general, a query is a form of
questioning, in a line of inquiry.

dictionary.com › browse › query
Query | Dictionary.com
to ask or inquire about: No one
queried his presence.

Log
queries, clicks,

dwell times

Query
synthesis

query meaning
query definition
query string...

q

Language
model

Relevance
inference

Re-ranking

Pre-training

Neural
Indexing

Neural
Index

Direct
answer

Self-training

Neural
Retrieval

ChatNoir
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[1] Merriam Webster
[2] Wikipedia
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A statistical language model
is a probability distribution over all possible texts.
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A Short History of Language Models
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Statistical
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A statistical language model
is a probability distribution over all possible texts.

Illustration:

(1) i love my ?

(2) see ... works.
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A Short History of Language Models

1950 1980 1990 2015 2030
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machine translation
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Neural
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Neural machine translation

• recurrent neural networks, RNN
• transformer ➝ attention, positional encoding
• pre-training ➝ BERT, GPT
• reinforcement learning from human feedback

A neural language model
approximates a statistical language model.
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Training Corpora Sources

Wikipedia 11GB Books 21GB
Journals 101GB Reddit 50GB
Common Crawl 570GB

Parameters

175,000,000,000

(175 · 109)

Computing / Training

• 355 years on a single Tesla V100 GPU.
• ≈ 34 days on 1,024 x A100 GPUs.
• $4.6M costs a single training run.

|
y |

GPT-3 [Jun. 2020]
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GPT-3 [Jun. 2020]

↓
� ↓

World Knowledge
What city is in the
northwest corner of Ohio?

Toledo is in the north-
west corner of Ohio.

Common Sense
Why don’t animals have
three legs?

Animals don’t have three
legs because they would
fall over.

Logical Reasoning
If I put a pencil in a box,
then put another pencil in
the box, what is in the
box?

Two pencils.
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+ Learn to follow instructions and to comply with answer policies.
(1) Fine-tuning of GPT-3 to follow instructions: 13,000 popular prompts with hand-written answers.
(2) Training of a reward model: 33,000 prompts with 4-9 answers, ranked from best to worse.
(3) Training of the fine-tuned GPT-3 model from Step (1) to follow the reward policy.

↓
GPT-3.5 (InstructGPT) [Jan. 2022]
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+ Fine-tuning of GPT-3.5 to comply with even stricter guardrails.

↓
ChatGPT [Nov. 2022]
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Retrieval-Augmented Generation

How to satisfy an information need:

Query Query

➜ Convenient, but uncertain veracity

➜

Authoritative, but tedious to analyze
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Retrieval-Augmented Generation

How to satisfy an information need:

Query Query

➜ Convenient, but uncertain veracity

➜

Authoritative, but tedious to analyze

The dilemma of the direct answer: [Potthast et al., 2020]

A user’s choice between convenience and diligence
when using an information retrieval system.
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Retrieval-Augmented Generation
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Retrieval-Augmented Generation

Prompt-level RAG combines existing systems:

DocumentsQueries ��
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The Infinite Index

Prompt-level RAG combines existing systems:

DocumentsQueries ��
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The Library of Babel
[Jorge Luis Borges, 1941]

https://sites.evergreen.edu/politicalshakespeares/wp-content/uploads/sites/226/2015/12/Borges-The-Library-of-Babel.pdf


The Library of Babel
[Jorge Luis Borges, 1941]

� Infinite library with all possible texts from all letter combinations

� The people in it spend their lives searching for meaningful text fragments
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The Library of Babel
[Jorge Luis Borges, 1941]

� Infinite library with all possible texts from all letter combinations

� The people in it spend their lives searching for meaningful text fragments

� When prompted, a language model “retrieves” a relevant text [CHIIR 2023]:

A language model is an infinite index
47 � © WEBIS 2025
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The Infinite Index

Lookup LookupPreprocessing Indexing approach

Inverted index
Document(s)Query Document

identifier(s)
Index

term(s)
term-to-identifier
indexing

[Search Engine Architecture]
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The Infinite Index

