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Graph Database Management Systems Overview

Labeled Graph Graph-specific SQL Storage: Graph-specific
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MATCH a->b->c,c->a
WHERE a.age > 30
RETURN (a,b).amount
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Query Processor: Fast 
traversals, i.e., nested index 

loop joins 
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Ø Read-optimized systems designed for analytical workloads 

with large many-to-many (n-n) joins
Data

Model
Query

Language System



Differences Between “Native GDBMSs” vs RDBMSs

1. Pre-defined but fast joins (access paths) of n-n relationships

Ted Codd

… but also the reason GDBMSs can be very fast at those joins.

Network Model (1960s)

IDS: First DBMS in history

Relational Model (1970s)

Charles Bachman



Differences Between “Native GDBMSs” vs RDBMSs
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1. Pre-defined but fast joins (access paths) of n-n relationships

2. Semi-structured data model

Ø No fixed schema

3. More support for variable-length recursive join queries

MATCH a-[:Transfer*]->b
WHERE a.location=Canada AND b.owner=Alice

“Give me all direct or indirect possible sources of money 
flow into Alice’s account from Canada.”

Can be done in recursive SQL but harder
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Ø In-memory Graph DBMS: Property graph model & openCypher

Ø Two primary features:

1. Very fast joins of n-n relationships:

2. Scalability: compressed, in-memory columnar storage

GraphflowDB RDBMS Literature
Multiway intersection-based joins WCO joins

List-based Query Processor Factorized DBs

A+ Indexes: Flexible Adjacency 
List Indexes

Partitioned and Compressed 
Materialized Views
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But not optimized for n-n joins and access patterns of graph workloads

Storage Query Processor
age

25

29

34

35

46

salary

2000

2000

2000

2000

3000

Ø Offset-based access

Ø Compression: e.g. RLE
salary

val, start, len

2000, 0, 4

3000, 4, 1

Column Stores: Read-optimized for Analytical Workloads

eID age

1113 34

SELECT *
FROM Employee E, Manager M
WHERE E.eID = M.eID AND age > 40

eID

3121

2431

1113

5110

9926

Scan Employees: 
age > 40, eID

HashJoin

⋈

Scan Managers: 
eID, mID

Ø Block at-a-time
Ø Good CPU utilization

eID 3121 2431 1113 5110 9926

eID age

5110 35

eID age

9926 46

eID 3121 2431 1113 5110 9926

age 25 29 34 35 46

eID 3121 2431 1113 5110 9926

age 25 29 34 35 46

fmask 0 0 1 1 1

3121 2431 … 9926

25 29 … 46

0 0 … 1



Outline
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Ø Overview of Access Patterns in GDBMSs

Ø Example Columnar Data Structures & Compression 

Scheme: Null Compression

Ø List-based Query Processing
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Ø Overview of Access Patterns in GDBMSs

Ø Example Columnar Data Structures & Compression 

Scheme: Null Compression

Ø List-based Query Processing
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Overview of Access Patterns in GDBMSs

year

2001

2020

2017

1995

2003

MATCH (a:Person)-[e:LIKES]->(b:Person)
WHERE b.age > 40 & e.year > 2021
RETURN a, b

(e5,v2) (e1,v4) (e3,v3)1

2

3

4

(e4,v4)

(e2,v1)

v1

v3

v4

v2

Scan: a

Extend: e1, b

Filter
e1.year>2021

b.age >40

null

e5 e3

e2
e1

e4

age

46

22

23

65
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Overview of Access Patterns in GDBMSs

year

2001

2020

2017

1995

2003

(e5,v2) (e1,v4) (e3,v3)1

2

3

4

(e4,v4)

(e2,v1)

v1

v3

v4

v2

Scan: a

Extend: e1, b

Filter
e1.year>2021

b.age >40

null

e5 e3

e2
e1

e4

age

46

22

23

65

MATCH (a:Person)-[e:LIKES]->(b:Person)
WHERE b.age > 40 & e.year > 2021
RETURN a, b
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Overview of Access Patterns in GDBMSs

year

2001

2020

2017

1995

2003

(e5,v2) (e1,v4) (e3,v3)1

2

3

4

(e4,v4)

(e2,v1)

v1

v3

v4

v2

Scan: a

Extend: e1, b

Filter
e1.year>2021

b.age >40

null

e5 e3

e2
e1

e4

age

46

22

23

65

MATCH (a:Person)-[e:LIKES]->(b:Person)
WHERE b.age > 40 & e.year > 2021
RETURN a, b
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Overview of Access Patterns in GDBMSs

year

2001

2020

2017

1995

2003

(e5,v2) (e1,v4) (e3,v3)1

2

3

4

(e4,v4)

