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Developer Mode 1: 

Developers do NOT use SQL-statements in 
Web development

-> “the people outside the cave do not see the shadows 
      they cast in the cave“
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Operating & File System

Hardware

Linux, Windows, OS X, 
Android, iOS

CPU, DRAM, SSD, hard disk

layers:

Database System

UI Application

PostgreSQL, MySQL, Oracle, 
SQLite, DuckDB

example technologies:

application-code written in 
Python, Rust

user

UI

ORM object-relational mapper, 
Django ORM

Backend Framework Django

Backend Application

UI-code written in 
javascript, PHP, React

application-code written in 
Javascript, Vue

ORM vs Database 
System
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If SQL is so great, why are 
people building and heavily 

using these ORM 
workarounds?

?
Why do people need 

 
 
 
 
  ?

?
🤔

And why is there 
 
 

 
   in the first place?

?
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1. n+1 queries 
-> HUGE performance trap 

2. broken transactional semantics when fetching additional data  
-> data in different versions in the UI 

3. schema management in ORM 
-> sometimes does not work 

4. ugliness in ORM QL 
-> swap data models inside the query, 
e.g. try a simple GROUP BY in Django ORM 

5. ORMs suffers from limited expressiveness of SQL 
-> [SIGMOD 2025] [SIGMOD 2026]

Plus: Several More Problems with ORMs

😫

🫨

😪

🤒

🤕



15

1. n+1 queries 
-> HUGE performance trap 

2. broken transactional semantics when fetching additional data  
-> data in different versions in the UI 

3. schema management in ORM 
-> sometimes does not work 

4. ugliness in ORM QL 
-> swap data models inside the query, 
e.g. try a simple GROUP BY in Django ORM 

5. ORMs suffers from limited expressiveness of SQL 
-> [SIGMOD 2025] [SIGMOD 2026]

Plus: Several More Problems with ORMs

😫

🫨

😪

🤒

🤕



15

1. n+1 queries 
-> HUGE performance trap 

2. broken transactional semantics when fetching additional data  
-> data in different versions in the UI 

3. schema management in ORM 
-> sometimes does not work 

4. ugliness in ORM QL 
-> swap data models inside the query, 
e.g. try a simple GROUP BY in Django ORM 

5. ORMs suffers from limited expressiveness of SQL 
-> [SIGMOD 2025] [SIGMOD 2026]

Plus: Several More Problems with ORMs

😫

🫨

😪

🤒

🤕 developer



15

1. n+1 queries 
-> HUGE performance trap 

2. broken transactional semantics when fetching additional data  
-> data in different versions in the UI 

3. schema management in ORM 
-> sometimes does not work 

4. ugliness in ORM QL 
-> swap data models inside the query, 
e.g. try a simple GROUP BY in Django ORM 

5. ORMs suffers from limited expressiveness of SQL 
-> [SIGMOD 2025] [SIGMOD 2026]

Plus: Several More Problems with ORMs

😫

🫨

😪

🤒

🤕 developer



15

1. n+1 queries 
-> HUGE performance trap 

2. broken transactional semantics when fetching additional data  
-> data in different versions in the UI 

3. schema management in ORM 
-> sometimes does not work 

4. ugliness in ORM QL 
-> swap data models inside the query, 
e.g. try a simple GROUP BY in Django ORM 

5. ORMs suffers from limited expressiveness of SQL 
-> [SIGMOD 2025] [SIGMOD 2026]

Plus: Several More Problems with ORMs

😫

🫨

😪

🤒

🤕



15

1. n+1 queries 
-> HUGE performance trap 

2. broken transactional semantics when fetching additional data  
-> data in different versions in the UI 

3. schema management in ORM 
-> sometimes does not work 

4. ugliness in ORM QL 
-> swap data models inside the query, 
e.g. try a simple GROUP BY in Django ORM 

5. ORMs suffers from limited expressiveness of SQL 
-> [SIGMOD 2025] [SIGMOD 2026]

Plus: Several More Problems with ORMs

😫

🫨

😪

🤒

🤕



Developer Mode 1: 

Developers do NOT use SQL-statements in 
Web development

-> “the people outside the cave do not see the shadows 
      they cast in the cave“
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so far:



Developer Mode 2: 

Developers embed SQL directly in their 
programming language.

-> “the people outside the cave carry a mix of shadows and       
objects“

17

now:



SQL Injection Explanation from my Undergrad Course

18

"SELECT  * FROM users WHERE name = ’’ OR ’1’=’1’;“

userName = "' OR '1'='1"

this will always evaluate to true!

userName = "' OR '1'='1"

DBMS parses the String and determines itself 
which part is considered the query and

which part is considered the parameter

This is the SQL injection problem:

We injected additional SQL into the original query!

DBMS gets query string with placeholder 
and parameter separately 
-> no confusion what the query is 
-> no SQL injection possible

Clear separation of Query und Parameter:

Mixing of Query and Parameter:

String concatenation

"SELECT * FROM users WHERE name = ’" + userName + "’;"

call DBMS with:  
dbms.execute(query, params = (userName,)


"SELECT  * FROM users WHERE name = "’ OR ’1’=’1’;"

This query will return all users where the 
name is equal to ' OR '1'='1'.

"SELECT  * FROM users WHERE name = ’’ OR ’1’=’1’;“

"SELECT * FROM users WHERE name = %s;"

call DBMS with: 
dbms.execute(query)


query =

query =

query =

query semantics:

query semantics:
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SQL Injection Fix in my Undergrad Course
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This            makes all the difference! 

Did you spot it?

,
https://github.com/BigDataAnalyticsGroup/bigdataengineering/blob/master/SQL%20Injection.ipynb
see notebook

https://github.com/BigDataAnalyticsGroup/bigdataengineering/blob/master/SQL%20Injection.ipynb
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So, how to solve SQL 
injection? 

Not as an afterthought but 
from the get go?

?
And, why isn’t this ONE 

language in the first place??
🤔

22
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FDM

FQL
Functional Query Language

Data Model



FDM and FQL: Core Ideas

1. purely functional (key/value) data model


2. same modeling concept at all levels, no matter whether we are looking at “tuples“, 
“relations“, or “databases“, ...


3. all operators are unary: input is a function, output is a function


4. query language is a façade and part of the embedding programming language


5. same power for updates as for reading


6. easily extensible


7. the notion of an “index“ is built into the data model
30

None of this is true for SQL

😄
😊

😎

🤩
🙃
🥹
😇



Reminder: Functions
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∀x ∊ X  

domain 
(set of input values)

codomain 
(set of output values)

f: X ➞ Y    

(  ) ➞ yyf x



FDM: Functions!
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Concept:

(  ) ➞ yyf x



FDM: Tuple Functions
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attribute name attribute value➞

Examples:

Concept:

Special 
Case:

➞ “Alice““first name“

➞ “Miller““last name“

➞ 42“age“

(  ) ➞ yytf x



FDM: Relation Functions
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tuple key tuple function➞

Examples:

Concept:

Special 
Case:

➞ tf42()42

➞ tf11()11

➞ tf77()77

(  ) ➞ ytfRF x



FDM: Database Functions
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relation name relation function➞

Examples:

Concept:

Special 
Case:

➞ RFusers()“users“

➞ RFcustomers()“customers“

➞ RForders()“orders“

(  ) ➞ yRFDBF x



We may attach arbitrary 
predicates to any function.  

These predicates must be fullfilled 
no matter what insert/update/
delete is performed. 

This generalizes SQL’s:  
• CREATE TABLE 
• CHECK 
• NOT NULL 
• FOREIGN KEY REFERENCES

36CC BY-SA 3.0 JDTheile at German Wikipedia

Schema  ({"name": str, "yob": int, "department": TF})

references  ("department", departments)

(  ) ➞ yytf x

(  ) ➞ ytfRF x



FQL: All Operators are Unary
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∀fin ∊ Fin  

In other words: 

all operators are 
higher-order functions 
on FDM domains and 
codomains

Op: Fin ➞ Fout 

domain of input 
FDM functions

codomain of output 
FDM functions

Op(fin) ➞ fout  



FQL: All Operators are Unary
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Op(        ) ➞ fout  
Concept:

fin fout



FQL: All Operators are Unary
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Concept:

Examples:

Special 
Case:

relation function relation function➞

➞ filtered input relationone input relation σ

➞ projection resultone input relation
𝛑

(flat, relational) group by 
AND aggregateone input relation ➞

𝚪

≈ unary 
relational 
algebra

Op(        ) ➞ fout  RFin RFout



FQL: All Operators are Unary
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Concept:

Examples:

Special 
Case:

database function relation function➞

➞ binary join result2 relations ⋈
query result➞

query
n relations

➞ n-ary intersection result
∪n relations
➞ n-ary join resultn relations ⋈

≈ n-ary 
relational 
algebra

Op(        ) ➞ fout  DBFin RFout



FQL: All Operators are Unary
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Concept:

Examples:

Special 
Case:

database function database function➞

result databasedatabase ➞
resultDB

≈ [SIGMOD 25]

Op(        ) ➞ fout  DBFin DBFout

arbitrary databasedatabase ➞
DB



FQL: All Operators are Unary
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Concept:

Examples:

Special 
Case:

relation function database function➞

➞
(true) grouping, 
partitioning, replicationone input relation 𝚪

➞ (true) outer joinsone input relation
⟕

(true) grouping sets, cubeone input relation ➞
𝚪

Op(        ) ➞ fout  RFin DBFout



Landscape of Input and Output Functions
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co-domain Fout ! TF RF DBF SDBF
# domain Fin

TF �lter, map, project (per tuple _-
functions)

fake/test data generation fake/test data generation fake/test data generation

RF aggregate a relation to a tuple,
e.g., compute statistics for input
like count the number of tuple
functions, size, ...

unary relational algebra; up-
dates in relational algebra and
SQL

�lter, map, project (per tuple)

horizontal or vertical partitioning;
replication; fake/test data genera-
tion

replicate and partition relation
into shard relations

DBF aggregate a database to a tuple,
e.g., compute statistics for input
like count the number of relation
functions, size, ...

binary relational algebra including
any form of aggregation;

any n-ary relation algebra

result database [47]; �lter, map,
project (per relation)

replicate or partition database into
shard databases

SDBF aggregate a set of databases to a tu-
ple, e.g., compute statistics for in-
put like count the number of data-
base functions, size, ...

aggregate a set of databases to a
relation, e.g., compute statistics for
each database function, compute a
size distribution over all databases

aggregate a set of databases to a
database, e.g., merge two databases
into one; compute statistics for
each database function, compute
a size distribution over all relations
of all databases

result set of databases; �lter, map,
project (per database)

Table 1: A classi�cation of FQL operators by the order of Fin and Fout (De�nition 8). Green visualizes the same order (⌘).
Red means the output has a lower order (�). Yellow means a higher order (�). Each cell shows some example operators
and/or entire subclasses like relational algebra. Many of these cells o�er exciting opportunities for future work. The red
boxes ( ) mark the space covered by relational algebra and SQL. The entry marked with (Ñ Ñ Ñ) denotes where relational
algebra and SQL allow for updates, inserts, and deletes. In contrast, in FDM and FQL, the entire landscape can be used for
updates, inserts, and deletes.

4.3 Powerful Updates Through In-Place FQL
Usage

Any FQL expression can be used in two di�erent ways:
(1.) Out-of-place Usage: The FQL expression o�ers a di�erent
perspective in the sense of a database view on the input. It does not
change the input function in the underlying relation or database,
but based on that input function, the FQL operator returns an
output function conceptually re�ecting a consistent snapshot.
This corresponds to a classical read-only (SELECT) query copying
data from the database to the outside by means of producing a
result set. This leaves the data in the database unchanged.
(2.) In-place Usage: This FQL expression replaces a function
in the input FDM. In this mode, the FQL expression is used as a
“data rewrite rule”. Such a rule may mimic SQL’s database DML-
operations like INSERT/UPDATE/DELETE. However, in SQL, the
latter operations are limited to modifying one or multiple tuples
of a relation at a time: see the entry marked with (Ñ Ñ Ñ) in Table 1.
In contrast, in our approach, we can transform and replace the
underlying functions arbitrarily. Conceptually, we can replace
entire relations or even databases by simply rede�ning a function.

