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If database management systems make better use of reference values, it will be easier
to traverse linked data. This will enable Al tools to make more direct use of actual data

in databases (instead of secondary sources, comments, blogs etc).
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Here's the agenda:

» To target a Generative Al tool to a desired purpose, it
needs the right vocabulary and topic structure [1]
» Knowledge graphs, RDF, JSON etc are great sources
» But these are fairly rare in business, science, industry [2]
» Many (too many) tools available; all are quite tricky to use [2]
» Very often we already have relational databases
» Why not make RDBMS and PG a single technology?2
» Add graph models and queries to database products
» Automatic conversion of existing data
» For new data, easily develop both models at the same time
[1] Bhatt,2020 [2] Kondylakis,2025

© Fritz Laux, Malcolm Crowe » Linked data

Relational databases and linked data

» SQL uses keys to link data, but foreign keys are “not usable in queries” [2]
» SQL/PGQ provides simple graph view and queries for relational data

» Graph pattern available Table PERSON Table COMPANY
L 5 [ "Mame | [ weeksin | [ Key | mame | 1
» But uses joins internally | e (FK) C oo T |

| | >
Joe Cisco | B

» To follow edges in queries —a
» Schema constraints missing T
» Rigid graph view definition
» Hard to experiment with alternative models on the same data

» It would be nicer when starting a new project to start to draw graph

[2] Kondylakis,2025
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Why not use references instead of keys?

» Build in reference values to SQL implementation
» To replace the use of foreign keys

» The implementation should preserve compatibility
» But silently use reference values alongside them

» Allow graph patterns to define graph schema

» Build an implicit graph model as you enter data
» We can always do this for record-based databases
» Records very often refer to other records: do this directly
» Allow alternative graph models on the same data
» Any reference can define an edge

© Fritz Laux, Malcolm Crowe » Record based data

The key idea is REFERENCE values. Amazingly, reference values (and the keyword REF)
are already in the database standards and implemented in several widely used
database products (Oracle, Microsoft, IBM etc). But at present REF is not widely used.
This could so easily change...

Record based data

» Every business or scientific record contfains references

» Contracts, Orders, Categories, Invoices

» Link by record identity instead of indexing on key values
» A big simplification that also supports graph query

» And makes an easy bridge to graphical data

Table PERSON Table COMPANY

Name Worksin | [Tkey | Name
(key) (REF Company) T

| | | ] .' Cisco |
Joe REF (Cisc0) | ol o 1
1 1 recgemy | :
| REF (BM) |
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Focus on references in the data model
» Select the properties of interest and the links to follow
» What graph patterns lead to useful queries

» Rows in relational tables can be nodes or edges
» Any reference can be followed (properties often have 1)

» Have as many as are useful (GQL edges have only 2)

© Fritz Laux, Malcolm Crowe » Introducing graph patterns

(Slide 9is hidden)

Relational data old and new

» Relational databases all have record uids
» Though many products hide them from view
» We can capture these uids on database load
» Many products will calculate a REF for a given table row

» Migrate existing relational data with foreign keys
» Conversion to reference values comes for free

» Use graphical patterns directly to add anything new
» Graph insert arrows immediately become links to records

© Fritz Laux, Malcolm Crowe » Building a fresh model




Starting out..

» Joe and Mary are married and Joe works at Cisco
» Nodes and edges?

Insert (C:Company{name:‘'Cisco'}),

(:Person{name: 'Mary'})-[:Married]->

(:Person{name: 'Joe"' ,worksIn:C})
C is temporarily bound to a particular Company
» You can get bindings to existing data by using Match

10
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Arrows indicate links between items of data: with direction source to destination -> or
the reverse <- . Undirected relationships can be indicated using ~.

Nodes (individual items of information, rows in a table) are enclosed in round brackets (
), edges in square brackets.

Then links between nodes are use edges: (a)-[ ]->(b) or (¢)<-[ ]-(d) .
Nodes and edges can have property lists.

A database can have different types of nodes and edges (e.g. rows in different tables).
The Label of a node such as :Company is the name of the table. Here the symbol C near
the start of the pattern enables the worksln relationship at the end to reference this
company.

Worksln is thus an example of a link that dose not use an edge, such named links can be
indicated by arrows -WorksIn-> that does not have square brackets.

What is new here?

» From SQL standpoint, everything!
» Graph insert statement

» JSON notation for property values
» Reference values (C)

» Labelled node types and edge types
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And in the database, this gives
» 3 tables with the data specified 7o fief from persen
» Of course, the database allows i i il
all the usual SQL things
» This example has no foreign keysT 77777 |25 e From company

NAME |REF|

and so we get explicit REFs |—

© Fritz Laux, Malcolm Crowe » With our old ways..