(e2,v1)

v1

v3

v4

v2

Scan: a

Extend: e1, b

Filter
e1.year>2021

b.age >40

null

e5 e3

e2
e1

e4

age

46

22

23

65

MATCH (a:Person)-[e:LIKES]->(b:Person)
WHERE b.age > 40 & e.year > 2021
RETURN a, b
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Overview of Access Patterns in GDBMSs

year

2001

2020

2017

1995

2003

(e5,v2) (e1,v4) (e3,v3)1

2

3

4

(e4,v4)

(e2,v1)
Scan: a

Extend: e1, b

Filter
e1.year>2021

b.age >40

null

v1

v3

v4

v2

e5 e3

e2
e1

e4

age

46

22

23

65

Edge/vertex properties are read in the order they appear in adj. lists.
Desiderata 1: Store edge (but not vertex) properties in the same order

Ø b/c each edge accessed from 2, but each v from deg(v) locations

Desiderata 2: Require constant decompression time for vertex props.
Ø b/c  access won’t be sequential (unless system incurs deg(v) replication)

MATCH (a:Person)-[e:LIKES]->(b:Person)
WHERE b.age > 40 & e.year > 2021
RETURN a, b



Outline

14

Ø Overview of Access Patterns in GDBMSs

Ø Example Columnar Data Structures & Compression 

Scheme: Null Compression

Ø List-based Query Processing
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Ø Recall Desiderata 1: Store edge properties in order of adj lists.

Ø Option 1: Vanilla edge columns. Random access on both directions.

Example Columnar Data Structures: Edge Properties (1)

year

2001

2020

2017

1995

2003

(e5,v2) (e1,v4) (e3,v3)1

2

3

4

(e4,v4)

(e2,v1)

null

Ø Option 2: Double-indexed edge property lists

(e1,v1) (e4,v2)

1

2

3

4

(e5,v1)

(e2,v4)

Fwd Lists Bwd Lists

Ø Sequential in both directions

Ø Works w/ any edge ID scheme 

Ø Requires 2x RAM

2003 2001 20171

2

3

4

1995

2020

null

2003 2001

1

2

3

4

2003

2020

(e3,v1)

2017

Fwd year Lists Bwd year Lists



16

Example Columnar Data Structures: Edge Properties (2)

Final implementation is a variant of this data structure called 
Edge Property Pages that is more update friendly

Ø Option 3: Single-indexed edge property lists

(e5,v2) (e1,v4) (e3,v3)1

2

3

4

(e4,v4)

(e2,v1)

null

(e1,v1) (e4,v2)

1

2

3

4

(e5,v1)

(e2,v4)

Fwd Lists Bwd Lists

(e3,v1)

2003 2001 20171

2

3

4

1995

2020

null

Fwd year Lists

Ø Sequential reads in fwd direction.
Ø Can we get random backward access?

Ø Solution: edge ID scheme w/ list-level offsets 
Ø E.g: e1: (edge label, srcID, list-offset), so e1: (KNOWS, v1, 2)

Ø Unlike columnar RDBMS, GDBMS physically store IDs/offsets
Ø Problem: deletions leave gaps; recycling list-level offsets is hard.
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Example Compression Schemes: Null Compression (1)

Ø Desiderata 2: Require constant decompression time for vertex props.

Ø Existing schemes designed for sequential access [Abadi, CIDR 07]

Ø For random access: compute in O(1) the rank of positions in bitmap

Ø Solution: Enhance w/ Jacobson’s rank index [Jacobson, FOCS ’89]
v0 v1 v2 v3 v4 v5 v6 v7 v8 v9 v10 v11 v12 v13 v14 v15
-- -- 7 -- 6 3 2 -- -- 8 11 -- 2 3 -- --

7 6 3 2 8 11 2 3

0 0 1 0 1 1 1 0 0 1 1 0 1 1 0 0

original:

prefix sums:

bitmap:

nonNulls:

0 1 4 6

0 1 2 3

… … … …

0101 0 1 1 2

0110 0 1 2 2

0111 0 1 2 3

… … … …

Bit pos-to-index mapvalue at pos 9 = nonNulls[4+1] = 8
?