5 Practical Challenges
How can we adopt FDM and FQL? The relational model and SQL
have been a huge success. They have always been challenged by
alternative approaches, e.g., key-value or key-document stores,
Hadoop, XML, object-oriented DBMS, etc. Relational DBMSs
and SQL also shaped component boundaries/APIs. Yet, they did
not shape programming languages (PLs). The dominant PLs are
procedural and object-oriented, heavily enriched by features
originally invented by and exclusive to functional PLs. As of
today, to connect RDBMSes and PLs, the dominant technology
is to wrap RDBMS and make them look like object-oriented
stores: they hide SQL. This is coined object-relational mapper
(ORM). There is a long list of ORMs, e.g., Django ORM [51],
SQLAlchemy [53], Hibernate [52], sequelize [61], drizzle [22],
etc. The query language constructs they provide are sometimes
quite hacky. For instance, to express a simple group by in Django
ORM you have to use the values() statement which leaves the

object-oriented data model and switches to a dictionary [21]
Given the history of ORMs and their idea to hide the relational
model and SQL, this yields a plan for adopting FDM and FQL. It
could look as follows (see Section 7 for the research opportunities
that come with that):
(1) Functional relational mapper (FRM): Develop a replace-

ment for an ORM mapping FDM models and FDM queries to
an existing relational DBMS (just like an ORM but providing
FQL operator costumes which are mapped to the DBMS).

(2) DBMS interface: Open up an open source DBMS to directly
accept FQL expressions through an API (not as text) mapping
them to SQL internally.

(3) DBMS Storage: Open up an open source DBMS store to
optimize for FDM and FQL and allow for joint optimization.

(4) Native FDM and FQL: Provide a native FDM/FQL system.

On Jan 29th, 2026, we started an open source project following
approach (4), see [24].

6 Related Work
Everything anyone does or proposes in data modeling is build
on the shoulders of giants. While some parts of the things put
forward in this vision paper have been proposed (multiple) times
in previous work, several key aspects have not. Overall, we are
not aware of any previous work framing the idea of a functional
data model and (invisible) query language as our vision paper
does. In more detail:
Beyond Tables and Single Table Results. See our discussion
of [16] and [47] in the Introduction. Note that the idea of re-
turning a subdatabase was also explored from an information
retrieval viewpoint outside SQL in [64, 65].
Query Language Alternatives. In terms of relational QLs
there were other proposals that basically boil down to propos-
ing a hybrid of RA operators and SQL-style syntax in the
PL [38, 48, 57, 63]; a variant of RA in the PL, e.g., XXL [6]; or
o�er both RA and SQL [68], and/or combine that with a pipe syn-
tax [57, 63]. The most recent call to replace SQL with something
more functional is [46]. However, that work builds heavily on
relational algebra and allows developers to build pipelines on the

Figure 2: General idea of a relationship function

Figure 3: FDM can express a relationship between a data-
base and a relation, cf. with ERM which can only model
the metadata of a database.

only use foreign keys that exist in 5 , e.g., ‘customers’, and 6, e.g.,
‘products’. In FDM, we enforce these constraints as a side e�ect
by simply making functions share the same domains. Note that
De�nition 4 supports relations between attributes, relations (not
only their tuples), databases, etc. See Figure 3 for an example:
we use a database function DB: str ! YDB where YDB is a set
of relation functions, and a relation function users: int ! Yusers.
Both functions are connected through a relationship function
is_accessed_by: str⇥ int! Yis_accessed_by. This relationship func-
tion expresses which relation (not the relation’s metadata!) in
the database is accessed by which user, without having to work
around this through the database’s metadata.

4 FQL
4.1 FQL Operators and FQL Algebra
De�nition 5 [FQL Operator]. The general form of an FQL
operator is: $? : Fin ! Fout with fin 7! fout .

Here, Fin denotes a domain of input functions, fin 2 Fin. Like-
wise, Fout denotes a co-domain of output functions, fout 2 Fout.
In other words, an FQL operator is simply a higher-order function
transforming an input function into an output function. Note that
this de�nition departs from the one used in relational algebra
where for instance a join operation has (at most) two input rela-
tions. In FQL, this is expressed by using a database function as
input that returns two (or more for n-ary joins) relation functions.
An FQL operator may take additional parameters.

This is in sharp contrast to relational algebra operators (e.g., c ,
f , [, ⇥, ùû, ...). FQL operators are neither restricted to repre-
senting a single output relation nor restricted to up to two in-
put relations as in relational algebra. FQL operator inputs and
outputs can represent any granule including tuples, relations,
databases, sets of databases, etc. See Table 1 for the principal
classes of FQL operators we can derive from this. Notice that our
approach also goes beyond our own recently proposed RESULTDB
SQL extension [47][59] in that we cannot only return a relational
subdatabase but can also return a database with a completely
di�erent schema, e.g., for aggregations.
De�nition 6 [FQL Algebra Composition]. Given two FQL
operators

$?1 : F8in ! F9out with f8in 7! f9out .

$?2 : F:in ! F;out with f:in 7! f;out .

If F9out = F:in. Then,

$?2 �$?1 : F8in ! F;out with f8in 7! f;out

is a valid FQL algebra expression.

We do not imply that FQL expressions are executed in the
order the FQL operators are nested. FQL expressions may be
rewritten in any way as long as the semantic of the expression is
preserved. In the following, we di�erentiate between important
(co-)domains and how this leads to a (natural) classi�cation of
FQL operators.
De�nition 7 [Subsets of F]. (Co-)domains may be restricted
to be easily mappable to existing data models like the relational
model. We di�erentiate between the following important subsets
of F:

Subset of F Meaning
TF a set of tuple functions
RF a set of relation functions
DBF a set of database functions
SDBF a set of sets of databases functions

De�nition 8 [Order among TF, RF, DBF, SDBF].
Given two sets Fin, Fout 2 {TF,RF,DBF, SDBF}, the or-
der order(Fin, Fout) 7! {�, �,⌘} among these sets is
de�ned as order(RF,TF) 7! �, order(DBF,RF) 7! �,
order(SDBF,DBF) 7! �, and order(A,B) 7! ⌘ if A == B. If
order(A,B) 7! � then order(B,A) 7! �.

This leads to a landscape of three classes of FQL operators
based on the operator’s relationship of Fin and Fout, see Table 1.

4.2 FQL Operator Costumes and SQL Injection
FQL does not impose any new syntax on programmers. We envi-
sion FQL as a ‘bunch of functions’ that use the type system of
the embedding programming language (PL). So the same FQL
expression may look syntactically di�erent in Python and C++
or Rust. Yet, conceptually that PL syntax can express the same
query semantics. We call an FQL operator in a host PL a function
costume. These functions are not necessarily compiled to ma-
chine code or interpreted by the PL’s compiler and/or runtime.
Instead the entire FQL expression or any suitable part of it may
be pushed down to the database systemwhich can then optimize
the expression and return a function (through some streaming
interface: ONC, generators, vectorized, etc.). So from the point of
view of the developer it looks like as if all those functions were
executed in the PL — and in the order speci�ed. However, the
underlying team of PL compiler/runtime and DBMS may decide
di�erently. In fact, the entire arti�cial boundary between SQL
and the PL embedding SQL-expressions vanishes. Python code
examples for this can be found in a previous version of this pa-
per [17]. That arti�cial boundary between the PL and the textual
SQL string is the root source for SQL injection which is the
3rd [44] now: the 2nd [45] most dangerous software weakness.
As FQL is embedded into the PL, there is no way to change the
boundary between the text belonging to the query and the text
belonging to user-provided parameters. Thus, there is no way to
change the semantics of a query. Thus, there is no SQL injection
opportunity.

This also opens up interesting future work as now the opti-
mizations done by the PL compiler/interpreter/runtime overlap
with the optimizations done with the DBMS and may be done in
the same optimization space. Thus, we now have the option
to delegate parts of the query expression down to the DBMS and
leave some to the PL, e.g., depending on runtime statistics or
the likelihood that DB optimizations may even have a bene�t.
In addition, this implies that the arti�cial boundary between
an embedded PL-statement (a UDF) and the outer query is
gone, too.
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4.3 Powerful Updates Through In-Place FQL
Usage

Any FQL expression can be used in two di�erent ways:
(1.) Out-of-place Usage: The FQL expression o�ers a di�erent
perspective in the sense of a database view on the input. It does not
change the input function in the underlying relation or database,
but based on that input function, the FQL operator returns an
output function conceptually re�ecting a consistent snapshot.
This corresponds to a classical read-only (SELECT) query copying
data from the database to the outside by means of producing a
result set. This leaves the data in the database unchanged.
(2.) In-place Usage: This FQL expression replaces a function
in the input FDM. In this mode, the FQL expression is used as a
“data rewrite rule”. Such a rule may mimic SQL’s database DML-
operations like INSERT/UPDATE/DELETE. However, in SQL, the
latter operations are limited to modifying one or multiple tuples
of a relation at a time: see the entry marked with (Ñ Ñ Ñ) in Table 1.
In contrast, in our approach, we can transform and replace the
underlying functions arbitrarily. Conceptually, we can replace
entire relations or even databases by simply rede�ning a function.

5 Practical Challenges
How can we adopt FDM and FQL? The relational model and SQL
have been a huge success. They have always been challenged by
alternative approaches, e.g., key-value or key-document stores,
Hadoop, XML, object-oriented DBMS, etc. Relational DBMSs
and SQL also shaped component boundaries/APIs. Yet, they did
not shape programming languages (PLs). The dominant PLs are
procedural and object-oriented, heavily enriched by features
originally invented by and exclusive to functional PLs. As of
today, to connect RDBMSes and PLs, the dominant technology
is to wrap RDBMS and make them look like object-oriented
stores: they hide SQL. This is coined object-relational mapper
(ORM). There is a long list of ORMs, e.g., Django ORM [51],
SQLAlchemy [53], Hibernate [52], sequelize [61], drizzle [22],
etc. The query language constructs they provide are sometimes
quite hacky. For instance, to express a simple group by in Django
ORM you have to use the values() statement which leaves the

object-oriented data model and switches to a dictionary [21]
Given the history of ORMs and their idea to hide the relational
model and SQL, this yields a plan for adopting FDM and FQL. It
could look as follows (see Section 7 for the research opportunities
that come with that):
(1) Functional relational mapper (FRM): Develop a replace-

ment for an ORM mapping FDM models and FDM queries to
an existing relational DBMS (just like an ORM but providing
FQL operator costumes which are mapped to the DBMS).

(2) DBMS interface: Open up an open source DBMS to directly
accept FQL expressions through an API (not as text) mapping
them to SQL internally.

(3) DBMS Storage: Open up an open source DBMS store to
optimize for FDM and FQL and allow for joint optimization.

(4) Native FDM and FQL: Provide a native FDM/FQL system.

On Jan 29th, 2026, we started an open source project following
approach (4), see [24].

6 Related Work
Everything anyone does or proposes in data modeling is build
on the shoulders of giants. While some parts of the things put
forward in this vision paper have been proposed (multiple) times
in previous work, several key aspects have not. Overall, we are
not aware of any previous work framing the idea of a functional
data model and (invisible) query language as our vision paper
does. In more detail:
Beyond Tables and Single Table Results. See our discussion
of [16] and [47] in the Introduction. Note that the idea of re-
turning a subdatabase was also explored from an information
retrieval viewpoint outside SQL in [64, 65].
Query Language Alternatives. In terms of relational QLs
there were other proposals that basically boil down to propos-
ing a hybrid of RA operators and SQL-style syntax in the
PL [38, 48, 57, 63]; a variant of RA in the PL, e.g., XXL [6]; or
o�er both RA and SQL [68], and/or combine that with a pipe syn-
tax [57, 63]. The most recent call to replace SQL with something
more functional is [46]. However, that work builds heavily on
relational algebra and allows developers to build pipelines on the
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Figure 2: General idea of a relationship function

Figure 3: FDM can express a relationship between a data-
base and a relation, cf. with ERM which can only model
the metadata of a database.

only use foreign keys that exist in 5 , e.g., ‘customers’, and 6, e.g.,
‘products’. In FDM, we enforce these constraints as a side e�ect
by simply making functions share the same domains. Note that
De�nition 4 supports relations between attributes, relations (not
only their tuples), databases, etc. See Figure 3 for an example:
we use a database function DB: str ! YDB where YDB is a set
of relation functions, and a relation function users: int ! Yusers.
Both functions are connected through a relationship function
is_accessed_by: str⇥ int! Yis_accessed_by. This relationship func-
tion expresses which relation (not the relation’s metadata!) in
the database is accessed by which user, without having to work
around this through the database’s metadata.