Maybe we still want all our old ways

create table author(id int QL> select * from author

primary key,aname string)
create table book(id int primary key,
authid int references author,
title string)
insert into author values
(1, 'Dickens'), (2, 'Conrad")
insert into book(authid,title) values Ifzigﬁiiscn
(1, 'Dombey & Son’), 3 | |David Copperfield|

=l == |
(2, 'Lord Jim'), (1, 'David Copperfield') qL> |
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An example: CS2013 syllabus

INSERT (cl:Category{name:'Core-Tierl'}),
(c2:Category{name: 'Core-Tier2'}),
(el:Category{name: 'Elective'}), (fa:Level{name:'Familiarity'}),
s":Level{name: 'Assessment'}), (us:Level{name:'Usage'}),
"AL'})<-{

'AL/Basic Analysis'})<-{

(:Topic{detail:"' Differences among best, expected,
case behaviors of an algorithm',category:c1}),

(al:KnowledgeArea{name:
(:KnowledgeUnit{name:

and worst

(:Topic{detail:"' Asymptotic analysis of upper and expected
complexity bounds',category:cl})}}

» Single insert statement for many linked records, capturing uid links

© Fritz Laux, Malcolm Crowe » The implied data model

The CS2013 data model

Knowledge Area

Knowledge Unit

Name

Teaching

Hours (int)
Elective (yin)

(znum) Category

Core-Tier 1

Core-Tier 2

(enum) Mastery Level

Familiarity
Usage
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Elective Assessment

» And JSON?g

Schema information in JSON

p Schema

information is in a system table S

CATEGORY

Eields:[NAME: A Display:1)

LEVEL

tLum;axw;.mm:u

KNOWLEDGEAREA

{E elds Hn“YE Dls day:1)

KNOWLEDGEUNIT

{Eield:
R Grientauon 10,
trh: Eoc: KN(MLEDGEAREA Metadata:{OPTIONAL:False) )1}

TOPIC

{Fields:[CATEGORY: {Domain:REF,ToType: "CATEGORY" },DETAIL: {Domain:CHAR}, KNOWLEDGEU
NIT:{Domain:REF,ToType: ‘KNOWLEDGEUNIT"}]),Display:3,REFERENCES : [Nane : CATEGORY,
Orientation:T0,

Key:true,For: CATEGCRY r'eudata {OPTIONAL:False}}, Naae K“OnLEDGEUNIT
Orientation:T0,

LEARNINGOUTCOME

{Fields:[CATEGORY: (Dmxn REF,ToType: "CATEGORY "}, DE\'AIL (Doaam (HAR),KWLEDGEU
NIT:{Domain:REF,ToType: "KNOWLEDGEUNIT"}, LE‘IEL {Domain:REF,ToType: "LEVEL'}],Displ
ay:4,REFERENCES: [Name : CATEGORY,

Key true, For CATEGORY ,Metadata: {OPTIONAL:False)}),Name : KNOWLEDGEUNIT,

K:y true,For MWLE EUNIT, Hetadata OPTIONA False)) ame: LEVEL,

SUBTOPIC

S CabENE
(MMWMWMZ(WE ToType: ToPIC’ }1.Risplay:2,REFER
ENCES: [Name : TOPIC, Orientation:T0,

Keyitrue, ForiTOPIC, Metadata: (OPTIONAL: Falsed Tl
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Table data in Json

» Set Json
» Table KnowledgeUnit

RESULT

[{"KNOWLEDGEAREA": 419[72], "NAME": 'AL/Basic Analysis'},
{"KNOWLEDGEAREA": 419[72], "NAME": ‘Algorithmic Strategies'},
{"KNOWLEDGEAREA": 419[72], "NAME": 'AL/Fundamental Data Structures
and Algorithms'}, {"KNOWLEDGEAREA": 419[72], "NAME": 'AL/Basic Automata
Computability and Complexity'}]
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» Future work

The LDBC Financial Benchmark (FB)

© Fritz Laux

_, Single edges

from src to dst

Multiple edges

from src to dst

« Weaknesses and formal errors

1)Only 1 signin edge is allowed
between account and medium (in
UML & PGM)