18

Example Compression Schemes: Null Compression (2)

8QFRPSUHVVHG -�18// 9DQLOOD�18//

MATCH (a:Person)-[e:LIKES]->(b:Comment)
RETURN b.creationDate

Ø LDBC100 w/ different NULL densities on creationDate column (220M)

Within 1.2x-1.5x of uncompressed; faster w/ density is <30%

Used to compress properties as well as empty lists in CSRs.



Outline
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Ø Overview of Access Patterns in GDBMSs

Ø Example Columnar Data Structures & Compression 

Scheme: Null Compression

Ø List-based Query Processing
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Traditional Block-based Processing on N-N Joins

MATCH 

WHERE a.age > 50 RETURN *

a b c d
Knows Knows WorkAt Knows : many-to-many with avg deg 512

WorkAt : many-to-one

a age fmask

a1 51 1

a2 19 0

… … …

a1024 60 1

Problem 1: Value repetition (or selector indices) b/c 1 group of vectors is used

Problem 2: Fixed length blocks (e.g., 1024) which don’t align with adj. list sizes

a age b c d fmask

a1 51 b1 c1 d1 1

a1 51 b1 c2 d2 1

… … … … … …

a1 51 b1 c512 d512 1

a1 51 b2 c513 d513 1

… … … … … …

a1 51 b2 c1024 d1024 1

Scan
a

Extend
b

Extend
c

Extend
d
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List-based Processor (1)

Ø Factorization [Olteanu, SIGMOD Rec. ‘16]

a, age b c, d

{a1, 51} X {b1} X {[c1, d1] [c2, d2] …, 
{c512, d512]}

U

{a1, 51} X {b2} X {[c513, d513] [c514, 
d514] …, {c1024, d1024]}

a age b c d

a1 51 b1 c1 d1

a1 51 b1 c2 d2

… … … … …

a1 51 b1 c512 d512

a1 51 b2 c513 d513

… … … … …

a1 51 b2 c1024 d1024

Ø List groups

Ø Represent intermediate tuples in multiple vector groups

Ø Variable-sized vectors aligned to adjacency lists

Ø Vectors storing node and edge IDs are pointers to lists in storage
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List-based Processor (2)

a age fmask

a1 51 1

a2 19 0

… … …

a1024 60 1

MATCH 

WHERE a.age > 50 RETURN *

a b c d
Knows Knows WorkAt Knows : many-to-many with avg deg 512

WorkAt : many-to-one

Scan
a

Extend
b

Extend
c

Extend
d

List Group 1

curIdx = 1

b fmask

b1 1

b2 1

… …

b512 1

List Group 2

curIdx = -1

curIdx = -1

curIdx = 1

c d fmask

c1 d1 1

c2 d2 1

… … …

c512 d512 1

List Group 3

curIdx = -1

c fmask

c1 1

c2 1

… …

c512 1
curIdx = 2

c fmask

c513 1

c514 1

… …

c1024 1

c d fmask

c513 d513 1

c514 d514 1

… … …

c1024 d1024 1
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List-based Processor (3)

IC1 IC2 IC4 IC5 IC6 IC7 IC8 IC9 IC11 IC12

GF-LBP 36.7 32.4 13.1 1565.2 113.0 3.0 2.6 1519 11.1 34.2

GF-RT 88.4
2.4x

45.2
1.4x

57.3
4.4x

8925.0
5.7x

333.1
3.0x

6.3
2.1x

7.0
2.7x

2098
1.4x

19.2
1.7x

84.9
2.5x

Ø Modified version of LDBC SNB Interactive Complex Read queries

Ø Scale Factor 10, 30M Vertices and 176.6M Edges

Ø 2.6GHz CPU, 512GB RAM, single threaded execution

Ø GF-RT: Graphflow w/ old row-based storage & tuple-at-a-time 

Volcano processor

runtimes in seconds

Larger differences on queries with joins followed w/ aggregations

Larger differences w/ baseline column stores and Neo4j
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Other Techniques

Ø Other columnar data structures (e.g., one-many or one-one edges)

Ø ID compression schemes

Ø More details on LBP

Find on arXiv next Monday



References on GraphflowDB
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A+ Indexes
(ICDE 2021)

Demo 
SIGMOD 2017

Worst-case Opt. Joins
VLDB 2019
TODS 2021

Columnar Techniques
(arXiv 2021)



How Are Graphs and GDBMSs Used In Practice?
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A User Survey

Sahu et. al. VLDBJ 19 2019

Ø Q1: Graph Data?

Ø Q2: Graph Computations?

Ø Q3: Graph Software?

Ø Q4: Main Challenges?

Ø Q5: Applications?
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Thank you & Questions?

28