4 FQL
4.1 FQL Operators and FQL Algebra
De�nition 5 [FQL Operator]. The general form of an FQL
operator is: $? : Fin ! Fout with fin 7! fout .

Here, Fin denotes a domain of input functions, fin 2 Fin. Like-
wise, Fout denotes a co-domain of output functions, fout 2 Fout.
In other words, an FQL operator is simply a higher-order function
transforming an input function into an output function. Note that
this de�nition departs from the one used in relational algebra
where for instance a join operation has (at most) two input rela-
tions. In FQL, this is expressed by using a database function as
input that returns two (or more for n-ary joins) relation functions.
An FQL operator may take additional parameters.

This is in sharp contrast to relational algebra operators (e.g., c ,
f , [, ⇥, ùû, ...). FQL operators are neither restricted to repre-
senting a single output relation nor restricted to up to two in-
put relations as in relational algebra. FQL operator inputs and
outputs can represent any granule including tuples, relations,
databases, sets of databases, etc. See Table 1 for the principal
classes of FQL operators we can derive from this. Notice that our
approach also goes beyond our own recently proposed RESULTDB
SQL extension [47][59] in that we cannot only return a relational
subdatabase but can also return a database with a completely
di�erent schema, e.g., for aggregations.
De�nition 6 [FQL Algebra Composition]. Given two FQL
operators

$?1 : F8in ! F9out with f8in 7! f9out .

$?2 : F:in ! F;out with f:in 7! f;out .

If F9out = F:in. Then,

$?2 �$?1 : F8in ! F;out with f8in 7! f;out

is a valid FQL algebra expression.

We do not imply that FQL expressions are executed in the
order the FQL operators are nested. FQL expressions may be
rewritten in any way as long as the semantic of the expression is
preserved. In the following, we di�erentiate between important
(co-)domains and how this leads to a (natural) classi�cation of
FQL operators.
De�nition 7 [Subsets of F]. (Co-)domains may be restricted
to be easily mappable to existing data models like the relational
model. We di�erentiate between the following important subsets
of F:

Subset of F Meaning
TF a set of tuple functions
RF a set of relation functions
DBF a set of database functions
SDBF a set of sets of databases functions

De�nition 8 [Order among TF, RF, DBF, SDBF].
Given two sets Fin, Fout 2 {TF,RF,DBF, SDBF}, the or-
der order(Fin, Fout) 7! {�, �,⌘} among these sets is
de�ned as order(RF,TF) 7! �, order(DBF,RF) 7! �,
order(SDBF,DBF) 7! �, and order(A,B) 7! ⌘ if A == B. If
order(A,B) 7! � then order(B,A) 7! �.

This leads to a landscape of three classes of FQL operators
based on the operator’s relationship of Fin and Fout, see Table 1.

4.2 FQL Operator Costumes and SQL Injection
FQL does not impose any new syntax on programmers. We envi-
sion FQL as a ‘bunch of functions’ that use the type system of
the embedding programming language (PL). So the same FQL
expression may look syntactically di�erent in Python and C++
or Rust. Yet, conceptually that PL syntax can express the same
query semantics. We call an FQL operator in a host PL a function
costume. These functions are not necessarily compiled to ma-
chine code or interpreted by the PL’s compiler and/or runtime.
Instead the entire FQL expression or any suitable part of it may
be pushed down to the database systemwhich can then optimize
the expression and return a function (through some streaming
interface: ONC, generators, vectorized, etc.). So from the point of
view of the developer it looks like as if all those functions were
executed in the PL — and in the order speci�ed. However, the
underlying team of PL compiler/runtime and DBMS may decide
di�erently. In fact, the entire arti�cial boundary between SQL
and the PL embedding SQL-expressions vanishes. Python code
examples for this can be found in a previous version of this pa-
per [17]. That arti�cial boundary between the PL and the textual
SQL string is the root source for SQL injection which is the
3rd [44] now: the 2nd [45] most dangerous software weakness.
As FQL is embedded into the PL, there is no way to change the
boundary between the text belonging to the query and the text
belonging to user-provided parameters. Thus, there is no way to
change the semantics of a query. Thus, there is no SQL injection
opportunity.

This also opens up interesting future work as now the opti-
mizations done by the PL compiler/interpreter/runtime overlap
with the optimizations done with the DBMS and may be done in
the same optimization space. Thus, we now have the option
to delegate parts of the query expression down to the DBMS and
leave some to the PL, e.g., depending on runtime statistics or
the likelihood that DB optimizations may even have a bene�t.
In addition, this implies that the arti�cial boundary between
an embedded PL-statement (a UDF) and the outer query is
gone, too.



co-domain Fout ! TF RF DBF SDBF
# domain Fin

TF �lter, map, project (per tuple _-
functions)

fake/test data generation fake/test data generation fake/test data generation

RF aggregate a relation to a tuple,
e.g., compute statistics for input
like count the number of tuple
functions, size, ...

unary relational algebra; up-
dates in relational algebra and
SQL

�lter, map, project (per tuple)

horizontal or vertical partitioning;
replication; fake/test data genera-
tion

replicate and partition relation
into shard relations

DBF aggregate a database to a tuple,
e.g., compute statistics for input
like count the number of relation
functions, size, ...

binary relational algebra including
any form of aggregation;

any n-ary relation algebra

result database [47]; �lter, map,
project (per relation)

replicate or partition database into
shard databases

SDBF aggregate a set of databases to a tu-
ple, e.g., compute statistics for in-
put like count the number of data-
base functions, size, ...

aggregate a set of databases to a
relation, e.g., compute statistics for
each database function, compute a
size distribution over all databases

aggregate a set of databases to a
database, e.g., merge two databases
into one; compute statistics for
each database function, compute
a size distribution over all relations
of all databases

result set of databases; �lter, map,
project (per database)

Table 1: A classi�cation of FQL operators by the order of Fin and Fout (De�nition 8). Green visualizes the same order (⌘).
Red means the output has a lower order (�). Yellow means a higher order (�). Each cell shows some example operators
and/or entire subclasses like relational algebra. Many of these cells o�er exciting opportunities for future work. The red
boxes ( ) mark the space covered by relational algebra and SQL. The entry marked with (Ñ Ñ Ñ) denotes where relational
algebra and SQL allow for updates, inserts, and deletes. In contrast, in FDM and FQL, the entire landscape can be used for
updates, inserts, and deletes.

4.3 Powerful Updates Through In-Place FQL
Usage

Any FQL expression can be used in two di�erent ways:
(1.) Out-of-place Usage: The FQL expression o�ers a di�erent
perspective in the sense of a database view on the input. It does not
change the input function in the underlying relation or database,
but based on that input function, the FQL operator returns an
output function conceptually re�ecting a consistent snapshot.
This corresponds to a classical read-only (SELECT) query copying
data from the database to the outside by means of producing a
result set. This leaves the data in the database unchanged.
(2.) In-place Usage: This FQL expression replaces a function
in the input FDM. In this mode, the FQL expression is used as a
“data rewrite rule”. Such a rule may mimic SQL’s database DML-
operations like INSERT/UPDATE/DELETE. However, in SQL, the
latter operations are limited to modifying one or multiple tuples
of a relation at a time: see the entry marked with (Ñ Ñ Ñ) in Table 1.
In contrast, in our approach, we can transform and replace the
underlying functions arbitrarily. Conceptually, we can replace
entire relations or even databases by simply rede�ning a function.

5 Practical Challenges
How can we adopt FDM and FQL? The relational model and SQL
have been a huge success. They have always been challenged by
alternative approaches, e.g., key-value or key-document stores,
Hadoop, XML, object-oriented DBMS, etc. Relational DBMSs
and SQL also shaped component boundaries/APIs. Yet, they did
not shape programming languages (PLs). The dominant PLs are
procedural and object-oriented, heavily enriched by features
originally invented by and exclusive to functional PLs. As of
today, to connect RDBMSes and PLs, the dominant technology
is to wrap RDBMS and make them look like object-oriented
stores: they hide SQL. This is coined object-relational mapper
(ORM). There is a long list of ORMs, e.g., Django ORM [51],
SQLAlchemy [53], Hibernate [52], sequelize [61], drizzle [22],
etc. The query language constructs they provide are sometimes
quite hacky. For instance, to express a simple group by in Django
ORM you have to use the values() statement which leaves the

object-oriented data model and switches to a dictionary [21]
Given the history of ORMs and their idea to hide the relational
model and SQL, this yields a plan for adopting FDM and FQL. It
could look as follows (see Section 7 for the research opportunities
that come with that):
(1) Functional relational mapper (FRM): Develop a replace-

ment for an ORM mapping FDM models and FDM queries to
an existing relational DBMS (just like an ORM but providing
FQL operator costumes which are mapped to the DBMS).

(2) DBMS interface: Open up an open source DBMS to directly
accept FQL expressions through an API (not as text) mapping
them to SQL internally.

(3) DBMS Storage: Open up an open source DBMS store to
optimize for FDM and FQL and allow for joint optimization.

(4) Native FDM and FQL: Provide a native FDM/FQL system.

On Jan 29th, 2026, we started an open source project following
approach (4), see [24].

6 Related Work
Everything anyone does or proposes in data modeling is build
on the shoulders of giants. While some parts of the things put
forward in this vision paper have been proposed (multiple) times
in previous work, several key aspects have not. Overall, we are
not aware of any previous work framing the idea of a functional
data model and (invisible) query language as our vision paper
does. In more detail:
Beyond Tables and Single Table Results. See our discussion
of [16] and [47] in the Introduction. Note that the idea of re-
turning a subdatabase was also explored from an information
retrieval viewpoint outside SQL in [64, 65].
Query Language Alternatives. In terms of relational QLs
there were other proposals that basically boil down to propos-
ing a hybrid of RA operators and SQL-style syntax in the
PL [38, 48, 57, 63]; a variant of RA in the PL, e.g., XXL [6]; or
o�er both RA and SQL [68], and/or combine that with a pipe syn-
tax [57, 63]. The most recent call to replace SQL with something
more functional is [46]. However, that work builds heavily on
relational algebra and allows developers to build pipelines on the
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Figure 2: General idea of a relationship function

Figure 3: FDM can express a relationship between a data-
base and a relation, cf. with ERM which can only model
the metadata of a database.

only use foreign keys that exist in 5 , e.g., ‘customers’, and 6, e.g.,
‘products’. In FDM, we enforce these constraints as a side e�ect
by simply making functions share the same domains. Note that
De�nition 4 supports relations between attributes, relations (not
only their tuples), databases, etc. See Figure 3 for an example:
we use a database function DB: str ! YDB where YDB is a set
of relation functions, and a relation function users: int ! Yusers.
Both functions are connected through a relationship function
is_accessed_by: str⇥ int! Yis_accessed_by. This relationship func-
tion expresses which relation (not the relation’s metadata!) in
the database is accessed by which user, without having to work
around this through the database’s metadata.

4 FQL
4.1 FQL Operators and FQL Algebra
De�nition 5 [FQL Operator]. The general form of an FQL
operator is: $? : Fin ! Fout with fin 7! fout .

Here, Fin denotes a domain of input functions, fin 2 Fin. Like-
wise, Fout denotes a co-domain of output functions, fout 2 Fout.
In other words, an FQL operator is simply a higher-order function
transforming an input function into an output function. Note that
this de�nition departs from the one used in relational algebra
where for instance a join operation has (at most) two input rela-
tions. In FQL, this is expressed by using a database function as
input that returns two (or more for n-ary joins) relation functions.
An FQL operator may take additional parameters.

This is in sharp contrast to relational algebra operators (e.g., c ,
f , [, ⇥, ùû, ...). FQL operators are neither restricted to repre-
senting a single output relation nor restricted to up to two in-
put relations as in relational algebra. FQL operator inputs and
outputs can represent any granule including tuples, relations,
databases, sets of databases, etc. See Table 1 for the principal
classes of FQL operators we can derive from this. Notice that our
approach also goes beyond our own recently proposed RESULTDB
SQL extension [47][59] in that we cannot only return a relational
subdatabase but can also return a database with a completely
di�erent schema, e.g., for aggregations.
De�nition 6 [FQL Algebra Composition]. Given two FQL
operators

$?1 : F8in ! F9out with f8in 7! f9out .

