Database Theory

Preamble — VWhat is Database Theory?

Ormatics




What is the “shape” of our data?

| User Sde | Relational, Graph, Text, Semi-
(very minor role in this course) structured XML/JSON/etc), ...
Interpretability of queries. Streaming, distributed, privacy
Natural language to formal query oreserving, ...

anguage.

Question / Query
Jser  ————— —

What longuage can we use
to define the question?

_ogic, Automata, SQL, GQL, Regular
Path Queries, SPARQL, XPATH, GNNSs,

Document Spanners, ...







Query Llanguages

Complexity

How difficult is it to answer
queries in the language?

Can we find smart ways to
avoid the difficulty?

What ki
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When do two queries always
give the same result over

every database?
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Complexity

- Dependence on only the data, only the

guery, both, tradeoffs?

. | intractable, can we identity special
cases for which there are efficient

algorithms?

- Which features of the
cause of higher comp

anguage are the
exity?

— Influence back on language design.
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Figure 1: Syntactic containment of Datalog™ languages. Annota-
tions (non-bold) denote data complexity. All names that do not ex-
plicitly mention Datalog refer to the respective Datalog™ languages.
E.g., “Sticky” refers to “Sticky Datalog™”.

Bellomarini, L., Sallinger, E., & Gottlob, G. (2018).
The Vadalog System: Datalog-based Reasoning for Knowledge Graphs. PVLDB



CXpressivity

. Given two query languages &£ and

< ,. For every query g in &, can we

write a query in £, that always

produces the same outputs as g?

- What kinds of concepts can a query
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Figure 1: Syntactic containment of Datalog™ languages. Annota-
tions (non-bold) denote data complexity. All names that do not ex-
plicitly mention Datalog refer to the respective Datalog™ languages.
E.g., “Sticky” refers to “Sticky Datalog™”.

Bellomarini, L., Sallinger, E., & Gottlob, G. (2018).
The Vadalog System: Datalog-based Reasoning for Knowledge Graphs. PVLDB



Fquivalence

. Say we have two queries g and g’ in the
same query language. Are the outputs
of the two queries the same on every
database?

It there are many equivalent ways to
write the same query, which way is the
most efficient with respect to
evaluation?




Data Models



Data Model Dimensions

‘Shape”

What is the formal descri

of how the data is storec

Common examples:
- Relational

- Graphs

- Semi-structured

- Documents

otion

Availability
How can data be accessed?

N ,
access to data that is not

local induces additional cost.

only gives a
small window into the whole
data at any given time.

Further Complexities

Various additi
have been added o
the other two.

onal r

O
A

tionNs

top of

Data can be stored in some
way that inherently
oreserves privacy.

Data can be probabilistic.



Further Topics

Cleaning up data in @

Data Quality Incompleteness &

Uncertainty

formally justitied way. Parts of data is missing
| | (e.g. NULLSs)
Discovering new data /
expanding on the data Data might not be 100%
currently in the database certain, e.g., data from ML

mode

S Or crowdsourcing.

Data Access

Managing data under
concurrency / transactions.

Indexing structures.



Connections to Other Areas

Complexity Theory

Complexity of

Query Evaluation

Logic Programming

More advanced guery languages
fall into logic programming.

Constraint Satisfaction

Cconstraint Sati

are the same t
Conjunctive Q

sfaction Problems
NINg As

Jeries.

Logic / Model Theory

Fxpressiveness of languages.

Structure of ¢
matters. Homnr

X
S

Graph Theory

ML, Document Span
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This Lecture

The lecture will focus on the relational model.
Very tight connections to logic.

Most commonly studied and relevant for most query languages.

Common in practice (SQL, Logic, Graphs, Datalog, ...).



Time for a break.

Turn to your neighbour: brietly discuss the lecture
Stretch, grab water, reset




Database Theory

General Information

Ormatics

Matthias Lanzinger, 2025



Classes

Language:
All parts of the class are held in English

Time:
FEvery week of term: Tuesday, 11:15 -
13:00

(see TISS in case of uncertainty)

Place:

All classes will be in person in room FAV
FG C (Seminarraum Godel).




Prerequisites

L evel Courses
This course is designed for It is recommended to take
students in master or doctoral anda a
orograms. database course before this
course.

-amiliarity with mathematical
. . can be
notation and proof is assumed.

helpful in parallel to this course.

