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Motivation

Databases are
* the backend of most Software Architectures and SLPs
» Software evolution also triggers the evolution of databases

Database evolution is the continuous change of data

structures /
* inrelational database: ALTER TABLE statements as part of

SQL/DDL standard
* in NoSQL databases (JSON, Graph): evolution methods are

still under development £43 dson
In this talk: 2] Schema ,
Handling of Evolution in the different database management ﬁ;‘
systems E
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Motivation, cont.

In Software Product Lines:
e Variability plays an import role and is the key concept in every subtask

In Relational Databases Management Systems:
* Variability of Databases is not a main concept but is only achieved in a subsequent step

NoSQL database systems:

e are usually schema-less (or can be used without schema)
e allow variability in data

 Methods how to control variability needed

In this talk:
Variability in the different database management
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Structure of this Talk

1. Evolution of Relational Databases

GoA W e

Design vs. Evolution

Capacity and Information Change of Evolution Operations
Single-table and Multi-table Evolution Operations
Schema Matching for deriving Evolution Operations
Evolution Pattern

2. Developing variable relational databases

1.
2.

View concept
Using Views for Evolution

3. Evolution of NoSQL Databases

1.

2.
3.
4

Heterogeneity in NoSQL Databases
Schemas for NoSQL Databases -- Taming variable Non-relational Database
Reverse Engineering: Schema Extraction

Evolution Operations for heterogeneous data all parts with Take-Away

Messages
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1. Database Evolution

"... software aging can, and will occur in all successful products" (pavid parnas, 1994)

*  SPLs have addressed this problem: built-in change
* andin databases?

Definition of Schema Evolution in Databases:

Schema evolution deals with the need to retain current data when database schema changes
are performed. Formally, Schema Evolution is accommodated when a database system facilitates
database schema modification without the loss of existing data ... (John F. Roddick)

Parnas, David. (1994). Software aging. Proceedings - International Conference on Software Engineering, 279-287.
10.1109/1CSE.1994.296790
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1.1. Design of Relational Databases

Database Design

- Database design usually starts with a
C |

conceptual model (Entity-Relationship moon;:,p(tEu,:M) /M 1

Model, UML class diagram)

CREATE TABLE ..

 Rules to translate Entity Relationship Logical model

Models into relations 1
 Internal optimal data storage Physical model T N
(This process is taught in each DB1 lecture and is \ Version 1 /

frequently used in practice.)

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025 6



R Prof. Dr.-Ing. habil. Meike Klettke
Lehrstuhl fir Data Engineering
Universitit Regensburg FAKULTAT FUR INFORMATIK UND DATA SCIENCE

1.1. Database Design and Database Evolution in Theory

Database Design Database Evolution

lCREATE TABLE .. l 1
l l l [ 1

[ 1 ALTER TABLE .. [ [ 1 ALTER TABLE .. 1

— —

! i !

k Version 1 / \ Version 2 / k Version n j

>

~N

l
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1.1. Database Design and Database Evolution in Practice

Database Design Database Evolution

~N

KCI—O—E

lCREATE TABLE ...
[ [ [ | ALTER TABLE...[ [ | [ | \ ALTER TABLE.../ [ | [ | \

! i !

\ Version 1 / k Version 2 / K Version n j

>
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1.1. Schema Evolution of Relational Database

In relational database systems:

e operations to extend or modify relations and database constraints

* specify the operations on the logical level

» standardized in the Data Definition Language (SQL/DDL) for relational databases
‘ in all database management systems available in similar form

The evolution operations change Data always fulfil the schema constraints:

* the schema (also in the database catalogues) « defined structure (attribute names, data types,
* the data values accordingly not null constraints) and
* semantic constraints (key, foreign key)

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025 9
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1.1. Schema Evolution of Relational Database

Evolution Operations for:
» Attributes (add column, ALTER TABLE table_name ..

rename, change column .. ADD COLUMN column_name column_definition
definition, drop .. ALTER COLUMN column_name column_definition
column) .. RENAME COLUMN column_name TO new_column_name

.. DROP COLUMN column_name

 Constraints (add or ALTER TABLE table_name ..

change constraints) .. ADD CONSTRAINT constraint_name UNIQUE(attribute(s))
.. ADD FOREIGN KEY (attribute)

REFERENCES table_name(attribute_name)
.. DROP CONSTRAINT constraint_name

 Tables (rename tables) ALTER TABLE table_name RENAME TO new_table_name

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025 10
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1.2. Characteristics of Evolution Operations

Evolution Operations change: ~ Schema Level: Data Level:

* the capacity of a database capacity extending information extending
(ability to store data) and

 the information content of a

database capacity preserving information preserving
Evolution operations that are : : : : :
] ) ) capacity reducing information reducing
information preserving
uarantee
& capacity changing information changing

e old versions can be kept in the
databases without changes
e forward compatibility

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025 11
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1.3. Single-table and Multi-table Evolution Operations

- Single-table Evolution Operations:

- add

* delete part of the SQL/DDL standard (and available in all systems)
- rename

« change

« Multi-table Evolution Operations:

- split

- merge need additional data migration scripts or transactions
* move consisting of several transformation steps