$?2 : F:in ! F;out with f:in 7! f;out .

If F9out = F:in. Then,

$?2 �$?1 : F8in ! F;out with f8in 7! f;out

is a valid FQL algebra expression.

We do not imply that FQL expressions are executed in the
order the FQL operators are nested. FQL expressions may be
rewritten in any way as long as the semantic of the expression is
preserved. In the following, we di�erentiate between important
(co-)domains and how this leads to a (natural) classi�cation of
FQL operators.
De�nition 7 [Subsets of F]. (Co-)domains may be restricted
to be easily mappable to existing data models like the relational
model. We di�erentiate between the following important subsets
of F:

Subset of F Meaning
TF a set of tuple functions
RF a set of relation functions
DBF a set of database functions
SDBF a set of sets of databases functions

De�nition 8 [Order among TF, RF, DBF, SDBF].
Given two sets Fin, Fout 2 {TF,RF,DBF, SDBF}, the or-
der order(Fin, Fout) 7! {�, �,⌘} among these sets is
de�ned as order(RF,TF) 7! �, order(DBF,RF) 7! �,
order(SDBF,DBF) 7! �, and order(A,B) 7! ⌘ if A == B. If
order(A,B) 7! � then order(B,A) 7! �.

This leads to a landscape of three classes of FQL operators
based on the operator’s relationship of Fin and Fout, see Table 1.

4.2 FQL Operator Costumes and SQL Injection
FQL does not impose any new syntax on programmers. We envi-
sion FQL as a ‘bunch of functions’ that use the type system of
the embedding programming language (PL). So the same FQL
expression may look syntactically di�erent in Python and C++
or Rust. Yet, conceptually that PL syntax can express the same
query semantics. We call an FQL operator in a host PL a function
costume. These functions are not necessarily compiled to ma-
chine code or interpreted by the PL’s compiler and/or runtime.
Instead the entire FQL expression or any suitable part of it may
be pushed down to the database systemwhich can then optimize
the expression and return a function (through some streaming
interface: ONC, generators, vectorized, etc.). So from the point of
view of the developer it looks like as if all those functions were
executed in the PL — and in the order speci�ed. However, the
underlying team of PL compiler/runtime and DBMS may decide
di�erently. In fact, the entire arti�cial boundary between SQL
and the PL embedding SQL-expressions vanishes. Python code
examples for this can be found in a previous version of this pa-
per [17]. That arti�cial boundary between the PL and the textual
SQL string is the root source for SQL injection which is the
3rd [44] now: the 2nd [45] most dangerous software weakness.
As FQL is embedded into the PL, there is no way to change the
boundary between the text belonging to the query and the text
belonging to user-provided parameters. Thus, there is no way to
change the semantics of a query. Thus, there is no SQL injection
opportunity.

This also opens up interesting future work as now the opti-
mizations done by the PL compiler/interpreter/runtime overlap
with the optimizations done with the DBMS and may be done in
the same optimization space. Thus, we now have the option
to delegate parts of the query expression down to the DBMS and
leave some to the PL, e.g., depending on runtime statistics or
the likelihood that DB optimizations may even have a bene�t.
In addition, this implies that the arti�cial boundary between
an embedded PL-statement (a UDF) and the outer query is
gone, too.



co-domain Fout ! TF RF DBF SDBF
# domain Fin

TF �lter, map, project (per tuple _-
functions)

fake/test data generation fake/test data generation fake/test data generation

RF aggregate a relation to a tuple,
e.g., compute statistics for input
like count the number of tuple
functions, size, ...

unary relational algebra; up-
dates in relational algebra and
SQL

�lter, map, project (per tuple)

horizontal or vertical partitioning;
replication; fake/test data genera-
tion

replicate and partition relation
into shard relations

DBF aggregate a database to a tuple,
e.g., compute statistics for input
like count the number of relation
functions, size, ...

binary relational algebra including
any form of aggregation;

any n-ary relation algebra

result database [47]; �lter, map,
project (per relation)

replicate or partition database into
shard databases

SDBF aggregate a set of databases to a tu-
ple, e.g., compute statistics for in-
put like count the number of data-
base functions, size, ...

aggregate a set of databases to a
relation, e.g., compute statistics for
each database function, compute a
size distribution over all databases

aggregate a set of databases to a
database, e.g., merge two databases
into one; compute statistics for
each database function, compute
a size distribution over all relations
of all databases

result set of databases; �lter, map,
project (per database)

Table 1: A classi�cation of FQL operators by the order of Fin and Fout (De�nition 8). Green visualizes the same order (⌘).
Red means the output has a lower order (�). Yellow means a higher order (�). Each cell shows some example operators
and/or entire subclasses like relational algebra. Many of these cells o�er exciting opportunities for future work. The red
boxes ( ) mark the space covered by relational algebra and SQL. The entry marked with (Ñ Ñ Ñ) denotes where relational
algebra and SQL allow for updates, inserts, and deletes. In contrast, in FDM and FQL, the entire landscape can be used for
updates, inserts, and deletes.

4.3 Powerful Updates Through In-Place FQL
Usage

Any FQL expression can be used in two di�erent ways:
(1.) Out-of-place Usage: The FQL expression o�ers a di�erent
perspective in the sense of a database view on the input. It does not
change the input function in the underlying relation or database,
but based on that input function, the FQL operator returns an
output function conceptually re�ecting a consistent snapshot.
This corresponds to a classical read-only (SELECT) query copying
data from the database to the outside by means of producing a
result set. This leaves the data in the database unchanged.
(2.) In-place Usage: This FQL expression replaces a function
in the input FDM. In this mode, the FQL expression is used as a
“data rewrite rule”. Such a rule may mimic SQL’s database DML-
operations like INSERT/UPDATE/DELETE. However, in SQL, the
latter operations are limited to modifying one or multiple tuples
of a relation at a time: see the entry marked with (Ñ Ñ Ñ) in Table 1.
In contrast, in our approach, we can transform and replace the
underlying functions arbitrarily. Conceptually, we can replace
entire relations or even databases by simply rede�ning a function.

5 Practical Challenges
How can we adopt FDM and FQL? The relational model and SQL
have been a huge success. They have always been challenged by
alternative approaches, e.g., key-value or key-document stores,
Hadoop, XML, object-oriented DBMS, etc. Relational DBMSs
and SQL also shaped component boundaries/APIs. Yet, they did
not shape programming languages (PLs). The dominant PLs are
procedural and object-oriented, heavily enriched by features
originally invented by and exclusive to functional PLs. As of
today, to connect RDBMSes and PLs, the dominant technology
is to wrap RDBMS and make them look like object-oriented
stores: they hide SQL. This is coined object-relational mapper
(ORM). There is a long list of ORMs, e.g., Django ORM [51],
SQLAlchemy [53], Hibernate [52], sequelize [61], drizzle [22],
etc. The query language constructs they provide are sometimes
quite hacky. For instance, to express a simple group by in Django
ORM you have to use the values() statement which leaves the

object-oriented data model and switches to a dictionary [21]
Given the history of ORMs and their idea to hide the relational
model and SQL, this yields a plan for adopting FDM and FQL. It
could look as follows (see Section 7 for the research opportunities
that come with that):
(1) Functional relational mapper (FRM): Develop a replace-

ment for an ORM mapping FDM models and FDM queries to
an existing relational DBMS (just like an ORM but providing
FQL operator costumes which are mapped to the DBMS).

(2) DBMS interface: Open up an open source DBMS to directly
accept FQL expressions through an API (not as text) mapping
them to SQL internally.

(3) DBMS Storage: Open up an open source DBMS store to
optimize for FDM and FQL and allow for joint optimization.

(4) Native FDM and FQL: Provide a native FDM/FQL system.

On Jan 29th, 2026, we started an open source project following
approach (4), see [24].

6 Related Work
Everything anyone does or proposes in data modeling is build
on the shoulders of giants. While some parts of the things put
forward in this vision paper have been proposed (multiple) times
in previous work, several key aspects have not. Overall, we are
not aware of any previous work framing the idea of a functional
data model and (invisible) query language as our vision paper
does. In more detail:
Beyond Tables and Single Table Results. See our discussion
of [16] and [47] in the Introduction. Note that the idea of re-
turning a subdatabase was also explored from an information
retrieval viewpoint outside SQL in [64, 65].
Query Language Alternatives. In terms of relational QLs
there were other proposals that basically boil down to propos-
ing a hybrid of RA operators and SQL-style syntax in the
PL [38, 48, 57, 63]; a variant of RA in the PL, e.g., XXL [6]; or
o�er both RA and SQL [68], and/or combine that with a pipe syn-
tax [57, 63]. The most recent call to replace SQL with something
more functional is [46]. However, that work builds heavily on
relational algebra and allows developers to build pipelines on the
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Figure 3: FDM can express a relationship between a data-
base and a relation, cf. with ERM which can only model
the metadata of a database.

only use foreign keys that exist in 5 , e.g., ‘customers’, and 6, e.g.,
‘products’. In FDM, we enforce these constraints as a side e�ect
by simply making functions share the same domains. Note that
De�nition 4 supports relations between attributes, relations (not
only their tuples), databases, etc. See Figure 3 for an example:
we use a database function DB: str ! YDB where YDB is a set
of relation functions, and a relation function users: int ! Yusers.
Both functions are connected through a relationship function
is_accessed_by: str⇥ int! Yis_accessed_by. This relationship func-
tion expresses which relation (not the relation’s metadata!) in
the database is accessed by which user, without having to work
around this through the database’s metadata.

4 FQL
4.1 FQL Operators and FQL Algebra
De�nition 5 [FQL Operator]. The general form of an FQL
operator is: $? : Fin ! Fout with fin 7! fout .

Here, Fin denotes a domain of input functions, fin 2 Fin. Like-
wise, Fout denotes a co-domain of output functions, fout 2 Fout.
In other words, an FQL operator is simply a higher-order function
transforming an input function into an output function. Note that
this de�nition departs from the one used in relational algebra
where for instance a join operation has (at most) two input rela-
tions. In FQL, this is expressed by using a database function as
input that returns two (or more for n-ary joins) relation functions.
An FQL operator may take additional parameters.

This is in sharp contrast to relational algebra operators (e.g., c ,
f , [, ⇥, ùû, ...). FQL operators are neither restricted to repre-
senting a single output relation nor restricted to up to two in-
put relations as in relational algebra. FQL operator inputs and
outputs can represent any granule including tuples, relations,
databases, sets of databases, etc. See Table 1 for the principal
classes of FQL operators we can derive from this. Notice that our
approach also goes beyond our own recently proposed RESULTDB
SQL extension [47][59] in that we cannot only return a relational
subdatabase but can also return a database with a completely
di�erent schema, e.g., for aggregations.
De�nition 6 [FQL Algebra Composition]. Given two FQL
operators

$?1 : F8in ! F9out with f8in 7! f9out .

$?2 : F:in ! F;out with f:in 7! f;out .

If F9out = F:in. Then,

$?2 �$?1 : F8in ! F;out with f8in 7! f;out

is a valid FQL algebra expression.

We do not imply that FQL expressions are executed in the
order the FQL operators are nested. FQL expressions may be
rewritten in any way as long as the semantic of the expression is
preserved. In the following, we di�erentiate between important
(co-)domains and how this leads to a (natural) classi�cation of
FQL operators.
De�nition 7 [Subsets of F]. (Co-)domains may be restricted
to be easily mappable to existing data models like the relational
model. We di�erentiate between the following important subsets
of F:

Subset of F Meaning
TF a set of tuple functions
RF a set of relation functions
DBF a set of database functions
SDBF a set of sets of databases functions

De�nition 8 [Order among TF, RF, DBF, SDBF].
Given two sets Fin, Fout 2 {TF,RF,DBF, SDBF}, the or-
der order(Fin, Fout) 7! {�, �,⌘} among these sets is
de�ned as order(RF,TF) 7! �, order(DBF,RF) 7! �,
order(SDBF,DBF) 7! �, and order(A,B) 7! ⌘ if A == B. If
order(A,B) 7! � then order(B,A) 7! �.