Helpful Knowledge
- Database basics
- Formal logic

. Intro complexity theory



Selt Assessment

181.140-2024W | Self-Assessment /| Self Assessment Quiz / Vorschau

TEST

v, :
4 Self Assessment Quiz
¢ QUiZ Oon TUWEL course fOr YOU tO jUdge Test Einstellungen Fragen Ergebnisse Fragensammlung Mehr v
your own knowledge on course
orerequisites. Zuriick
o NOt g I’Qded, el’]ti I’e‘y OptiOﬂQ ‘ Frage 1 Which of the following best describes the complexity class NP?
Bisher nicht
. peantwortet (O a. Problems that can be solved in polynomial time by a deterministic T
o Erreichbare
|f YOU are Stl H unsu re’ tO ‘ |< tO me. Punkte: 1,00 (O b. Problems for which a solution can be verified in polynomial time by
::;L?frzn (O c. Problems that cannot be solved by any Turing machine.
L rrage (O d. Problems that can be solved in exponential time by a deterministic
bearbeiten

v1 (neueste)



Communication

+ During & after classes

+ [UWEL

-xercises / Extra material

4 TI1SS (room and time information)

+ 5

ides are on the course homr

https://dbaituwien.ac.at/staff/

Mmlanzing/dbt/

epage


https://dbai.tuwien.ac.at/staff/mlanzing/dbt/
https://dbai.tuwien.ac.at/staff/mlanzing/dbt/

Assessment

Exercise Portfolio

Towards the end of the term you should
submit a portfolio of exercises.

You can pick yourself which exercises
you want to do. Grading depends on
how much you do.

This is sufficient to pass up to grade 2

Other Factors

Presence/participatio
ectures is factored in
grading of portfolios.

N 1N
O

Optional: you can take an

oral exam after the te
improve your grade.

rm to



There are three types of portfolio exercises

Software projects

Implement concepts, algorithms, and practical
applications discussed in the lecture.

Medium sized projects that do not require a lot of
code or complex software engineering. Focus on
transferring the conceptual understanding to practice.




Example — Software Project

Software project to implement
some small version of it.

Important algorithms in
the lecture

llustration of Yannakakis" Algorithm Software Project: Yannakakis’ Algorithm

rel(n) = TP
R(v,2) AS(z,y) AR(y,V) AT(v,y,2)

v y z
s |1 2 1 Objective
.......................................... A Evaluate the following SQL query’ on the provided datasets using Yannakakis algorithm:
1. Assign to each node labeled with /| L B Basic Query
atom AC . . . SELECT COUNT(x) > 1 FROM
(and rename | USTrOhon O YOnnO AKIS A gor”' m postHistory as ph, posts as p, users as u, badges as b
the variab WHERE
b.UserId = u.Id AND
. .OwnerUserId = u.Id AND
We write re D P
rel(n) =T ph.UserId = u.Id AND
............. s RO A 3@y ARG V) AT 7,2) vy |z ph.CreationDate>='2010-07-27 18:08:19' AND
g ; j ph.CreationDate<='2014-09-10 08:22:43' AND
7 1 2 | 1 p.PostTypeld=2
-------------------------------------- 5 g 0
. 2. In a bottom-up traversal: X / \ Implementing | Basic Query | via Yannakakis’ algorithm, and the discussion asked for below is
: update rel(n) to (rel(n)x : v B worth 2 points in total. You may use any programming language or query engine to compute
: . . . the results. But be sure to implement some form of Yannakakis’ algorithm.
) xg | f Yannakakis’ Algorith
where ¢y, ..., C t,j | USTrOTl on o YO NNOKAKIS A gor” m You can find the database to evaluate this query on TUWEL. You do not need to implement a

general system, a specific implementation for this query is sufficient.

children of n
""""""""""""" rel(n)) = TP Also run the query on any system that supports SQL queries and analyse the differences in
R(v,2) A 8(z,9) ARG, v) AT(v, 3, 2) v y|:z performance (time, intermediate result size if you can find it) between the system and your
3 2 implementation.
3 3 4
— i 2 1
5 9 0 x
- 2. Inabottom-up traversal: 2 Extra Challenge - Countlng
update rel(n) to (rel(n)lx X This part of the task is worth another 2 points. However, you might find it more challenging
rel(cl)) X+ & rel(c,) v | v vl 2 : |y than the first part. This will require some thinking out or reading material beyond the lecture. If
113 113 1] 2 you are stuck you can ask for a hint after the lecture.
where ¢y, ..., cyare the 3 | 2 3 | 2 2 | 3
children of n — — s The goal of this project is to compute the results of two simple queries over graph-like databases.
....................................... rel(ny) = RP rel(ny = RP rel(ng) = 5P You will be provided with 5 datasets (tiny, small, medium, large, and xlarge), each consisting

of a single relation of the form:

Edge(a INT, b INT, val INT)

Each row represents a directed edge from node a to node b, with an associated integer payload
val. The dataset files are available here on TUWEL.



There are three types of portfolio exercises

Theory Tasks

-xplore theoretical concepts that were only briefly

covered during the lecture due to time constraints.

Reporting more light-weight. Answer some simp
guestions to demonstrate that you engaged wit
details of the topic at hand.

e

N the



Example — Theory Tasks

Theory task for diving into the details.