+  copy

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025 12
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= = = Schema Level: Data Level:
1.3. Relational Evolution Operations - , A |
Si n Ie table O erations [ capacity extending ] ~| information extendlngr
g p capacity preserving L —i[information preserving]
DDL eVOIUt|On Operat|ons capacity reducing -~ /- - information reducing
capacity changing =| information changing

e support information preserving operations
e prevents information reducing, information
changing, information extending operations

Examples for capacity extending/ information preserving operation:

T: |A B C D E

ALTER TABLE table_name ADD new_column datatype default
al | bl |cl |dl |NULL

a2 | b2 [ c2 |d2 | NULL

e.g. ALTER TABLE T ADD E VARCHAR(10) NULL

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025
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- - - Schema Level: Data Level:
1 .3. Relatlonal EVOIUtIon operatlons [ capacity extending ] 'j[in-Formation extending]
Single-table Operations ,
capacity preserving ‘= information preserving
Capacity extending/ information extending : : : , :
. . capacity reducing -~ =/ information reducing
evolution operation:
capacity changing ~ = dinformation changing
ALTER TABLE T ADD new_c%n VARCHAR(10) NOT NULL
Stepwise workaround:
T: | A B C D E <4mm Null values allowed
ALTER TABLE T ADD E INT NULL; al | bl |c1 |di |NULL
a2 b2 c2 d2 NULL
UPDATE T T: |A B C D E 4mm Null values allowed
SET E = "..' > al bl cl di el
WHERE ...; a2 (b2 |c2 |[d2 |e2
T: | A B C D E \_NOT NULL constraint
ALTER TABLE T ALTER COLUMN E INT NOT NULL; al | bl |c1 |diI |el
Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025 a2 b2 c2 d2 e2 14
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1.3. Relational Evolution Operations
Multi-table Operations

Database in Version 1:
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CID Name First | City Produc | Amount | ProductName Product | Total OrderDate PaymentDate
Name tID Price Price

co19 Garcia Ana Madrid P1o01 2 | Router X2000 89.99 | 179.98 | 2025-08-29 2025-08-31
C132 Martinez Luis Barcelona P3400 10 | Presenter 19,95 [ 199.50 | 2025-08-30 2025-08-30
coo4 Fernandez Maria | A Coruna P1120 1 | WiFi Access Point 59.90 59.90 | 2025-08-30 2025-09-01
coo4 Fernandez Maria | A Coruna P4001 1 | Notebook 998.00 | 998.00 | 2025-08-20 | NULL

C132 Martinez Luis Barcelona P1120 1 | WiFi Access Point 59.90 59.90 | 2025-07-20 NULL
Evolution split Orders into

Operation (split):

Customer(CID, Name, FirstName, City),
Products (ProductID, ProductName, ProductPrice),
Oorders (CID, ProductID, Amount, TotalPrice, OrderDate, PaymentDate)

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025
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1.3. Relational Evolution Operations

Multi-table Operations
Step 1:

e create table Customers
e insert data (without duplicates)

CREATE TABLE Customers (
CustomerID VARCHAR(10) PRIMARY KEY,
Name VARCHAR(50),
FirstName VARCHAR(590),
City VARCHAR(50)

)5

N

INSERT INTO Customers (CustomerID, Name, FirstName, City)

SELECT DISTINCT(CustomerID, Name, FirstName, City)

FROM Orders;

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025
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Customer | Name FirstName | City

ID

co19 Garcia Ana Madrid
C132 Martinez Luis Barcelona
coo4 Fernandez | Maria A Coruna
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1.3. Relational Evolution Operations
Multi-table Operations
Step 2:

e create table Products
e insert data (without duplicates)

CREATE TABLE Products (
ProductID VARCHAR(10) PRIMARY KEY,
ProductName VARCHAR(100),

‘ R Prof. Dr.-Ing. habil. Meike Klettke
' Lehrstuhl fir Data Engineering

ProductPrice DECIMAL(10,2) Product | ProductName ProductPrice
ID
)s =
Pl1o01 Router X2000 89.99
INSERT INTO Products (ProductID, ProductName, ProductPrice) P3400 Presenter 19.95
SELECT DISTINCT(ProductID, ProductName, ProductPrice) T . WiFi Access Point 5990
FROM Orders;
P4001 Notebook 998.00
Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025 17
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1.3. Relational Evolution Operations
Multi-table Operations

Step 3:
 delete attributes from table Orders
e define new foreign key constraints Customer | Product | Amount | Total OrderDate PaymentDate
ID ID Price
ALTER TABLE Orders DROP COLUMN Name, co19 P1001 2 | 179.98 | 2025-08-29 | 2025-08-31
DROP COLUMN FirstName, €132 P3400 10 | 199.50 | 2025-08-30 | 2025-08-30
DROP COLUMN City, —> :
DROP COLUMN ProductName, Co04 P1120 1| 59.90 | 2025-08-30 | 2025-09-01
DROP COLUMN ProductPrice; Co04 P4001 1| 998.00 | 2025-08-20 | NULL
€132 P1120 1| 59.90 | 2025-07-20 | NULL