2)signin should be an entity

3) Multiple associations (own,
guarantee, invest, apply) suggest
similarity

4) Use inheritance and
generalization

5 Repay and deposit are
transactions as well

6) Not every Loan application will be
granted

» Generalization/Specialization

With LegalEntity and Account as Generalization

contract

Finbench as TGM with
Type: {guarantee | invest}

amount: 64-bit Generalization/

transfer

currency: string
execTime: DateTime

specialization

amount: 64-bit
currency: String
execTime: DateTime

Medium
LegalEntity
e s
@ isBlockcd. Boolean
Name: suing te: Dty

isBlocked :Boolean

owns
1

1410

create: DateTime.

sstlogin: DateTime | x  Sfp, Type: Suring
Country: String 1 riskLevel String " 1sBlocked: Boolean
ity Siring 1 | currency:string

Company
8 .
Description: string

A TGM conformant data
model with LegalEntity
and Account as
generalization

uses ternary edge type transfer to
identify each transfer

uses generalization and inheritance
to make the model simpler, more
realistic and avoid repetition

Every transaction including
withdraw and shop payment has a
source and destination account.
This complies with accounting
rules.

POS ATM |

person

usiness: Strin
Birthday: Date
URL:String Gender: char

| [ Loan

Records only granted Loans as
| special type of an account.

Location: Address Locatlon:
salesAmnt: 64-bit Address

© Fritz Laux

Balance: 64-bit loanAmnt: 64-bit
Balance: 64-bit

» Using Signin



Realistic FB with Branch and Signin as node

Finbench Daamodel v cected p— . This model is more realistic than the

K original LDBC FinBench. It includes:
1) Branch as host location for the Accounts.
wiediom ™ sgin | Usually where you open the account.

) 4D

LegalEntity B “ ] tocation: sume — 2) And more imprtant, Signin is promoted to a
[en Solokes Saiean Mt | S e node-type which allows multiple sign-ins of
me. S y . i via- Saring N N
il n — o a Medium to an Account. (In the original
. h accrType: Srng

ctr:stng L e sBoched Bockean LDBC Data Model this weakness was
mentioned, but not fixed)

3) Uses TGM with generalization

acs
* | Basmnce: sa-te

/specialization to specify different types of

accounts

: 4) Uses ternary edge type "transfer" to make
clear that each transfer can be identified by

| toan a Signlin from a Person using a Medium

I5IN; char losnAmAL i-bit
Quantity. dec Interest. dec

Rate: dec
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JSON output of the revised model

NTEGER) WA

5p
DI B NTEGER), TYP : EAN) ,LASTLOGIN: [Dcnain: T IRESTAFF]

e “TFRCAL: | 5 Teliciy L 110 ™ Ty 78 87)], Dleplay 2, FOGETVRE FOGETTRE,

TR o o Toom 4 T TIRESTAF] PR TREF ToType: EGALERTITY FuTTipTicity '8 6],
i ity: e, FERENCES :SET {721 51 OPTIONAL:False,B70 T0 101 51 OPTIOWAL:falsel}

£ s £n 6 © o
[ {Faelds:[10: . 7. rain: BODLEAN] , CLRRENCY : (Donain:CHAR |, CREATED: [Danain: TIHESTARPF,

ay:5}
n: CHARY  EFALL: {Dorsin:CHAR) 1, Dsplay:5
oo 1l - Co

(S

W

TRAEFER

ACTIVATEDFGR

0

7, e L00RED: AN}, CURRENCY T (DCnain CRAR} , CREATED T {D0Ratn: T ESTAP]
ain:CHER) ], 0 |
iora i BOGLERM] | CORRENCY [ Borain CRAR] CREATED  [Boraln T IRESTAME]

LEAN], CUARENCY : (Domain: CHAR, CREATED: [Donatn:TIRESTAPP]
ale:2}, AATE : {Damain:REAL}] Display: 12

CUETooTAL 2 [ : cnain:CRAR} , CREATED: {Donain: T IMESTAPP] .
" (L (0o D A D
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Name

Definition

LEGALENTITY

{Fields:[ID:{Domain:INTEGER},NAME:{Domain:CHAR},ISBLOCKED:{Domain:BOOLEAN},COUNTRY:{Domain:CHAR},
CITY:{Domain:CHAR}],Display:5}

MEDIUM

{Fields:[ID:{Domain:INTEGER}, TYPE:{Domain:CHAR},ISSUER:{Domain:CHAR},ISSUED:{Domain:TIMESTAMP},
ISBLOCKED:{Domain:BOOLEAN}, LASTLOGIN:{Domain:TIMESTAMP},RISKLEVEL:{Domain:CHAR}],Display:7}