INnteresting details that are too much

Exercise: Cauchy—Schwarz and the Triangle Query
for the lecture.

We study the triangle query

WCQO)| for A — Alg 2

Qn = R(A,B), S(B’C)a T(A,C)

The following algorithm that we saw in the lecture evaluates this query via nested loops:

Fora € mR N myT
Algorithm 1: WCOJ Algorithm for Triangle Query

Input: Database D with relations R(A, B), S(B,C), T(A,C)
Output: Q(D)

foreach a €e TARN 74T do
foreach b € (0 4—R) N 7S do
foreach c € m¢(04=uT) N7c(0B=pS) do
‘ output (a,b,c)
end

Forb € nmgo,_,R N ngS
Forc € mpoy_,T N w0545

Output (a, b, ¢)

Note that we can compute X N Yin time O(min (| X |, | Y])).
The tricky part is to bound how often the inner-most loop.
(See Exercise CST)

end
end

I E———
A very instructive analysis of the behaviour of this algorithm can be found in “Hung Ngo,
Worst-Case Optimal Join Algorithms: Techniques, Results, and Open Problems, 2018”; see
arXiv:1803.09930.

Tasks

This exercise is about understanding the proof for Algorithm[I] from Section 2 in the paper linked
above. The core of both questions is to demonstrate that you have understood the argument.

1. Proof <> Algorithm (1pt). In your own words, explain how each application of the
Cauchy—Schwarz inequality in the proof corresponds to bounding the work done by one
level of the loop nest. Be explicit about which terms are controlled at each stage, and how



There are three types of portfolio exercises

Literature Research

- xpand on topics beyond the lecture by diving into the
academic literature.

One or two starting points for your exploration is
orovided. You should get a high-level overview of the
topic and what people are working on.



Fxample — Literature Research

Explore

moaern o

18

VOLU

 OWnN

- advanced develo

OMEeNTS

literature research.

Basics of a topic in the lecture

Literature Research: Tuple-generating Dependencies & Datalog™®

1 Task

This short literature exploration asks you to develop a high-level view of a topic in database

Database Theory

Datalog

on the direction you would like to explore.

theory outside of the main lectures: where it comes from, why it matters, how it is evolving,
and how it connects to concepts from the course. The emphasis is on breadth and synthesis, not
on reproducing technical proofs.

For this sheet, the topic is Datalog+ and Tuple-Generating Dependencies (TGDs). There
are many good places to start with. Here are two interesting possible starting points, depending

e For a general high-level overview, with some focus on possible applications and a broad
overview you could start with Datalog+/-: A Family of Logical Knowledge Representation

and Query Languages for New Applications.

e A large and ongoing theme of research has developed around the theoretical properties
of these formalisms, an interesting starting point is: Taming the Infinite Chase: Query
Answering under Expressive Relational Constraints.

2 Deliverable (about 2 pages)

Submit a concise report (~2 pages, excluding references) that tackles the following questions.

Find and justify key literature Cite at least four important papers and explain for each of

+Th A vrrhivr vr11 vt dAar Fh A A Tt arit Attt Rltid Tt A 44~ 4 A AT A



Portfolio Info

- Xxercises are available from the beginning of the term.

(since this system is new | might add some during the term)

INndividual work — no teams

Answers that are based on work by your

pe graded O. That does not mean you s
each other.

CO

10U

leagues/LLMs wi
d not discuss wit




Portrolio Grading

-ach submitted task gives points. Usually there are 1 - 3
points per problem sheet, depending on how much of the
oroblem you choose to work on.

Your overall grade for the portfolio is determined as follows:

0, 13) 14, 17) 17 20) 20+
Fail Grade 4 Grade 3 Grade 2



Portrolio Grading

't is possible that you do not get awarded points for tasks
that you have submitted!

Most likely reasons:

LLM generated answers

Very wrong answers (if seen as not a serious attempt)
Plagiarism



Portfolio Submission

At the end of term, submit a zip file containing the following:

4+ A single pdf report with the answers for of each submitted tasks.
The problem sheets will specity what is expected.
A TeX template is available on TUWEL.

4+ A folder for each software project containing the code
(in an executable/reproducible way)



Portfolio Submission

On top of the final submission, there will be two mandatory
intermediate supmissions. You need to have at least something by then.

This way you can get feedback earlier and you get an idea of where you
stand in terms of points. Avoids leaving everything to last week.

Can contain work-in-progress notes for feedback and notes.

Intermediate submissions on November 1st and December 14th.



Literature

The following two books are recommended if you would like to supplement the
contents of this lecture:

Abiteboul Vianu, Hull — Foundations of Databases

Arenas, Barcelo, Libkin, Martens, Pieris — Database Theory

(Still in progress but fully usable already for the parts concerning this lecture)
https://github.com/pdm-book/community

More papers related to lecture topics and exercises are available in TUWE



https://github.com/pdm-book/community