ALTER TABLE Orders ADD FOREIGN KEY (CustomerID) REFERENCES Customer(CustomerID),
ADD FOREIGN KEY (ProductID) REFERENCES Products(ProductID);

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025 18
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Advantages of Evolution Operations in Relational Databases

- Part of the SQL/ DDL standard ‘ available in all relational db systems
« Changes of the database structure and database constraints can be defined

- Database management systems guarantee that in each evolution step data
consistency

Limitations of Evolution Operations in Relational Databases

« Evolution operations on the logical model (not on the conceptual model)
« Evolution operation only on one table at a time

« Workarounds needed for
information extending, information reducing and information changing operations
complex refactoring (involving two or more tables)

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025 19



Q-

Universitat Regensburg

Lehrstuhl fir Data Engineering

FAKULTAT FUR INFORMATIK UND DATA SCIENCE

1.4. Evolution Operations vs. Schema Differences

Instead of Schema in version i and
Evolution Operations:

If two different schemas are available —

Extraction of evolution operations:
1. matching of identical components (with
heuristics)
determining the differences
deriving evolution operations, based on
heuristics

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025
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1.4. Schema Matching and Mapping in Detail

Schema version i

Step 1: Matching,

based on Heuristics CustomerID ProductID Amount Price TotalPrice | OrderDate PaymentDate
co19 P1o01 2 89.99 179.98 | 2025-08-29 2025-08-31
C132 P3400 10 19.95 199.50 | 2025-08-30 2025-08-30
coo4 P1120 1 59.90 59.90 | 2025-08-30 2025-09-01
coo4 P4o01 1 998.00 998.00 | 2025-08-20 NULL
C132 P1120 1 59.00 59.90 | 2025-07-20 NULL

— e~ 1 — —
Schema version i
— |
CustomerID ProductID | Amount OrderDate PaymentID PaymentID | Date | TotalSum | CreditcardNo | SecurityCode

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025
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1.4. Schema Matching and Mapping in Detail

Schema version i

Step 1: Matching,

based on Heuristics CustomerID ProductID Amount Price TotalPrice | OrderDate PaymentDate
co19 P1o01 2 89.99 179.98 | 2025-08-29 2025-08-31
C132 P3400 10 19.95 199.50 | 2025-08-30 2025-08-30
coo4 P1120 1 59.90 59.90 | 2025-08-30 2025-09-01
coo4 P4o01 1 998.00 998.00 | 2025-08-20 NULL
C132 P1120 1 59.00 59.90 | 2025-07-20 NULL

Schema versio

CustomerID ProductID | Amount OrderDate PaymentID PaymentID | Date | TotalSum | CreditcardNo | SecurityCode

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025 22
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1.4. Schema Matching and Mapping in Detail

Schema version i

Step 2: Identification of
differences missin CustomerID ProductID Amount Price TotalPrice | OrderDate PaymentDate
, g co19 P1o01 2 89.99 179.98 | 2025-08-29 2025-08-31

and additional parts c132 P3400 10| 19.95 199.50 | 2025-08-30 | 2025-08-30
coo4 P1120 1 59.90 59.90 | 2025-08-30 2025-09-01
coo4 P4o01 1| 998.00 998.00 | 2025-08-20 NULL
C132 P1120 1 59.00 59.90 | 2025-07-20 NULL

Schema versio

CustomerID ProductID | Amount OrderDate PaymentID PaymentID | Date | TotalSum | CreditcardNo | SecurityCode

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025 23
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1.4. Schema Matching and Mapping in Detail

Schema version i

Step 3: Deriving evolu-
t. t CustomerID ProductID Amount Price TotalPrice | OrderDate PaymentDate
lon operations, €.g. co19 P1001 2 89.99 179.98 | 2025-08-29 | 2025-08-31
. C132 P3400 10 19.95 199.50 | 2025-08-30 2025-08-30
delete T.Price
Split T into ... coo4 P1120 1 59.90 59.90 | 2025-08-30 2025-09-01
add T1.PaymentID €132 P1120 1 59.00 59.90 | 2025-07-20 | NULL
add T2.PaymentID o
add T2.CreditCardNo
add T2.SecurityCode
- -
CustomerID ProductID | Amount OrderDate PaymentID PaymentID | Date | TotalSum | CreditCardNo | SecurityCode

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025
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Evolution Operations vs. Schema Differences

Derving Evolution operations between two different schema versions (i and i+1)

needs heuristics:
1. inthe matching process (to identify the identical parts of the schemas)
2. to derive evolution operations (based on the differences of the schemas)

Heuristics always means that
e the algorithms can fail
* (do not find the optimal evolution operations)

This method should only be applied if no evolution operations are known

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025 25
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Take-Away Message 1
(from a SPL perspective)

Important information to design and evolve databases:
requirements (entities, relationships, attributes)

workloads (queries, frequency of queries, importance, real-time
requirements)
sample datasets

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025 26
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Take-Away Message 2
(from a SPL perspective)

Evolution is an important problem in database applications:
- re-design database schemas and
- migrate all data values (ideally information preserving)

Database Evolution is
* easier to implement when the evolution operations are given
* more complicated if only two consecutive schema versions are known

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025 27
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1.5. Pattern of Evolution

Vassiliadis and Karakasidis compared
y p roj ECt c h a nge a CtiVities a n d spring-projects_ spring-social over % time intelliants__subrion over % time
o sc h e m a c h a nge a CtiVit i es ‘ -Project Activity SchemaActlwtyn , -Project Activity -Schema Activity B ‘

........