This leads to a landscape of three classes of FQL operators
based on the operator’s relationship of Fin and Fout, see Table 1.

4.2 FQL Operator Costumes and SQL Injection
FQL does not impose any new syntax on programmers. We envi-
sion FQL as a ‘bunch of functions’ that use the type system of
the embedding programming language (PL). So the same FQL
expression may look syntactically di�erent in Python and C++
or Rust. Yet, conceptually that PL syntax can express the same
query semantics. We call an FQL operator in a host PL a function
costume. These functions are not necessarily compiled to ma-
chine code or interpreted by the PL’s compiler and/or runtime.
Instead the entire FQL expression or any suitable part of it may
be pushed down to the database systemwhich can then optimize
the expression and return a function (through some streaming
interface: ONC, generators, vectorized, etc.). So from the point of
view of the developer it looks like as if all those functions were
executed in the PL — and in the order speci�ed. However, the
underlying team of PL compiler/runtime and DBMS may decide
di�erently. In fact, the entire arti�cial boundary between SQL
and the PL embedding SQL-expressions vanishes. Python code
examples for this can be found in a previous version of this pa-
per [17]. That arti�cial boundary between the PL and the textual
SQL string is the root source for SQL injection which is the
3rd [44] now: the 2nd [45] most dangerous software weakness.
As FQL is embedded into the PL, there is no way to change the
boundary between the text belonging to the query and the text
belonging to user-provided parameters. Thus, there is no way to
change the semantics of a query. Thus, there is no SQL injection
opportunity.

This also opens up interesting future work as now the opti-
mizations done by the PL compiler/interpreter/runtime overlap
with the optimizations done with the DBMS and may be done in
the same optimization space. Thus, we now have the option
to delegate parts of the query expression down to the DBMS and
leave some to the PL, e.g., depending on runtime statistics or
the likelihood that DB optimizations may even have a bene�t.
In addition, this implies that the arti�cial boundary between
an embedded PL-statement (a UDF) and the outer query is
gone, too.



co-domain Fout ! TF RF DBF SDBF
# domain Fin

TF �lter, map, project (per tuple _-
functions)

fake/test data generation fake/test data generation fake/test data generation

RF aggregate a relation to a tuple,
e.g., compute statistics for input
like count the number of tuple
functions, size, ...

unary relational algebra; up-
dates in relational algebra and
SQL

�lter, map, project (per tuple)

horizontal or vertical partitioning;
replication; fake/test data genera-
tion

replicate and partition relation
into shard relations

DBF aggregate a database to a tuple,
e.g., compute statistics for input
like count the number of relation
functions, size, ...

binary relational algebra including
any form of aggregation;

any n-ary relation algebra

result database [47]; �lter, map,
project (per relation)

replicate or partition database into
shard databases

SDBF aggregate a set of databases to a tu-
ple, e.g., compute statistics for in-
put like count the number of data-
base functions, size, ...

aggregate a set of databases to a
relation, e.g., compute statistics for
each database function, compute a
size distribution over all databases

aggregate a set of databases to a
database, e.g., merge two databases
into one; compute statistics for
each database function, compute
a size distribution over all relations
of all databases

result set of databases; �lter, map,
project (per database)

Table 1: A classi�cation of FQL operators by the order of Fin and Fout (De�nition 8). Green visualizes the same order (⌘).
Red means the output has a lower order (�). Yellow means a higher order (�). Each cell shows some example operators
and/or entire subclasses like relational algebra. Many of these cells o�er exciting opportunities for future work. The red
boxes ( ) mark the space covered by relational algebra and SQL. The entry marked with (Ñ Ñ Ñ) denotes where relational
algebra and SQL allow for updates, inserts, and deletes. In contrast, in FDM and FQL, the entire landscape can be used for
updates, inserts, and deletes.

4.3 Powerful Updates Through In-Place FQL
Usage

Any FQL expression can be used in two di�erent ways:
(1.) Out-of-place Usage: The FQL expression o�ers a di�erent
perspective in the sense of a database view on the input. It does not
change the input function in the underlying relation or database,
but based on that input function, the FQL operator returns an
output function conceptually re�ecting a consistent snapshot.
This corresponds to a classical read-only (SELECT) query copying
data from the database to the outside by means of producing a
result set. This leaves the data in the database unchanged.
(2.) In-place Usage: This FQL expression replaces a function
in the input FDM. In this mode, the FQL expression is used as a
“data rewrite rule”. Such a rule may mimic SQL’s database DML-
operations like INSERT/UPDATE/DELETE. However, in SQL, the
latter operations are limited to modifying one or multiple tuples
of a relation at a time: see the entry marked with (Ñ Ñ Ñ) in Table 1.
In contrast, in our approach, we can transform and replace the
underlying functions arbitrarily. Conceptually, we can replace
entire relations or even databases by simply rede�ning a function.

5 Practical Challenges
How can we adopt FDM and FQL? The relational model and SQL
have been a huge success. They have always been challenged by
alternative approaches, e.g., key-value or key-document stores,
Hadoop, XML, object-oriented DBMS, etc. Relational DBMSs
and SQL also shaped component boundaries/APIs. Yet, they did
not shape programming languages (PLs). The dominant PLs are
procedural and object-oriented, heavily enriched by features
originally invented by and exclusive to functional PLs. As of
today, to connect RDBMSes and PLs, the dominant technology
is to wrap RDBMS and make them look like object-oriented
stores: they hide SQL. This is coined object-relational mapper
(ORM). There is a long list of ORMs, e.g., Django ORM [51],
SQLAlchemy [53], Hibernate [52], sequelize [61], drizzle [22],
etc. The query language constructs they provide are sometimes
quite hacky. For instance, to express a simple group by in Django
ORM you have to use the values() statement which leaves the

object-oriented data model and switches to a dictionary [21]
Given the history of ORMs and their idea to hide the relational
model and SQL, this yields a plan for adopting FDM and FQL. It
could look as follows (see Section 7 for the research opportunities
that come with that):
(1) Functional relational mapper (FRM): Develop a replace-

ment for an ORM mapping FDM models and FDM queries to
an existing relational DBMS (just like an ORM but providing
FQL operator costumes which are mapped to the DBMS).

(2) DBMS interface: Open up an open source DBMS to directly
accept FQL expressions through an API (not as text) mapping
them to SQL internally.

(3) DBMS Storage: Open up an open source DBMS store to
optimize for FDM and FQL and allow for joint optimization.

(4) Native FDM and FQL: Provide a native FDM/FQL system.

On Jan 29th, 2026, we started an open source project following
approach (4), see [24].

6 Related Work
Everything anyone does or proposes in data modeling is build
on the shoulders of giants. While some parts of the things put
forward in this vision paper have been proposed (multiple) times
in previous work, several key aspects have not. Overall, we are
not aware of any previous work framing the idea of a functional
data model and (invisible) query language as our vision paper
does. In more detail:
Beyond Tables and Single Table Results. See our discussion
of [16] and [47] in the Introduction. Note that the idea of re-
turning a subdatabase was also explored from an information
retrieval viewpoint outside SQL in [64, 65].
Query Language Alternatives. In terms of relational QLs
there were other proposals that basically boil down to propos-
ing a hybrid of RA operators and SQL-style syntax in the
PL [38, 48, 57, 63]; a variant of RA in the PL, e.g., XXL [6]; or
o�er both RA and SQL [68], and/or combine that with a pipe syn-
tax [57, 63]. The most recent call to replace SQL with something
more functional is [46]. However, that work builds heavily on
relational algebra and allows developers to build pipelines on the
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co-domain Fout ! TF RF DBF SDBF
# domain Fin

TF �lter, map, project (per tuple _-
functions)

fake/test data generation fake/test data generation fake/test data generation

RF aggregate a relation to a tuple,
e.g., compute statistics for input
like count the number of tuple
functions, size, ...

unary relational algebra; up-
dates in relational algebra and
SQL

�lter, map, project (per tuple)

horizontal or vertical partitioning;
replication; fake/test data genera-
tion

replicate and partition relation
into shard relations

DBF aggregate a database to a tuple,
e.g., compute statistics for input
like count the number of relation
functions, size, ...

binary relational algebra including
any form of aggregation;

any n-ary relation algebra

result database [47]; �lter, map,
project (per relation)

replicate or partition database into
shard databases

SDBF aggregate a set of databases to a tu-
ple, e.g., compute statistics for in-
put like count the number of data-
base functions, size, ...

aggregate a set of databases to a
relation, e.g., compute statistics for
each database function, compute a
size distribution over all databases

aggregate a set of databases to a
database, e.g., merge two databases
into one; compute statistics for
each database function, compute
a size distribution over all relations
of all databases

result set of databases; �lter, map,
project (per database)

Table 1: A classi�cation of FQL operators by the order of Fin and Fout (De�nition 8). Green visualizes the same order (⌘).
Red means the output has a lower order (�). Yellow means a higher order (�). Each cell shows some example operators
and/or entire subclasses like relational algebra. Many of these cells o�er exciting opportunities for future work. The red
boxes ( ) mark the space covered by relational algebra and SQL. The entry marked with (Ñ Ñ Ñ) denotes where relational
algebra and SQL allow for updates, inserts, and deletes. In contrast, in FDM and FQL, the entire landscape can be used for
updates, inserts, and deletes.

4.3 Powerful Updates Through In-Place FQL
Usage

Any FQL expression can be used in two di�erent ways:
(1.) Out-of-place Usage: The FQL expression o�ers a di�erent
perspective in the sense of a database view on the input. It does not
change the input function in the underlying relation or database,
but based on that input function, the FQL operator returns an
output function conceptually re�ecting a consistent snapshot.
This corresponds to a classical read-only (SELECT) query copying
data from the database to the outside by means of producing a
result set. This leaves the data in the database unchanged.
(2.) In-place Usage: This FQL expression replaces a function
in the input FDM. In this mode, the FQL expression is used as a
“data rewrite rule”. Such a rule may mimic SQL’s database DML-
operations like INSERT/UPDATE/DELETE. However, in SQL, the
latter operations are limited to modifying one or multiple tuples
of a relation at a time: see the entry marked with (Ñ Ñ Ñ) in Table 1.
In contrast, in our approach, we can transform and replace the
underlying functions arbitrarily. Conceptually, we can replace
entire relations or even databases by simply rede�ning a function.

5 Practical Challenges
How can we adopt FDM and FQL? The relational model and SQL
have been a huge success. They have always been challenged by
alternative approaches, e.g., key-value or key-document stores,
Hadoop, XML, object-oriented DBMS, etc. Relational DBMSs
and SQL also shaped component boundaries/APIs. Yet, they did
not shape programming languages (PLs). The dominant PLs are
procedural and object-oriented, heavily enriched by features
originally invented by and exclusive to functional PLs. As of
today, to connect RDBMSes and PLs, the dominant technology
is to wrap RDBMS and make them look like object-oriented
stores: they hide SQL. This is coined object-relational mapper
(ORM). There is a long list of ORMs, e.g., Django ORM [51],
SQLAlchemy [53], Hibernate [52], sequelize [61], drizzle [22],
etc. The query language constructs they provide are sometimes
quite hacky. For instance, to express a simple group by in Django
ORM you have to use the values() statement which leaves the

object-oriented data model and switches to a dictionary [21]
Given the history of ORMs and their idea to hide the relational
model and SQL, this yields a plan for adopting FDM and FQL. It
could look as follows (see Section 7 for the research opportunities
that come with that):
(1) Functional relational mapper (FRM): Develop a replace-

ment for an ORM mapping FDM models and FDM queries to
an existing relational DBMS (just like an ORM but providing
FQL operator costumes which are mapped to the DBMS).

(2) DBMS interface: Open up an open source DBMS to directly
accept FQL expressions through an API (not as text) mapping
them to SQL internally.

(3) DBMS Storage: Open up an open source DBMS store to
optimize for FDM and FQL and allow for joint optimization.

(4) Native FDM and FQL: Provide a native FDM/FQL system.

On Jan 29th, 2026, we started an open source project following
approach (4), see [24].