Lookup LookupPreprocessing Indexing approach

Inverted index
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Index
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Large language model
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[Search Engine Architecture]

What retrieval model works on an infinite index?
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The Infinite Index [IJCAI 2024]

Prompt Embedding Image
Prompt Engineering

❑ Text-to-image models require users to declare their desired output

❑ For a given seed, a prompt designates precisely one image

❑ The first image generated is usually not satisfactory

❑ Prompt engineering (trial and error) is required to reach the desired result
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The Infinite Index [IJCAI 2024]

Prompt Embedding Image
Manipulation

❑ Text-to-image models require users to declare their desired output

❑ For a given seed, a prompt designates precisely one image

❑ The first image generated is usually not satisfactory

❑ Prompt engineering (trial and error) is required to reach the desired result

❑ We develop a retrieval model that allows users to “surf” embedding space

❑ Prompt embedding manipulation allows targeted retrieval from image space
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.

� ∞ �
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.

; ;

�◦ �
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.

; ;

�◦ �
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.

; ;

� ◦ �
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.

; ;
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.

; ;
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.

; ;
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.

; ;
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.

; ;
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.

; ;
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.

; ;
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.

; ;
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.

; ;
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.

; ;
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.

; ;

� ◦ �

70 △ © WEBIS 2025



The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.

; ;

� ◦ �

95 △ © WEBIS 2025



The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.
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The Infinite Index

Query 1:

Golden treehouse in lush forest with big
glass window and intricate woodwork.

Query 2:

Big treehouse in rain forest with two
floors, green roof, and spiral staircase.

; ;
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The Infinite Index [IJCAI 2024]

Prompt: 
Flying
comic
astronaut.

� A user enters a vague prompt / query and is dissatisfied with the first result.
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The Infinite Index [IJCAI 2024]

...Update by
interpolation

Random variants

Prompt: 
Flying
comic
astronaut.

� A user enters a vague prompt / query and is dissatisfied with the first result.

� Our approach offers a selection of alternatives

� Alternatives are sampled in the “vicinity” of the prompt embedding

� A user selects “interesting” alernative(s)

� The system generates new results by interpolation
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The Infinite Index [IJCAI 2024]

Final

...
...

Initial...Update by
interpolation

Random variants

Prompt: 
Flying
comic
astronaut.

� A user enters a vague prompt / query and is dissatisfied with the first result.

� Our approach offers a selection of alternatives

� Alternatives are sampled in the “vicinity” of the prompt embedding

� A user selects “interesting” alernative(s)

� The system generates new results by interpolation

� In each iteration, the user “surfs” the embedding space

� Selection of liked alternatives gives a sense of direction
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The Infinite Index [IJCAI 2024]

Initial prompt: an ancient golden dagger lying on moss, illuminated by godrays, close up, digital painting, matte 
painting, midjourney, concept art, detailed art, scifiart cinematic painting, magic the Gathering, volumetric light, 
masterpiece, volumetric realistic render, epic scene, 8k, post-production detailed art, scifiart cinematic painting --q 2

Reformulated prompt: a medieval dagger lying on moss, lit by god rays, art by Adrian Smith + Paul 
bonner, magic gathering style, warcraft, blizzard style, hearthstone, fantasy concept art, medieval, 
masterpiece, mystical, witchcraft

+

(2)

(3) (4)

(5) (6) (7)

(1)

(8) (9)

(10)

(11) (12) (13)

(14)
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The Infinite Index [IJCAI 2024] [demo]

2. Image Selection 3. History1. Initialization

Generate

Current
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Take-away messages

❑ Retrieval models are made useful based on human feedback

❑ Language models are made useful based on human feedback, too

❑ Users wish to make vague requests

❑ Prompt engineering resembles declarative retrieval

❑ Retrieval-augmented generation addresses hallucination

❑ New retrieval technologies are required to support image generation

❑ Prompt embedding manipulation may relief

Evaluation is remains a challenge
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