They observed: "Almost 25% (37/151) projects
evolve with regular change steps, distributed
across time, progressively climbing to the top -
band over a long period of time. "

Quantum Steps

Regularly Curated

Project Activity & Schema Activity
Project Activity & Schema Activity
5
i

— Y —

01 02 03 04 05 06 07 08 09 1 © 01 02 03 04 05 06 0T OB 09
Time progress (% months in project life) Time progress (% months in project life)

._, ,‘
O~

Paper: Panos Vassiliadis, Alexandros Karakasidis:
Time-Related Patterns Of Schema Evolution. 310-323

Source of the figu re: https://www.cs.uoi.gr/~pvassil/publications/2025_EDBT/EDBT_2025_TimeEvoPatterns_PresentationLong.pdf
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-
1 - 5 - Pa tte r n Of Evo I u tl o n bgentry__que-go over % time joomlatools__joomla-platform over % time
‘Project Activity Schema Activity ‘Project Activity ‘Schema Activity

But they also noticed an aversion to change
the databases schema: "Almost 2/3 of the
corpus, 97/151 evolve with very focused change

very close to the point of schema birth - the only e e

difference of the involved patterns is when ety iy ki
schema birth takes place"

Flatliner , Radical Sign

Project Activity & Schema Activity

Project Activity & Schema Activity

o : N
o
P S—————

01 02 03 04 05 0.6 0.7 08 08

e | Y

‘T 09 P
I

Late Riser

o o o
T & @ .
o ©
S

S
o
S

Paper: Panos Vassiliadis, Alexandros Karakasidis:
Time-Related Patterns Of Schema Evolution. 310-323

=
o o o
g =2 &

Project Activity & Schema Activity
}
\
3
Project Activity & Schema Activity

] Sigmoid A

0.6 07 08 08

T RO v i

0 01 02 03 ‘(-IA 05 06 07 08 08 1 %0 o1 0z 03 o4 05
Time progress (% months in project life) Time progress (% months in project life)

Source of the figu re: https://www.cs.uoi.gr/~pvassil/publications/2025_EDBT/EDBT_2025_TimeEvoPatterns_PresentationLong.pdf
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1.5. Evolution Operations in
Real-world Projects

e Scherzinger et. al. made several studies on
distribution of evolution operations for
projects with Object-NoSQL mappers (to
map Java objects to entities)

* two mappers are compared:

- Objectify
- Morphia

* Majority of operations are:

- add entity class and
- add attribute

Source: Stefanie Scherzinger, Sebastian Sidortschuck: An Empirical
Study on the Design and Evolution of NoSQL Database Schemas, ER
2020

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2
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Add entity-class . Add schema-relevant attribute W Change schema-relevant attribute
HEl Remove entity-class I Remove schema-relevant attribute

Cryptonomica/cryptonomica I

google/nomulus -

nareshPokhriyal86/testing

Nekorp/Tikal-Technology

0% 20% 40% 60% 80% 100%

altiplanogaojtallyframework _
bujilvxing/QinShihuang I
catedrasaes-umu/NoSQLD... _
GBPeters/Publint _
L1

MKLab-ITl/simmo

0% 20% 40% 60% 80% 100%

(a) By project.

Entity-class Schema-relevant attribute

add remove add remove change

Objectify 56.3% 8.4% 24.7% 4.0% 6.5%
Morphia 34.5% 16.2% 21.6% 10.4% 17.2%
Overall 34.8% 15.1% 27.3% 7.4% 15.4 %

(b) Objectify-based vs. Morphia-based projects.
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Take-Away Message 3
(from a SPL perspective)

Evolution operations which are information preserving have to be

preferred. These are ensuring that data in the previous structural
version(s) can be kept in the database.
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But what about Variability?

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025 32
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2. Variability

in Software Product Lines
Stakeholder Needs,
Standards, Laws
Require-
ments

N\Design M

¥ N Tests N

Figure similar in: Pohl, Bockle, van der Linden: Software Product
Line Engineering, Springer, 2005

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025

Prof. Dr.-Ing. habil. Meike Klettke
Lehrstuhl fir Data Engineering
FAKULTAT FUR INFORMATIK UND DATA SCIENCE

V.

in relational databases
Stakeholder Needs,
Standards, Laws

Logical model

&\ Usage of Databases N

Data Variability is not a priority issue in
relational databases.
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2.1. Views - Database Concept for Handling Variety

- Views and Materialized Views on Tables
- Views are be created by using SQL statements (with all relational
algebra operations):
- like selection, projection, join, aggregation, grouping
- the view concept is often connected with specific access rights
- can also be used for modelling different "database variants”
- for different users/user group
- for different versions
- for different variants
- Views on views are allowed
Views are resolved during query execution

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025
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view

view

view
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2.2. Using Views for Handling Database Evolution

;;Q_I Views

L (simulating
Version n)