USES

{Fields:[FROM1:{Domain:REF,ToType: 'LEGALENTITY',Multiplicity:'1..1"},
TO1:{Domain:REF,ToType: '"MEDIUM' ,Multiplicity:'@..0'}],Display:2,
EDGETYPE : EDGETYPE,REFERENCES : SET(494 FROM FROM1 51 OPTIONAL:False,582 TO TO1 220 OPTIONAL:False)}

CONTRACT

{Fields:[TYPE:{Domain:CHAR},AMOUNT:{Domain:REAL}, CURRENCY:{Domain:CHAR},
CREATETIME:{Domain:TIMESTAMP}, FROM1:{Domain:REF,ToType: 'LEGALENTITY',Multiplicity:'0..0'},
TO1:{Domain:REF,ToType: 'LEGALENTITY',Multiplicity:'@..0"'}],Display:6,EDGETYPE:EDGETYPE,
REFERENCES:SET(796 FROM FROM1 51 OPTIONAL:False,870 TO TO1 51 OPTIONAL:False)}

ACCOUNT

{Fields:[ID:{Domain:INTEGER}, ACCNTTYPE:{Domain:CHAR}, BANKNAME:{Domain:CHAR},
ISBLOCKED:{Domain:BOOLEAN}, CURRENCY:{Domain:CHAR},CREATED:{Domain:TIMESTAMP},
LASTLOGIN:{Domain:TIMESTAMP}, ACCNTLEVEL : {Domain:CHAR},BALANCE:{Domain:REAL}],Display:9}

BRANCH

{Fields:[ID:{Domain:INTEGER},BIC:{Domain:CHAR},LOCATION:{Domain:CHAR},PHONE:{Domain:CHAR},
EMAIL:{Domain:CHAR}],Display:5}

SIGNIN

{Fields:[ID:{Domain:INTEGER}, LOCATION: {Domain:CHAR},SIGNIN:{Domain:TIMESTAMP},
SIGNOUT:{Domain:TIMESTAMP},VIA:{Domain:CHAR}],Display:5}

HAS

{Fields:[FROM1:{Domain:REF,ToType: 'BRANCH' ,Multiplicity:'1..1'},
TO1:{Domain:REF,ToType: 'ACCOUNT',Multiplicity:'@..0"'}],Display:2,EDGETYPE:EDGETYPE,
REFERENCES:SET(1623 FROM FROM1 1242 OPTIONAL:False,1712 TO TO1l 940 OPTIONAL:False)}

WITH_

{Fields:[FROM1:{Domain:REF,ToType: 'SIGNIN',Multiplicity:'1..0"'},




TO1:{Domain:REF,ToType: '"MEDIUM',Multiplicity:'1..1'}],Display:2,EDGETYPE:EDGETYPE,
REFERENCES:SET(1825 FROM FROM1 1410 OPTIONAL:False,1899 TO TOl 220 OPTIONAL:False)}

TRANSFER

{Fields:[FROM1:{Domain:REF,ToType: 'ACCOUNT',Multiplicity:'1..0"'},

WITH1:{Domain:REF,ToType: 'SIGNIN',Multiplicity:'®@..1"'},
TO1:{Domain:REF,ToType: 'ACCOUNT' ,Multiplicity:'1..0"'},

AMOUNT : {Domain:NUMERIC},CURRENCY: {Domain:CHAR}, EXECTIME:{Domain:TIMESTAMP},ID:{Domain:INTEGER},
TYPE:{Domain:CHAR}],Display:8,EDGETYPE:EDGETYPE,

REFERENCES:SET (2000 FROM FROM1 940 OPTIONAL:False,2074 WITH WITH1 1410 OPTIONAL:False,

2149 TO TO1 940 OPTIONAL:False)}

ACTIVATEDFOR | {Fields:[FROM1:{Domain:REF,ToType: 'MEDIUM',Multiplicity:'e..0"'},

TO1:{Domain:REF,ToType: 'ACCOUNT",
Multiplicity:'1..1'}],Display:2,EDGETYPE:EDGETYPE,
REFERENCES:SET(2254 FROM FROM1 220 OPTIONAL:False,2328 TO TO1l 940 OPTIONAL:False)}

OWNS

{Fields:[FROM1:{Domain:REF,ToType: 'LEGALENTITY',Multiplicity:'1..1"'},
TO1:{Domain:REF,ToType: 'ACCOUNT',Multiplicity:'1..0"'}],Display:2,EDGETYPE:EDGETYPE,
REFERENCES:SET(2425 FROM FROM1 51 OPTIONAL:False,2498 TO TO1 940 OPTIONAL:False)}