6 Related Work
Everything anyone does or proposes in data modeling is build
on the shoulders of giants. While some parts of the things put
forward in this vision paper have been proposed (multiple) times
in previous work, several key aspects have not. Overall, we are
not aware of any previous work framing the idea of a functional
data model and (invisible) query language as our vision paper
does. In more detail:
Beyond Tables and Single Table Results. See our discussion
of [16] and [47] in the Introduction. Note that the idea of re-
turning a subdatabase was also explored from an information
retrieval viewpoint outside SQL in [64, 65].
Query Language Alternatives. In terms of relational QLs
there were other proposals that basically boil down to propos-
ing a hybrid of RA operators and SQL-style syntax in the
PL [38, 48, 57, 63]; a variant of RA in the PL, e.g., XXL [6]; or
o�er both RA and SQL [68], and/or combine that with a pipe syn-
tax [57, 63]. The most recent call to replace SQL with something
more functional is [46]. However, that work builds heavily on
relational algebra and allows developers to build pipelines on the
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No aliases for tables

Attributes in the database 
schema must be unique to 
make them referrable.
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1. SQL redundantly redefines 
foreign keys already present in the 
database schema and also 
transitive join predicates
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query grp

1. SQL redundantly redefines 
foreign keys already present in the 
database schema and also 
transitive join predicates
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2. SQL defines table filters separate from 
relations: the user needs to mentally 
connect this in their head 
(split-attention)
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3. some tables that are neither filtered nor 
used in the aggregates are repeated in the 
query even though they are part of the 
database schema
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4. SQL is a language separate from the 
embedding programming language 
-> high risk of SQL injection

Comparing SQL with FQL: JOB Query 10c



58

FQL does NOT require redefining foreign keys 
(which in FDM are foreign objects anyways); the 
query will however report about the assumptions 
and constraints used

1. SQL redundantly redefines 
foreign keys already present in the 
database schema and also 
transitive join predicates
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relations are defined with their filters, much like a 
traditional query graph

2. SQL defines table filters separate from 
relations: the user needs to mentally 
connect this in their head 
(split-attention)
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intermediate tables do NOT have to be repeated 
as they exist in the schema anyway;


Again: FQL reports/“explains“ the tables and 
constaints used anyways

3. some tables that are neither filtered nor 
used in the aggregates are repeated in the 
query even though they are part of the 
database schema
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FQL is a programming language is a façade, the 
query can be executed by any backend


Here the façade is in Python, but this can be 
almost any other programming language.

4. SQL is a language separate from the 
embedding programming language 
-> high risk of SQL injection

Comparing SQL with FQL: JOB Query 10c
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co-domain Fout ! TF RF DBF SDBF
# domain Fin

TF �lter, map, project (per tuple _-
functions)

fake/test data generation fake/test data generation fake/test data generation

RF aggregate a relation to a tuple,
e.g., compute statistics for input
like count the number of tuple
functions, size, ...

unary relational algebra; up-
dates in relational algebra and
SQL

�lter, map, project (per tuple)

horizontal or vertical partitioning;
replication; fake/test data genera-
tion

replicate and partition relation
into shard relations

DBF aggregate a database to a tuple,
e.g., compute statistics for input
like count the number of relation
functions, size, ...

binary relational algebra including
any form of aggregation;

any n-ary relation algebra

result database [47]; �lter, map,
project (per relation)

replicate or partition database into
shard databases

SDBF aggregate a set of databases to a tu-
ple, e.g., compute statistics for in-
put like count the number of data-
base functions, size, ...

aggregate a set of databases to a
relation, e.g., compute statistics for
each database function, compute a
size distribution over all databases

aggregate a set of databases to a
database, e.g., merge two databases
into one; compute statistics for
each database function, compute
a size distribution over all relations
of all databases

result set of databases; �lter, map,
project (per database)

Table 1: A classi�cation of FQL operators by the order of Fin and Fout (De�nition 8). Green visualizes the same order (⌘).
Red means the output has a lower order (�). Yellow means a higher order (�). Each cell shows some example operators
and/or entire subclasses like relational algebra. Many of these cells o�er exciting opportunities for future work. The red
boxes ( ) mark the space covered by relational algebra and SQL. The entry marked with (Ñ Ñ Ñ) denotes where relational
algebra and SQL allow for updates, inserts, and deletes. In contrast, in FDM and FQL, the entire landscape can be used for
updates, inserts, and deletes.

4.3 Powerful Updates Through In-Place FQL
Usage

Any FQL expression can be used in two di�erent ways:
(1.) Out-of-place Usage: The FQL expression o�ers a di�erent
perspective in the sense of a database view on the input. It does not
change the input function in the underlying relation or database,
but based on that input function, the FQL operator returns an
output function conceptually re�ecting a consistent snapshot.
This corresponds to a classical read-only (SELECT) query copying
data from the database to the outside by means of producing a
result set. This leaves the data in the database unchanged.
(2.) In-place Usage: This FQL expression replaces a function
in the input FDM. In this mode, the FQL expression is used as a
“data rewrite rule”. Such a rule may mimic SQL’s database DML-
operations like INSERT/UPDATE/DELETE. However, in SQL, the
latter operations are limited to modifying one or multiple tuples
of a relation at a time: see the entry marked with (Ñ Ñ Ñ) in Table 1.
In contrast, in our approach, we can transform and replace the
underlying functions arbitrarily. Conceptually, we can replace
entire relations or even databases by simply rede�ning a function.

5 Practical Challenges
How can we adopt FDM and FQL? The relational model and SQL
have been a huge success. They have always been challenged by
alternative approaches, e.g., key-value or key-document stores,
Hadoop, XML, object-oriented DBMS, etc. Relational DBMSs
and SQL also shaped component boundaries/APIs. Yet, they did
not shape programming languages (PLs). The dominant PLs are
procedural and object-oriented, heavily enriched by features
originally invented by and exclusive to functional PLs. As of
today, to connect RDBMSes and PLs, the dominant technology
is to wrap RDBMS and make them look like object-oriented
stores: they hide SQL. This is coined object-relational mapper
(ORM). There is a long list of ORMs, e.g., Django ORM [51],
SQLAlchemy [53], Hibernate [52], sequelize [61], drizzle [22],
etc. The query language constructs they provide are sometimes
quite hacky. For instance, to express a simple group by in Django
ORM you have to use the values() statement which leaves the

object-oriented data model and switches to a dictionary [21]
Given the history of ORMs and their idea to hide the relational
model and SQL, this yields a plan for adopting FDM and FQL. It
could look as follows (see Section 7 for the research opportunities
that come with that):
(1) Functional relational mapper (FRM): Develop a replace-

ment for an ORM mapping FDM models and FDM queries to
an existing relational DBMS (just like an ORM but providing
FQL operator costumes which are mapped to the DBMS).

(2) DBMS interface: Open up an open source DBMS to directly
accept FQL expressions through an API (not as text) mapping
them to SQL internally.

(3) DBMS Storage: Open up an open source DBMS store to
optimize for FDM and FQL and allow for joint optimization.

(4) Native FDM and FQL: Provide a native FDM/FQL system.

On Jan 29th, 2026, we started an open source project following
approach (4), see [24].

6 Related Work
Everything anyone does or proposes in data modeling is build
on the shoulders of giants. While some parts of the things put
forward in this vision paper have been proposed (multiple) times
in previous work, several key aspects have not. Overall, we are
not aware of any previous work framing the idea of a functional
data model and (invisible) query language as our vision paper
does. In more detail:
Beyond Tables and Single Table Results. See our discussion
of [16] and [47] in the Introduction. Note that the idea of re-
turning a subdatabase was also explored from an information
retrieval viewpoint outside SQL in [64, 65].
Query Language Alternatives. In terms of relational QLs
there were other proposals that basically boil down to propos-
ing a hybrid of RA operators and SQL-style syntax in the
PL [38, 48, 57, 63]; a variant of RA in the PL, e.g., XXL [6]; or
o�er both RA and SQL [68], and/or combine that with a pipe syn-
tax [57, 63]. The most recent call to replace SQL with something
more functional is [46]. However, that work builds heavily on
relational algebra and allows developers to build pipelines on the
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Example Issue 2: Getting Data out of the Database (Simplified)

Problem Statement
Assume we want to DISPLAY a table with an N:M-relationship like this in our UI:

What if an SQL Statement Returned a Database?
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ABSTRACT
Every SQL statement is limited to return a single, possibly denor-
malized, table. This design decision has far reaching consequences.
(1.) for databases users in terms of slow query performance, long
query result transfer times, usability-issues of SQL in web applica-
tions and object-relational mappers. In addition, (2.) for database
architects it has consequences when designing query optimitzers
leading to logical (algebraic) join enumeration e�ort, memory con-
sumption for intermediate result materialization, and physical op-
erator selection e�ort. So basically, the entire query optimization
stack is shaped by that design decision.

In this paper, we argue that the single-table limitation should
be dropped. We extend the SELECT-clause of SQL by a keyword
‘RESULTDB’ to support returning a result database. Our approach
has clear semantics, i.e. our extended SQL returns subsets of all
tables with only those tuples that would be part of the traditional
(single-table) query result set, however without performing any
denormalization through joins. Our SQL-extension is downward
compatible.

Moreover, we discuss the surprisingly long list of bene�ts of our
approach. First, for database users: far simpler and more readable
application code, better query performance, smaller query results,
better query result transfer times. Second, for database architects,
we present how to leverage existing closed source systems as well
as change open source database systems to support our feature.
We propose a couple of algorithms to integrate our feature into
both closed-source as well as open source database systems. We
present a comprehensive experimental study. Our results indicate
the e�ciency of our algorithms.

All our code will be made publicly available on publication of
this paper.

1 INTRODUCTION
This paper is motivated by a real application. Part of our group has
recently started developing a web application. When developing
that application we ran into the following, on �rst sight seemingly
easy, lecture-style problem.

1.1 Motivating Problem and Running Example
Consider a university application allowing users to retrieve infor-
mation about professors and the lectures they give. The application
may use any suitable UI-technology. The goal is to display informa-
tion to the user as shown in Figure 1. This is a nested, hierarchical
display where each name of a professor is related to a set of lec-
tures that professor gives. Notice the many-to-many-relationship
between professors and lectures. In the example, both professors
give both lectures ‘Computed Science’ and ‘Databases’. Also note
that if we swapped columns ‘professors’ and ‘lectures’, the lecture
data would not be repeated anymore, however the names of the

professors would be repeated. If any data item is referenced multi-
ple times it will be repeated in the display. Though it does not have
to be a duplicate in the underlying data.

Professors Lectures
name name di�culty

Prof. A Computer Science low
Databases low

Prof. B Computer Science low
Databases low

Figure 1: Desired result to be displayed by a UI as a relational
structure.

1.2 Current Solution and its Problems
Ok, we want to populate this hierarchical structure with data. Let’s
query the database. We keep a relational database storing informa-
tion about professors, the lectures, and information about which pro-
fessors give which lectures. The excerpt of the entity-relationship
model in Figure 7b represents this many-to-many relationship
and will serve as a running example throughout the paper. The cor-
responding relational model and sample data is shown in Figure 2b
(ignore the grey background for the moment).

At some point in the application stack, we generate and send the
SQL statement shown in Figure 2c. That query returns the �at result
table shown in Figure 2d. That �at result table can be used by the
application to populate the hierarchical UI-component of Figure 1
with data.

At least in theory, actually, no: neither in theory nor in practice.
The �at result table cannot be used directly as it has a number of
problems that make it unsuitable for our purpose.

To start, the result table contains redundancies, i.e. the
professor’s names and lecture’s names appear multiple times
(!Problem 1: relational information redundancies). It is not
only that they are displayed multiple times, they are physically
created multiple times. This is due to the underlying join denormal-
izing the data. In Figure 2d, the color coding visualises that e�ect.
For instance, Databases , low appears twice.

In addition, the information that both values originate from the
same tuple got completely lost in the result table. In theory, there
could be two lectures named ‘Databases’ and we would not be
able to distinguish those in the result table without additionally
projecting to their primary keys. TODO: actually also kind of �xable
in standard SQL, better explain that we are losing information about
the underlying entity (!Problem 2: relational information
loss).

In general, the larger the result table, i.e. the more tuples in
that table, the higher the likelihood to see these duplicates, the
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id name age

Lectures
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give
N M

(a) Entity-relationship model.