Schema Evolution

—

Database, Version n Database, Version n+1

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025 35
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2.2. Using Views for Handling Database Evolution

Example

‘ \ SELECT *

> | FROM T

Database, Version n

‘\\\\\\\‘

CREATE VIEW DBV_n_T AS
( SELECT A, B, C, D
FROM T)

Schema Evolution

—

ALTER TABLE
ADD COLUMN E NULL

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025

‘ \ SELECT *

e | FROM T

Database, Version n+1
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Take-Away Message 4
The Database View Mechanism can be used for definition of different variants.
The usage of the same dataset guarantees data consistency

Variety in Databases is in most cases only the last step in the Design process (on
relational model)

Take-Away Message 5 (for database researchers)

Why don't we care about Variety in (relational) databases in the complete design
process? We should develop models and methods for it !!
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3. Big Data Movement as Driver for the Development of NoSQL
databases

The lack of Variety was one of the drivers for the development of NoSQL databases ...

New Classes of Database Management

- FoURVs RSN : -
. e Variety Systems:
Volume A of Big &B‘ Different forms of

Scale of data 3 Data i o

B data - key-values Stores - Redis, Amazon
: ‘ DynamoDB

The

Velocity s o — - Document Stores (JSON) -
nalysis 0 ey UNCERTAINTY .
streaming data Pty - Uncertamty Brda M O n gO D B

«  Column Families - Cassandra
«  Graph databases - Neo4;

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025 38



eR Prof. Dr.-Ing. habil. Meike Klettke

Lehrstuhl fir Data Engineering

Universitat Regensburg FAKULTAT FUR INFORMATIK UND DATA SCIENCE

3. Main Characteristics of NoSQL databases

1. Non-relational data m)SQL databases solve the "Variability \
model Requirement" in a very simple way: no schema
2. Schema less or constraints at all
flexible (optional) ‘ Advantages:
schema e everything can be stored
_ e evolution not necessary
3. horizontal scalable » different schema versions in the same databases

Disadvantages:
* problems to use the (heterogeneous) data
* no schema constraints (no error detection) /
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3.1. Heterogeneity in NoSQL Database

« .. but first, we start with some unwanted side-effects of schema-less systems
- e.g. different property names

{ "id": 7’ neo4j$ MATCH (n:Customer) RETURN n LIMIT 25; Qo ~Jx
"name": "Garcia", Graph = Table  RAW &) @) Node details ®
"firstname":"Ana", T
"address": {
" n, mn n Key Value
city": "A Coruna®, Sample query <id> 4:de43cf04.7147-48b @
ooe 8-aa0b-e0ca0598889
¢ vigns o in MongoDB: S ® .. . . .Sample query
llnamelI; "Lopez", . name "Maria Fernandez © In NeO4J:
" firstname”: "Maria" db.Customer.find(
"address": { ’ { city: "A Coruna” }, MATCH (n:Customer)
"town": "A Coruna", { name: 1, firstname: 1} & WHERE n.city = 'A Coruna’
) RETURN n LIMIT 25;

These documents are not detected in queries (incomplete selection, join (dangling tuples), grouping).
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3.2. Data models and their schemas

Data models for structured data: [N R L R

Relational model, since 1970 Since 1970
Data models for semi-structured Data Model m
data: XML, 1998 DTD 1998

XML Schema, 2001
JSON as data model, ~2009 (MongoDB) JSON schema 2013

. Graph data, ~2007 (Neo4)) Currently not standardized
Semi-structured data models:
* started schema-less
* added schema languages some years later
* database management systems usually allow optional and partial schema control
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Evolution of NoSQL Databases (JSON, Graph)

» Data and their implicit structures are also changing in schema-less databases
* Evolution operations are needed to

« evolve the schema (if available)

« adapting the data (data migration) /\

At least simple evolution operations are needed: \/
- insert, update, delete* {% éﬁﬁymaJ
If schema not available ‘ reverse engineering — |

schema extraction /\ JSON .
Evolution

*same operations: create, update, delete as in: Maira Marques, Jocelyn Simmonds, Pedro O. Rossel, Maria Cecilia Bastarrica: Software product line evolution: A systematic
literature review, Information and Software Technology, Volume 105, 2019
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3.2. JSON Schema

« Schema definition for {
JSON Documents

* in JSON Syntax
« contains

- property names,

- datatypes,

- constraints

- nesting of

objects
}

Prof. Dr.-Ing. habil. Meike Klettke
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"$schema”: "https://json-schema.org/draft/2020-12/schema”,
"type": "object",
"properties”: {
"id": {"type": "integer"},
"name": {"type": "string"},
"firstname": {"type": "string"},
"address": {
"type": "object",
"properties": {
"city": {"type": "string"},
"ZIP": {"type": "integer"},
"street": {"type": "string"}}},
"email”: {"type": "string"}},
"required": ["id", "name", "address"],
"additionalProperties": false
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3.2. JSON Schema

JSON schema allows:

* complete schema "required": ["id", "name", "address"],
(structured relational-like datasets) "additionalProperties": false,
« definition of variants "oneOf" : [{ "required” : ["city"]},
{ "required" : ["state"]}],
- heterogeneity "required": ["id", "name"],
-« extensibility (definition of a partial | "additionalProperties": true,

schema that can be extended)
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3.3. Schema Extraction