COMPANY

{Under:[ 'LEGALENTITY'],Fields:[ID:{Domain:INTEGER},NAME:{Domain:CHAR},
ISBLOCKED:{Domain:BOOLEAN}, COUNTRY:{Domain:CHAR},CITY:{Domain:CHAR},BUSINESS:{Domain:CHAR},
DESCRIPTION:{Domain:CHAR},URL:{Domain:CHAR}, FOUNDED: {Domain: TIMESTAMP}],Display:9}

PERSON

{Under:[ 'LEGALENTITY'],Fields:[ID:{Domain:INTEGER},NAME:{Domain:CHAR},
ISBLOCKED:{Domain:BOOLEAN}, COUNTRY:{Domain:CHAR},CITY:{Domain:CHAR},BIRTHDAY:{Domain:TIMESTAMP},
GENDER:{Domain:CHAR}],Display:7}

POS

{Under:[ 'ACCOUNT'],Fields:[ID:{Domain:INTEGER},ACCNTTYPE:{Domain:CHAR}, BANKNAME : {Domain:CHAR},
ISBLOCKED:{Domain:BOOLEAN}, CURRENCY:{Domain:CHAR},CREATED:{Domain:TIMESTAMP},
LASTLOGIN:{Domain:TIMESTAMP},ACCNTLEVEL : {Domain:CHAR},BALANCE:{Domain:REAL},
POSLOCATION:{Domain:CHAR}],Display:10}

ATM

{Under: [ 'ACCOUNT'],Fields:[ID:{Domain:INTEGER},ACCNTTYPE:{Domain:CHAR}, BANKNAME : {Domain:CHAR},
ISBLOCKED:{Domain:BOOLEAN}, CURRENCY: {Domain:CHAR},CREATED:{Domain: TIMESTAMP},
LASTLOGIN:{Domain:TIMESTAMP},ACCNTLEVEL :{Domain:CHAR},BALANCE:{Domain:REAL},
ATMLOCATION:{Domain:CHAR}],Display:10}

LOAN

{Under: [ 'ACCOUNT'],Fields:[ID:{Domain:INTEGER},ACCNTTYPE:{Domain:CHAR}, BANKNAME : {Domain:CHAR},
ISBLOCKED: {Domain:BOOLEAN}, CURRENCY: {Domain:CHAR},CREATED:{Domain:TIMESTAMP},
LASTLOGIN:{Domain:TIMESTAMP},ACCNTLEVEL : {Domain:CHAR},BALANCE:{Domain:REAL},

LOANAMNT : {Domain:REAL}, INTEREST:{Domain:REAL,Precision:5,Scale:2},RATE:{Domain:REAL}],Display:12}

CUSTODIAL

{Under:[ 'ACCOUNT'],Fields:[ID:{Domain:INTEGER},ACCNTTYPE:{Domain:CHAR}, BANKNAME : {Domain:CHAR},
ISBLOCKED:{Domain:BOOLEAN}, CURRENCY:{Domain:CHAR}, CREATED:{Domain:TIMESTAMP},
LASTLOGIN:{Domain:TIMESTAMP},ACCNTLEVEL:{Domain:CHAR},BALANCE:{Domain:REAL},ISIN:{Domain:CHAR},
QUANTITY:{Domain:REAL}],Display:11}

RDF-style Triples

» RDF triples use Web addresses and values

» Triples in our context use bindings and values

» Suppose our database has 2 people and a dog

create (:person{na Kat i3]

create (:person{na '})-[:ouns]->(:Dog{

» We could write simply
MATCH (k{n ‘Karin'}), (r{n:
If that was what we wanted to do

@® Malcolm Crowe » Conclusions

But probably we want to change the owner of Rex from Emil to Karin, so that the
following would be better:

match (k{name:'Karin'}),()-[o:owns]->({name: 'Rex'}) o froml k

froml is the default incoming arrow name for an edge.




Conclusion and Next steps

» Demonstrated a general property graph DBMS
» With SQL and GQL as specializations
» Server infers a graph model during construction
» In future work
» Construction of graph model during querying
» And support naming of model developed during a session
» Offer choice of named graph models
» Support/manage named subgraphs, named filters
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The next version...

» The current version prepares for all possible queries

» Reverse indexes for all arrows and edge arrows
» It means a 5GB database needs >150 GB RAM!
» The next version will only create indexes for edges
» Defined in the current role
»In response to PREPARE pattern
» Which builds reverse indexes in the current role

» Queries not prepared will be flagged
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Questions?
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