Professors
id name age
0 Prof. A 49
1 Prof. B 60
2 Prof. C 32

give
pid lid
0 0
1 0
0 1
1 1
0 2
1 3

Lectures
id name di�culty
0 Computer Science low
1 Databases low
2 Mathematics high
3 Arti�cial Intelligence high

(b) Relational model and sample data.

1 SELECT p.name , l.name , l.difficulty
2 FROM professors AS p, give AS g, lectures AS l
3 WHERE l.difficulty = �low� AND
4 p.id = g.pid AND
5 l.id = g.lid
6 ORDER BY p.name;

(c) Q1: SQL statement.

Professors ùû give ùû Lectures
p.name l.name l.di�culty
Prof. A Computer Science low
Prof. A Databases low
Prof. B Computer Science low
Prof. B Databases low

(d) Relational result table. The colors represent attribute values of data-
base entities (tuples) that get duplicated in the query result.

Figure 2: Running Example.

higher the e�ort to transmit these result sets to the client using the
database (!Problem 3: data transmission costs).

This is not so much a problem of analytical queries that perform
grouping and aggregation, it is however an issue when the result set
of a query is large. In fact, as we will see later on, this may also be an
issue for memory consumption while processing the query as those
redundancies have to be materialized at some point in the physical
execution plan. (!Problem 4: high memory requirements).

What is also irritating about the result table is the fact that the no-
tion of a ‘key’ is not de�ned anymore, that notion is simply dropped
when processing data in SQL or relational algebra (!Problem 5:
key information loss). TODO: better explain that the result table
drops the notion of primary key and uniqueness.

To remedy this, we could try to make the result table comply
with Boyce-Codd-normal form (BCNF). However, in the running
example the keys of the base relations are not part of our result table.
Hence, we cannot argue along functional dependencies to verify
whether the table is in a certain normal form. As a workaround,
we could make the speci�c tuples returned for this speci�c database
instance comply with BCNF. This can be done by considering the
attributes (p.name,l.name) to form a composed key, i.e. we de�ne
a schema for the result table as [pname:str, lname:str, ldi�culty:str].
This approach breaks as soon as a second professor with the same
name or a second lecture with the same name got inserted into the
underlying relations. This is precisely the reason why we teach
undergraduates to never ‘normalise’ any table against a speci�c
database instance.

Back to the result table, SQL discards even more information
from the underlying relations: where did a speci�c attribute in the
result table come from in the �rst place? Does that attribute value
correspond to an attribute in one of the base relations? Or was
it computed? (!Problem 6: schema information loss). This

again emphasises that both SQL and relational algebra are not so
much data-retrieval but in fact data-transformation languages: both
languages take a set of base relations as their input and transform
them into a single output relation. However, considerable infor-
mation on how the schema, keys, and data from the base relations
are related to the schema, (possible) keys, and data in the single
output relation gets lost on the way.

So, how do we use the �at result table (Figure 2d) to �ll the
UI-component (Figure 1) with data? There are multiple options:
Option 1: We change the SQL statement to also return the keys, like
that we would be able to write some code in our application to group
the data by p.name and/or p.id. In other words, our application will
perform data processing. Obviously, this feels weird, as of course
the very idea of a database system is to provide data processing
functionality such that application developers do not have to write
data processing code over and over again.
Option 2: We do the same thing as in Option 1 but perform the
grouping directly on the server using group-by, cube or any other
suitable operator. Then, we do however face the problem that we
only want to group (in the sense of SQL’s partition by) the data
without aggregating its values. So we have to switch from group-by
to using SQL’s array-logic to return nested tables. For instance, we
can achieve this in SQL (using PostgreSQL-syntax) as follows:

1 SELECT p.name ,
2 ARRAY_AGG (l.name || �:� || l.difficulty)
3 AS nested
4 FROM professors AS p, give AS g, lectures AS l
5 WHERE l.difficulty = �low� AND
6 p.id = g.pid AND
7 l.id = g.lid
8 GROUP BY p.name;

Note that ARRAY_AGG creates a text[] column as speci�ed in the
()-brackets:

2

How do we retrieve the data for that table from the database?
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(b) Relational model and sample data.

1 SELECT p.name , l.name , l.difficulty
2 FROM professors AS p, give AS g, lectures AS l
3 WHERE l.difficulty = �low� AND
4 p.id = g.pid AND
5 l.id = g.lid
6 ORDER BY p.name;

(c) Q1: SQL statement.

Professors ùû give ùû Lectures
p.name l.name l.di�culty
Prof. A Computer Science low
Prof. A Databases low
Prof. B Computer Science low
Prof. B Databases low

(d) Relational result table. The colors represent attribute values of data-
base entities (tuples) that get duplicated in the query result.

Figure 2: Running Example.

higher the e�ort to transmit these result sets to the client using the
database (!Problem 3: data transmission costs).

This is not so much a problem of analytical queries that perform
grouping and aggregation, it is however an issue when the result set
of a query is large. In fact, as we will see later on, this may also be an
issue for memory consumption while processing the query as those
redundancies have to be materialized at some point in the physical
execution plan. (!Problem 4: high memory requirements).

What is also irritating about the result table is the fact that the no-
tion of a ‘key’ is not de�ned anymore, that notion is simply dropped
when processing data in SQL or relational algebra (!Problem 5:
key information loss). TODO: better explain that the result table
drops the notion of primary key and uniqueness.

To remedy this, we could try to make the result table comply
with Boyce-Codd-normal form (BCNF). However, in the running
example the keys of the base relations are not part of our result table.
Hence, we cannot argue along functional dependencies to verify
whether the table is in a certain normal form. As a workaround,
we could make the speci�c tuples returned for this speci�c database
instance comply with BCNF. This can be done by considering the
attributes (p.name,l.name) to form a composed key, i.e. we de�ne
a schema for the result table as [pname:str, lname:str, ldi�culty:str].
This approach breaks as soon as a second professor with the same
name or a second lecture with the same name got inserted into the
underlying relations. This is precisely the reason why we teach
undergraduates to never ‘normalise’ any table against a speci�c
database instance.

Back to the result table, SQL discards even more information
from the underlying relations: where did a speci�c attribute in the
result table come from in the �rst place? Does that attribute value
correspond to an attribute in one of the base relations? Or was
it computed? (!Problem 6: schema information loss). This

again emphasises that both SQL and relational algebra are not so
much data-retrieval but in fact data-transformation languages: both
languages take a set of base relations as their input and transform
them into a single output relation. However, considerable infor-
mation on how the schema, keys, and data from the base relations
are related to the schema, (possible) keys, and data in the single
output relation gets lost on the way.

So, how do we use the �at result table (Figure 2d) to �ll the
UI-component (Figure 1) with data? There are multiple options:
Option 1: We change the SQL statement to also return the keys, like
that we would be able to write some code in our application to group
the data by p.name and/or p.id. In other words, our application will
perform data processing. Obviously, this feels weird, as of course
the very idea of a database system is to provide data processing
functionality such that application developers do not have to write
data processing code over and over again.
Option 2: We do the same thing as in Option 1 but perform the
grouping directly on the server using group-by, cube or any other
suitable operator. Then, we do however face the problem that we
only want to group (in the sense of SQL’s partition by) the data
without aggregating its values. So we have to switch from group-by
to using SQL’s array-logic to return nested tables. For instance, we
can achieve this in SQL (using PostgreSQL-syntax) as follows:

1 SELECT p.name ,
2 ARRAY_AGG (l.name || �:� || l.difficulty)
3 AS nested
4 FROM professors AS p, give AS g, lectures AS l
5 WHERE l.difficulty = �low� AND
6 p.id = g.pid AND
7 l.id = g.lid
8 GROUP BY p.name;

Note that ARRAY_AGG creates a text[] column as speci�ed in the
()-brackets:

2

Job done! Right?

Unfortunately, this leads to a couple of problems:
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(b) Relational model and sample data.

1 SELECT p.name , l.name , l.difficulty
2 FROM professors AS p, give AS g, lectures AS l
3 WHERE l.difficulty = �low� AND
4 p.id = g.pid AND
5 l.id = g.lid
6 ORDER BY p.name;

(c) Q1: SQL statement.

Professors ùû give ùû Lectures
p.name l.name l.di�culty
Prof. A Computer Science low
Prof. A Databases low
Prof. B Computer Science low
Prof. B Databases low

(d) Relational result table. The colors represent attribute values of data-
base entities (tuples) that get duplicated in the query result.

Figure 2: Running Example.

higher the e�ort to transmit these result sets to the client using the
database (!Problem 3: data transmission costs).

This is not so much a problem of analytical queries that perform
grouping and aggregation, it is however an issue when the result set
of a query is large. In fact, as we will see later on, this may also be an
issue for memory consumption while processing the query as those
redundancies have to be materialized at some point in the physical
execution plan. (!Problem 4: high memory requirements).

What is also irritating about the result table is the fact that the no-
tion of a ‘key’ is not de�ned anymore, that notion is simply dropped
when processing data in SQL or relational algebra (!Problem 5:
key information loss). TODO: better explain that the result table
drops the notion of primary key and uniqueness.

To remedy this, we could try to make the result table comply
with Boyce-Codd-normal form (BCNF). However, in the running
example the keys of the base relations are not part of our result table.
Hence, we cannot argue along functional dependencies to verify
whether the table is in a certain normal form. As a workaround,
we could make the speci�c tuples returned for this speci�c database
instance comply with BCNF. This can be done by considering the
attributes (p.name,l.name) to form a composed key, i.e. we de�ne
a schema for the result table as [pname:str, lname:str, ldi�culty:str].
This approach breaks as soon as a second professor with the same
name or a second lecture with the same name got inserted into the
underlying relations. This is precisely the reason why we teach
undergraduates to never ‘normalise’ any table against a speci�c
database instance.

Back to the result table, SQL discards even more information
from the underlying relations: where did a speci�c attribute in the
result table come from in the �rst place? Does that attribute value
correspond to an attribute in one of the base relations? Or was
it computed? (!Problem 6: schema information loss). This

again emphasises that both SQL and relational algebra are not so
much data-retrieval but in fact data-transformation languages: both
languages take a set of base relations as their input and transform
them into a single output relation. However, considerable infor-
mation on how the schema, keys, and data from the base relations
are related to the schema, (possible) keys, and data in the single
output relation gets lost on the way.

So, how do we use the �at result table (Figure 2d) to �ll the
UI-component (Figure 1) with data? There are multiple options:
Option 1:We change the SQL statement to also return the keys, like
that wewould be able to write some code in our application to group
the data by p.name and/or p.id. In other words, our application will
perform data processing. Obviously, this feels weird, as of course
the very idea of a database system is to provide data processing
functionality such that application developers do not have to write
data processing code over and over again.
Option 2: We do the same thing as in Option 1 but perform the
grouping directly on the server using group-by, cube or any other
suitable operator. Then, we do however face the problem that we
only want to group (in the sense of SQL’s partition by) the data
without aggregating its values. So we have to switch from group-by
to using SQL’s array-logic to return nested tables. For instance, we
can achieve this in SQL (using PostgreSQL-syntax) as follows:

1 SELECT p.name ,
2 ARRAY_AGG (l.name || �:� || l.difficulty)
3 AS nested
4 FROM professors AS p, give AS g, lectures AS l
5 WHERE l.difficulty = �low� AND
6 p.id = g.pid AND
7 l.id = g.lid
8 GROUP BY p.name;

Note that ARRAY_AGG creates a text[] column as speci�ed in the
()-brackets:
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ABSTRACT
Every SQL statement is limited to return a single, possibly denor-
malized, table. This design decision has far reaching consequences.
(1.) for databases users in terms of slow query performance, long
query result transfer times, usability-issues of SQL in web applica-
tions and object-relational mappers. In addition, (2.) for database
architects it has consequences when designing query optimitzers
leading to logical (algebraic) join enumeration e�ort, memory con-
sumption for intermediate result materialization, and physical op-
erator selection e�ort. So basically, the entire query optimization
stack is shaped by that design decision.

In this paper, we argue that the single-table limitation should
be dropped. We extend the SELECT-clause of SQL by a keyword
‘RESULTDB’ to support returning a result database. Our approach
has clear semantics, i.e. our extended SQL returns subsets of all
tables with only those tuples that would be part of the traditional
(single-table) query result set, however without performing any
denormalization through joins. Our SQL-extension is downward
compatible.