Schema Extraction from JSON databases {"type": "object’,
(= reverse engineering, data profiling) "properties”.{ )
. NoSQL database without explicit schema ..t-.'d ..'.{ fype ", '!ntgge: b
o _ itle": { "type": "string" },
* schema extraction is the first task to understand "content”: { "type": "string"}, .27 Schema
NoSQL databases
—_f——-——'_"'dr'L—"“—ﬁ—‘
° . —— “_‘““‘-‘“
(Algorlthm for Extracting the Schema N —= -

*  Input: Set of JSON documents Reverse
*  Method: Using an internal Graph Structure (Structure Engineering

Identification Graph (SG)) to represents the schema
. Output: JSON schema ) t

sl JUee seBu
Meike Klettke, Uta Storl, Stefanie Scherzinger: Schema Extraction and

Structural Outlier Detection for NoSQL Data Stores. BTW 2015
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3.3- Schema Extraction { "$schema”: “https://json-schema.org/...",

Example

Substeps:
o - parsing all JSON documents
- extracting the implicit
structure (property names,
data types)
- storing a counter in a graph
- generate the JSON schema
from the graph
- with property names, data
types, nesting and
« required and optional
elements

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, S

"type": "object",
"properties”: {
"name": { "type": "string"},
"firstname": { "type": "string"},
"address": { "type": "object",
"properties": { .. } }, },
"required”: ["name", "address" ],
"additionalProperties"”: false }

e person

firstname address

{ "id": 7, o

"name": "Garcia",
"firstname":"Ana",
"address": {

"city": "A Coruna",

Optional properties:

counter :

@counter :

optional

Required properties:

T
<>

required

counter:

counter: 2
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3.3. Schema Version Extraction

. ev n
Next level: | i1 | Schema Versionn-1 ||| ‘ Schema Version n
UsuaIIy, NoSQL database \ -

have evolved over time = T
. Reverse Engineering
e canh contain datasets in different

structural versions ~1—
« timeline is available (timestamp, ..)
Lduuuee

Aim: extracting
» series of schema versions and
« changes over time, specified through evolution operations

M. Klettke, H. Awolin, U. Storl, D. Miiller, S. Scherzinger: Uncovering the evolution history of data lakes. SCOM®@IEEE Big Data Conf.,2017
Uta Storl, Meike Klettke: Darwin: A Data Platform for Schema Evolution Management and Data Migration, DataPlat@EDBT 2022
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3.3. Schema Version Extraction

Algorithm for Extracting Schema Versions |
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Method:
* Create a Graph structure that represents the schema
* Detecting structural changes between
two consecutive datasets
* In case of such structural changes:

* new schema version is generated

* evolution operations are extracted
Output:

Input: Set of JSON documents (with timestamps) \

* Series of JSON schemas and
K evolution operations /

ev . ev,
| (1] ‘ Schema Versionn-1 EET] ‘ Schema Version n

Reverse Engineering

|
EESEEET T

~

Determining of Evolution operations is not
trivial: e.g. between two versions:

* rename or a combination of delete + add?
* add or copy?

( move or a combination of delete + add?

J

M. Klettke, H. Awolin, U. Storl, D. Mdller, S. Scherzinger: Uncovering the evolution history of data lakes. SCOM®@IEEE Big Data Conf.,2017
Uta Stérl, Meike Klettke: Darwin: A Data Platform for Schema Evolution Management and Data Migration, DataPlat@EDBT 2022
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3.4. Evolution of NoSQL Databases (JSON, Graph)

No standardized NoSQL Evolution language available yet.
We still need the "ALTER TABLE .." for NoSQL

S h t luti ti ) Schema Sch Evoluti R Schema
ome researcn papers suggest evolution operations: Verslon i chema Evolution Version i+1

*  Single-type operations:
. add property N
° rename property
. delete property --- ...-.
*  Multi-type operations:
. copy property (denormalization)
. move property (refactoring)

Implementation:

. split/merge (normalization/denormalization) . Specifying changes on schema level (Evolution
In our ongoing work: with filter operations to Operations)
consider variants *  Data Migration accordingly (eager, lazy, predictive)

Stefanie Scherzinger, Meike Klettke, and Uta Stérl: Managing Schema Evolution in NoSQL Data Store, DBPL@VLDB, ltaly, 2013
Andrea Hillenbrand, Maksym Levchenko, Uta Storl, Stefanie Scherzinger, Meike Klettke: MigCast: Putting a Price Tag on Data Model Evolution in NoSQL Data Stores. SIGMOD Conference 2019, Demo Program
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3.4. Combining Schema Version Extraction and Evolution

Step 1: Reverse Engineering
* Schema Version Extraction and
* Derivation of Evolution Operations

Input: heterogeneous JSON dataset

11~ YW schema versionn. ITLT

Reverse Engineering

S]] | haane

: Juuuues
Input: Result: _—
heterogeneous | Schema versions and evolution operations

JSON dataset

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025

Step 2: Data Migration

* Generating data migration operations
from the evolution operations

* migration of all datasets into the latest
version

Input:
Schema versions and evolution operations

I" Schema Verslnn n- 1 l"
> HEENEEw

[EREEEE ] ) - [EEISEINS] | ] LT
Result:
Regular JSON dataset

regular
JSON dataset
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Take-Away Message 6

Even in schema-less database systems, an (at least partial) schema control has
advantages.
Evolution operations are needed to guarantee that data can be structured in the

latest version.

Take-Away Message 7 (for database researcher)

We should continue developing the ecosystem for NoSQL databases.
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Conclusion

« Evolution in databases is an important task
- inrelational databases: ALTER TABLE statements or workarounds
- in NoSQL databases: languages and tools are under development

« Variability can be realized by
- inrelational databases: views
- in NoSQL databases: schema-less storage, but schema with variants or at least partial schema
is recommended

« To combine SPLs and Databases:
- Usage of databases should contain Design and Evolution
- Concrete statements (DDL statements, evolution operations) can be processed more easily
than examples (datasets in different structural versions)

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025 56



R Prof. Dr.-Ing. habil. Meike Klettke
Lehrstuhl fir Data Engineering
Universitat Regensburg FAKULTAT FUR INFORMATIK UND DATA SCIENCE

References (1/5)

Software Aging and Evolution:

® David Parnas: Software aging, Proceedings - International Conference on Software Engineering, 279-287. 10.1109/1CSE.1994.296790, 1994
Maira Marques, Jocelyn Simmonds, Pedro O. Rossel, Maria Cecilia Bastarrica: Software product line evolution: A systematic literature review,
Information and Software Technology, Volume 105, 2019

Evolution of Relational Databases:

®  Carlo Curino, Hyun Jin Moon, Alin Deutsch, and Carlo Zaniolo: Automating the database schema evolution process. VLDB J. 22, 1 (2013), pp.
73-98, 2013

Carlo Curino, Hyun Jin Moon, Carlo Zaniolo: Graceful database schema evolution: the PRISM workbench. Proc. VLDB Endow. 1, 1 (August
2008), 761-772. https://doi.org/10.14778/1453856.1453939, 2008

Renee J. Miller, Yannis E. loannidis, Raghu Ramakrishnan: The Use of Information Capacity in Schema Integration and Translation, VLDB, pp.
120—133, 1993

Panos Vassiliadis, Alexandros Karakasidis: Time-Related Patterns Of Schema Evolution. In EDBT, OpenProceedings.org, 310-323, 2025

Views in Databases:

®  Marc H. Scholl, Christian Laasch, Markus Tresch: Updatable views in object-oriented databases, International Conference on Deductive and
Object-Oriented Databases. Berlin, Heidelberg: Springer Berlin Heidelberg, 1991

Alon Y. Halevy: Answering queries using views: A survey, The VLDB Journal 10.4 (2001): 270-294

Anthony L. Furtado, Marco A. Casanova: Updating relational views. Query Processing in Database Systems (1985): 127-142

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025 57



R Prof. Dr.-Ing. habil. Meike Klettke
Lehrstuhl fir Data Engineering
Universitat Regensburg FAKULTAT FUR INFORMATIK UND DATA SCIENCE

References (2/5)

NoSQL Databases:

® Harsha Vyawahare, P. Karde, V. Thakare: A Hybrid Database Approach Using Graph and Relational Database, in: RICE (2018)
Lena Wiese: Advanced Data Management: For SQL, NoSQL, Cloud And Distributed Databases (De Gruyter Textbook), 2015
MongoDB: www.mongodb.com

Cassandra: https://cassandra.apache.org

Neodj: https://neodj.com

Schemas for NoSQL Databases:

® Angela Bonifati, The Quest for Schemas in Graph Databases (Keynote), in: DOLAP, volume 3369 of CEUR Workshop Proceedings, CEUR-WS.org
(2023)

® Angela Bonifati, Peter Furniss, Alastair Green, Russ Harmer, Eugenia Oshurko, Hannes Voigt. 2019: Schema Validation and Evolution for Graph
Databases, In ER (Lecture Notes in Computer Science, Vol. 11788). Springer, 448—-456

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025 58



R Prof. Dr.-Ing. habil. Meike Klettke
Lehrstuhl fir Data Engineering
Universitat Regensburg FAKULTAT FUR INFORMATIK UND DATA SCIENCE

References (3/5)

Schema Extraction for NoSQL Databases:

® Meike Klettke, Uta Storl, Stefanie Scherzinger: Schema Extraction and Structural Outlier Detection for NoSQL Data Stores. BTW 2015

® Meike Klettke, Hannes Awolin, Uta Storl, Daniel Miller, Stefanie Scherzinger: Uncovering the evolution history of data lakes. SCOM@IEEE Big
Data Conf., 2017

®  Uta Storl, Meike Klettke: Darwin: A Data Platform for Schema Evolution Management and Data Migration, DataPlat@EDBT 2022

Diego Sevilla Ruiz, Severino Feliciano Morales, Jesus Garcia Molina: Inferring versioned schemas from NoSQL databases and its applications,

International conference on Conceptual Modeling. Cham: Springer International Publishing, 2015

Enrico Gallinucci, Matteo Golfarelli, Stefano Rizzi: Schema profiling of document-oriented databases, Information Systems 75 (2018): 13-25.