Moreover, we discuss the surprisingly long list of bene�ts of our
approach. First, for database users: far simpler and more readable
application code, better query performance, smaller query results,
better query result transfer times. Second, for database architects,
we present how to leverage existing closed source systems as well
as change open source database systems to support our feature.
We propose a couple of algorithms to integrate our feature into
both closed-source as well as open source database systems. We
present a comprehensive experimental study. Our results indicate
the e�ciency of our algorithms.

All our code will be made publicly available on publication of
this paper.

1 INTRODUCTION
This paper is motivated by a real application. Part of our group has
recently started developing a web application. When developing
that application we ran into the following, on �rst sight seemingly
easy, lecture-style problem.

1.1 Motivating Problem and Running Example
Consider a university application allowing users to retrieve infor-
mation about professors and the lectures they give. The application
may use any suitable UI-technology. The goal is to display informa-
tion to the user as shown in Figure 1. This is a nested, hierarchical
display where each name of a professor is related to a set of lec-
tures that professor gives. Notice the many-to-many-relationship
between professors and lectures. In the example, both professors
give both lectures ‘Computed Science’ and ‘Databases’. Also note
that if we swapped columns ‘professors’ and ‘lectures’, the lecture
data would not be repeated anymore, however the names of the

professors would be repeated. If any data item is referenced multi-
ple times it will be repeated in the display. Though it does not have
to be a duplicate in the underlying data.

Professors Lectures
name name di�culty

Prof. A Computer Science low
Databases low

Prof. B Computer Science low
Databases low

Figure 1: Desired result to be displayed by a UI as a relational
structure.

1.2 Current Solution and its Problems
Ok, we want to populate this hierarchical structure with data. Let’s
query the database. We keep a relational database storing informa-
tion about professors, the lectures, and information about which pro-
fessors give which lectures. The excerpt of the entity-relationship
model in Figure 7b represents this many-to-many relationship
and will serve as a running example throughout the paper. The cor-
responding relational model and sample data is shown in Figure 2b
(ignore the grey background for the moment).

At some point in the application stack, we generate and send the
SQL statement shown in Figure 2c. That query returns the �at result
table shown in Figure 2d. That �at result table can be used by the
application to populate the hierarchical UI-component of Figure 1
with data.

At least in theory, actually, no: neither in theory nor in practice.
The �at result table cannot be used directly as it has a number of
problems that make it unsuitable for our purpose.

To start, the result table contains redundancies, i.e. the
professor’s names and lecture’s names appear multiple times
(!Problem 1: relational information redundancies). It is not
only that they are displayed multiple times, they are physically
created multiple times. This is due to the underlying join denormal-
izing the data. In Figure 2d, the color coding visualises that e�ect.
For instance, Databases , low appears twice.

In addition, the information that both values originate from the
same tuple got completely lost in the result table. In theory, there
could be two lectures named ‘Databases’ and we would not be
able to distinguish those in the result table without additionally
projecting to their primary keys. TODO: actually also kind of �xable
in standard SQL, better explain that we are losing information about
the underlying entity (!Problem 2: relational information
loss).

In general, the larger the result table, i.e. the more tuples in
that table, the higher the likelihood to see these duplicates, the

Desired Output:SQL Output:

data 
duplication 

data duplication data duplication 

Why? Join operation denormalizes the data.

Problem 1/7: Denormalization ⇒ Data Duplication

denormalization: 
inverse operation to E/R and relational modeling

MyFantasticQueryResultTable

data 
duplication 
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(b) Relational model and sample data.

1 SELECT p.name , l.name , l.difficulty
2 FROM professors AS p, give AS g, lectures AS l
3 WHERE l.difficulty = �low� AND
4 p.id = g.pid AND
5 l.id = g.lid
6 ORDER BY p.name;

(c) Q1: SQL statement.

Professors ùû give ùû Lectures
p.name l.name l.di�culty
Prof. A Computer Science low
Prof. A Databases low
Prof. B Computer Science low
Prof. B Databases low

(d) Relational result table. The colors represent attribute values of data-
base entities (tuples) that get duplicated in the query result.

Figure 2: Running Example.

higher the e�ort to transmit these result sets to the client using the
database (!Problem 3: data transmission costs).

This is not so much a problem of analytical queries that perform
grouping and aggregation, it is however an issue when the result set
of a query is large. In fact, as we will see later on, this may also be an
issue for memory consumption while processing the query as those
redundancies have to be materialized at some point in the physical
execution plan. (!Problem 4: high memory requirements).

What is also irritating about the result table is the fact that the no-
tion of a ‘key’ is not de�ned anymore, that notion is simply dropped
when processing data in SQL or relational algebra (!Problem 5:
key information loss). TODO: better explain that the result table
drops the notion of primary key and uniqueness.

To remedy this, we could try to make the result table comply
with Boyce-Codd-normal form (BCNF). However, in the running
example the keys of the base relations are not part of our result table.
Hence, we cannot argue along functional dependencies to verify
whether the table is in a certain normal form. As a workaround,
we could make the speci�c tuples returned for this speci�c database
instance comply with BCNF. This can be done by considering the
attributes (p.name,l.name) to form a composed key, i.e. we de�ne
a schema for the result table as [pname:str, lname:str, ldi�culty:str].
This approach breaks as soon as a second professor with the same
name or a second lecture with the same name got inserted into the
underlying relations. This is precisely the reason why we teach
undergraduates to never ‘normalise’ any table against a speci�c
database instance.

Back to the result table, SQL discards even more information
from the underlying relations: where did a speci�c attribute in the
result table come from in the �rst place? Does that attribute value
correspond to an attribute in one of the base relations? Or was
it computed? (!Problem 6: schema information loss). This

again emphasises that both SQL and relational algebra are not so
much data-retrieval but in fact data-transformation languages: both
languages take a set of base relations as their input and transform
them into a single output relation. However, considerable infor-
mation on how the schema, keys, and data from the base relations
are related to the schema, (possible) keys, and data in the single
output relation gets lost on the way.

So, how do we use the �at result table (Figure 2d) to �ll the
UI-component (Figure 1) with data? There are multiple options:
Option 1:We change the SQL statement to also return the keys, like
that wewould be able to write some code in our application to group
the data by p.name and/or p.id. In other words, our application will
perform data processing. Obviously, this feels weird, as of course
the very idea of a database system is to provide data processing
functionality such that application developers do not have to write
data processing code over and over again.
Option 2: We do the same thing as in Option 1 but perform the
grouping directly on the server using group-by, cube or any other
suitable operator. Then, we do however face the problem that we
only want to group (in the sense of SQL’s partition by) the data
without aggregating its values. So we have to switch from group-by
to using SQL’s array-logic to return nested tables. For instance, we
can achieve this in SQL (using PostgreSQL-syntax) as follows:

1 SELECT p.name ,
2 ARRAY_AGG (l.name || �:� || l.difficulty)
3 AS nested
4 FROM professors AS p, give AS g, lectures AS l
5 WHERE l.difficulty = �low� AND
6 p.id = g.pid AND
7 l.id = g.lid
8 GROUP BY p.name;

Note that ARRAY_AGG creates a text[] column as speci�ed in the
()-brackets:

2

Result (conceptually):SELECT RESULTDB SQL Extension:

In other words, if the relations and their primary keys being
referred to by those foreign keys as well as the referencing foreign
keys are also contained in [DB0], we call [DB0] a relationship-
preserving subdatabase projection.

If a post-join is to be performed along foreign-key constraints
only (whichwe assume to be the 95%-case), a subdatabase projection
must be relationship-preserving. If a post-join uses join predicates
other than the foreign key constraints speci�ed in the database
schema, those attributes need to be included into the subdatabase
projection as well.

2.7 Extending SQL: SELECT RESULTDB
As mentionen above, the idea to make a a query return a sub-
database is not restricted to one particular language, but can easily
be added to many existing query languages. In this section, we
brie�y show how such an extension could look like in SQL.

We propose to extend the SELECT clause to

SELECT RESULTDB [DB0]
This statement will return c[DB]0

�
&DB (R0)

�
as de�ned in Sec-

tion 2.5. Listing 2 shows a complete SQL-example with a SQL state-
ment and the result set produced by that statement.

Listing 2: Example SQL query showcasing our extension
SELECT RESULTDB and the result dictionary returned.

1 SELECT RESULTDB p.id , p.name ,
2 g.pid , g.lid ,
3 l.id , l.name , l.difficulty
4 FROM professors AS p, give AS g, lectures AS l
5 WHERE l.difficulty = �low� AND
6 p.id = g.pid AND
7 l.id = g.lid;
8

9 Result = {
10 �Professors �: {
11 (0, Prof. A),
12 (1, Prof. B),
13 },
14 �give�: {
15 (0, 0),
16 (1, 0),
17 (0, 1),
18 (1, 1),
19 },
20 �Lectures �: {
21 (0, Computer Science , low),
22 (1, Databases , low),
23 },
24 }

Notice the set semantics which avoids the confusion with SQL’s
multi-set semantic. Also notice that SELECT RESULTDB does not
imply that the contents of the subrelations returned have to be fully
materialized: it is still possible to return results through pipelines
as in standard single-table query processing. Think of it as each
relation mapping to an iterator (aka cursor or any other suitable
pull- or push-based streaming interface), see Listing 3.

Listing 3: Example for a stream-based result dictionary.
1 Result = {
2 �Professors �: stream_Professors ,
3 �give�: stream_give ,
4 �Lectures �: stream_Lectures ,
5 }

Importantly, the user is not restricted in the choice of which
attributes to return (as discussed in Sections 2.4 and 2.5). Therefore,
if the user is only interested in the professor and lecture names
for example, only those two attributes would be returned. In par-
ticular, the give relation would not be part of the result database.
However, in order to be able to perform a post-join on the client-
side (as described in Section 2.3), the database subschema has to be
relationship-preserving (as described in Section 2.6).

3 SQL-BASED REWRITE METHODS
In this section, we discuss several SQL-based rewrite methods
(RWM) that allow us to implement the query semantics introduced
in Section 2. Since these rewrites happen entirely on the SQL level
and do not require access to the source code of the database manage-
ment system, this allows for very easy integration in every system,
in particular closed source database systems.

Our rewrite methods can be classi�ed along two dimensions:
Dimension 1: SQL semi-join strategy. Unfortunately, SQL does

not provide a keyword for semijoins. Hence we have to write semi-
joins implicitly. This can be done in two ways: either through
an inner join followed by a SELECT DISTINCT on a single rela-
tion, see Listing 1. Alternatively, we can use a subquery with IN,
see Listing 5. Semantically, both rewrites express the same query
and return the same result set. Unfortunately, the two rewrites may
yield very di�erent plans in many database systems. Hence, each
rewrite strategy can often be considered an implicit hint to the
optimizer (breaking the strict separation of SQL’s declarativeness
from query optimization). Due to these e�ects, we will consider
both rewrites for this paper.
Dimension 2: Materialization strategy. For the di�erent

rewrites, we can prematerialize or cache data, e.g. by issuing suit-
able materialized views. These materialized views can precompute
the entire query result (which is trivial) or suitable parts of the
query which allow us to achieve a good trade-o� between premate-
rialization e�ort and query processing time.
In total, these two dimensions span a two-dimensional landscape,
see Figure 3. For each combination of semi-join and materialization
strategy, we show how the rewrite methods that we are going to
discuss in the following subsections can be categorized.

SELECT DISTINCT Subquery
Dynamic RWM 1 RWM 3

Materialized RWM 2 RWM 4

Figure 3: SQL semi-join ⇥materialization landscape.

3.1 Rewrite Method 1: Dynamic SELECT
DISTINCT

The �rst rewrite method transforms the single SELECT RESULTDB
query into multiple SELECT DISTINCT queries, one for each rela-
tion that participates in the output. Each of those queries computes
the same join result internally. Then, each query projects to the
unique attributes of exactly one relation. Therefore, we need as
many SELECT DISTINCT queries as we have di�erent relations in

5

Impact: 7 Problems Solved at the Same Time

• no denormalization problems whatsoever 
• schema of the result? same as the database! 
• no relational/key/schema information loss 
• the result already contains objects, I mean 

entities, no: objects, wait 
• ahh right: objects=entities!

Our Solution: Allow SQL to Return a Result Subdatabase

{ },,
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