Ziyi Zhang and Teng Lv: JSVE: JSON Schema Variant Extraction Based on Clustering and Formal Concept Analysis, IEEE Access, vol. 13, pp.

145517-145527, 2025

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025 59



R Prof. Dr.-Ing. habil. Meike Klettke
Lehrstuhl fir Data Engineering
Universitat Regensburg FAKULTAT FUR INFORMATIK UND DATA SCIENCE

References (4/5)

Evolution of NoSQL Databases:

®  Stefanie Scherzinger, Meike Klettke, and Uta Storl: Managing Schema Evolution in NoSQL Data Store, DBPL@VLDB, Italy, 2013

® Marek Poldk, Martin Chytil, Karel Jakubec, Vladimir Kudelas, Peter Pijak, Martin Necasky, Irena Holubova: Data and Query Adaptation Using

DaemonX, Comput. Informatics 34 (2015)

Meike Klettke, Uta Storl, Manuel Shenavai, Stefanie Scherzinger: NoSQL schema evolution and big data migration at scale, in: IEEE BigData,

IEEE Computer Society (2016)

® H.Vyawahare, P. Karde, V. Thakare: A Hybrid Database Approach Using Graph and Relational Database, in: RICE (2018)

® Mark L. Méller, Meike Klettke, Andrea Hillenbrand, Uta Storl: Query Rewriting for Continuously Evolving NoSQL Databases, in: ER, volume
11788 of LNCS, Springer (2019)

® Stefanie Scherzinger, Sebastian Sidortschuck: An Empirical Study on the Design and Evolution of NoSQL Database Schemas, ER 2020

Angela Bonifati, Peter Furniss, Alastair Green, Russ Harmer, Eugenia Oshurko, Hannes Voigt: Schema Validation and Evolution for Graph

Databases. In ER (Lecture Notes in Computer Science, Vol. 11788). Springer, 448—-456, 2019

® Alberto Hernandez Chillén, Meike Klettke, Diego Sevilla Ruiz, and Jesus Garcia-Molina: A Generic Schema Evolution Approach for NoSQL and

Relational Databases. |IEEE Trans. Knowledge and Data Eng. 36, 7 (2024), 2774-2789, 2024

Alberto H. Chillén, Diego S. Ruiz, Jesus Garcia Molina: Towards a Taxonomy of Schema Changes for NoSQL Databases: The Orion Language, in:

ER, volume 13011 of LNCS, Springer, 2021

®  Uta Storl and Meike Klettke: Darwin: A Data Platform for Schema Evolution Management and Data Migration. In EDBT/ICDT Workshops
(CEUR Workshop Proceedings, Vol. 3135). CEUR-WS.org, 2022

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025 60



R

Prof. Dr.-Ing. habil. Meike Klettke
Lehrstuhl fir Data Engineering

Universitat Regensburg FAKULTAT FUR INFORMATIK UND DATA SCIENCE

References (5/5)

Evolution of NoSQL Databases, cont.:

Uta Storl and Meike Klettke. 2022. Darwin: A Data Platform for Schema Evolution Management and Data Migration. In EDBT/ICDT Workshops
(CEUR Workshop Proceedings, Vol. 3135). CEUR-WS.org

Pablo Suarez-Otero, Michael J. Mior, Maria José Suarez Cabal, and Javier Tuya: CoDEvo: Column family database evolution using model
transformations. J. Syst. Softw. 203 (2023), 111743, 2023

Pavel Koupil, J. Bartik, Irena Holubova, MM-evocat: A Tool for Modelling and Evolution Management of Multi-Model Data, in: CIKM, ACM
(2022)

Andrea Hillenbrand, Maksym Levchenko, Uta Storl, Stefanie Scherzinger, Meike Klettke: MigCast: Putting a Price Tag on Data Model Evolution
in NoSQL Data Stores. SIGMOD Conference 2019, Demo Program

Pablo Suarez-Otero, Michael J. Mior, Maria José Suarez-Cabal, Javier Tuya, CoDEvo: Column family database evolution using model
transformations, J. Syst. Softw. 203, 2023

Andrea Hillenbrand, Stefanie Scherzinger, Uta Storl: Remaining in Control of the Impact of Schema Evolution in NoSQL Databases. In: Ghose,
A., Horkoff, J., Silva Souza, V.E., Parsons, J., Evermann, J. (eds) Conceptual Modeling. ER 2021. Lecture Notes in Computer Science(), vol
13011. Springer, Cham. https://doi.org/10.1007/978-3-030-89022-3 13, 2021

Dominique Hausler, Meike Klettke: Nautilus: Implementation of an Evolution Approach for Graph Databases. MoDELS (Companion) 2024
Dominique Hausler: Estimation, Impact and Visualization of Schema Evolution in Graph Databases. MoDELS (Companion) 2024

Dominique Hausler, Torben Eckwert, Meike Klettke, Michael Guckert, Gabriele Taentzer: Model-driven Schema Transformation for Graph
Databases. Accepted for ER 2025

Meike Klettke: Evolution of Relational Databases, NoSQL and Graph Databases, SPLC 2025 61



