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Graphs
• In computing, a graph is an abstract data 

structure that represents set objects and 
their relationships as vertices and edges/
links, and supports a number of graph-
related operations 

• Objects (nodes): {A,B,C,D} 
• Relationships (edges):  
{(D,B),(D,A),(B,C),(B,A),(C,A)} 

• Operation: shortest path from D to A
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https://www.slideshare.net/KhalidSalama2/graph-analytics-67723066


Graphs with Properties
• Each vertex or edge may have properties associated with it 
• May include identifiers or classes
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Person

name = 'Tom Hanks'
born = 1956

Movie

title = 'Forrest Gump'
released = 1994

ACTED_IN
roles = ['Forrest']

Person

name = 'Robert Zemeckis'
born = 1951

DIRECTED

https://neo4j.com/docs/developer-manual/current/introduction/graphdb-concepts/


What is a Graph Database?
• A database with an explicit graph structure 
• Each node knows its adjacent nodes 
• As the number of nodes increases, the cost of a local step (or hop) remains 

the same  
• Plus an Index for lookups
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https://www.slideshare.net/maxdemarzi/introduction-to-graph-databases-12735789


Compared to Relational Databases

Optimized for aggregation Optimized for connections

Graph Databases Compared to Relational Databases
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https://www.slideshare.net/maxdemarzi/introduction-to-graph-databases-12735789


Graph Databases Compared to Relational Databases
• Relational Databases (querying is through joins) 
- In effect, the join operation forms a graph that is dynamically constructed 

as one table is linked to another table.  
- Must be inferred through a series of index-intensive operations  

• Graph Databases (querying is through traversal paths) 
- There is no explicit join operation because vertices maintain direct 

references to their adjacent edges  
- Structures are "hard-wired", not computed at query time
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Example: Friend of Friends Query
• Relational: 
• SELECT p1.Person AS PERSON, p2.Person AS FRIEND_OF_FRIEND FROM 
PersonFriend pf1 JOIN Person p1 ON  
  pf1.PersonID = p1.ID JOIN PersonFriend pf2 ON 
  pf2.PersonID = pf1.FriendID JOIN Person p2 ON 
  pf2.FriendID = p2.ID  
WHERE p1.Person = 'Alice' AND pf2.FriendID <> p1.ID  

• Graph:
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Graph DBs vs Relational DBs- Experiment

16

• Starting from a node, we have to scan all outgoing edges to identify
FRIEND_OF edges

• We then have to traverse the edges and repeat the search in all the 
reached nodes.

• If x bounds the number of outgoing edges (assuming x<<n), and k
bounds the number of FRIEND_OF edges outgoing from a node
(k<<m), then the cost here is O(x)+O(kx) (the cost of traversal is
constant)

• Local indexes are normally used to speed up local search

AliceAlice FRIEND_OF



Compared to Key Value Stores

Optimized for simple look-ups Optimized for traversing connected data

Graph Databases Compared to Key-Value Stores
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https://www.slideshare.net/maxdemarzi/introduction-to-graph-databases-12735789


Storing and Traversing Graphs
• Storage: 
- Adjacency List: nodes store their neighbors 
- Incidence List: nodes store edges and edges store incident nodes 
- Adjacency Matrix: adjacency list in matrix form (rows & cols are nodes) 
- Incidence Matrix: rows are vertices, columns are edges 

• Traversal: 
- Breadth-first Search 
- Depth-first Search

9D. Koop, CSCI 680/490, Spring 2022



Adjacency List
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V1

V2

V3

V4

(V1,{L2}) (V3,{L3}
)

(V1,{L1})
Properties:

! Storage: O(|V|+|E|+|L|)

! Adjacent(G,x,y): O(|V|)

! Neighbors(G,x): O(|V|)

! AdjacentEdges(G,x,y): O(|V|+|E|)

! Add(G,x,y,l): O(|V|+|E|)

! Delete(G,x,y,l): O(|V|+|E|)

L2 L3

L1

V1V1 V2V2 V3V3

V4V4

From [ABFRV14]

Adjacency List vs. Incidence List
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Incidence List*
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Properties:

! Storage: O(|V|+|E|+|L|)

! Adjacent(G,x,y): O(|E|)

! Neighbors(G,x): O(|E|)

! AdjacentEdges(G,x,y): O(|E|)

! Add(G,x,y,l): O(|E|)

! Delete(G,x,y,l): O(|E|)

(source,L2) (source,L3)

(source,L1
)

(destination,L3)

(V4,V1)

(V2,V1)

(V2,V3)

(destination,L
2)

(destination,L
1)

V1

V2

V3

V4

L1

L2

L3

L2 L3

L1

V1V1 V2V2 V3V3

V4V4

* Simplified version: each

edge has a different label

From [ABFRV14]

[Acosta et al.]  
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{L2} {L3}

{L1}

V1 V2 V3 V4

V1

V2

V3

V4

Adjacency Matrix
L2 L3

L1

V1V1 V2V2 V3V3

V4V4

Properties:

! Storage: O(|V|2)

! Adjacent(G,x,y): O(1)

! Neighbors(G,x): O(|V|)

! AdjacentEdges(G,x,y): O(|E|)

! Add(G,x,y,l): O(|E|)

! Delete(G,x,y,l): O(|E|)

From [ABFRV14]

Adjacency Matrix vs. Incidence Matrix
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destination destination

source source

destination

source

L1 L2 L3

V1

V2

V3

V4

Incidence Matrix
L2 L3

L1

V1V1 V2V2 V3V3

V4V4

Properties:

! Storage: O(|V|x|E|)

! Adjacent(G,x,y): O(|E|)

! Neighbors(G,x): O(|V|x|E|)

! AdjacentEdges(G,x,y): O(|E|)

! Add(G,x,y,l): O(|V|)

! Delete(G,x,y,l): O(|V|)

From [ABFRV14]

[Acosta et al.]  
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NAME LASTNAME
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James
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Mary

George

Deville

Deville

Deville

Jones

Stone

Jones

PERSON PARENT

George

Ana

Julia

James

James

Mary

Mary

Julia

Julia

David

David

Julia

Julia Jones

Ana StoneGeorge Jones

parentparent

parent parentparentparent

Mary DevilleDavid Deville

James Deville

Figure 1: Example of a genealogy expressed in the relational model (i.e. as
tables on the left) and a diagram of its scheme on the right.

of node, by allowing nesting graphs inside nodes. As drawbacks, both mod-
els use complex data structures which make it less intuitive their use and
implementation.

Regarding simplicity, one of the most popularized models is the semistruc-
tured model, which use the most simple version of a graph, namely a tree,
the most common and intuitive way or organizing our data (e.g. directories)
Finally, the most common models are slightly enhanced version of the plain
graphs. One of them, the RDF model, gives a light typing to nodes, and
considers edges as nodes, giving uniformity to the information objects in the
model. The other, the property graph model, allows to adds properties to
edges and nodes.

Next, we will present these models and show a paradigmatic example of
each. We will use the genealogy toy example modeled as tables and a simple
schema in Figure 1.

3.1 The basics: Labeled graphs

The most basic data structure for graph database models is a directed graph
with nodes and edges labeled by some vocabulary. A good example is Gram
[37], a graph data model motivated by hypertext querying.

A schema in Gram is a directed labeled multigraph, where each node
is labeled with a symbol called a type, which has associated a domain of
values. In the same way, each edge has assigned a label representing a
relation between types (see example in Figure 2). A feature of Gram is the
use of regular expressions for explicit definition of paths called walks. An
alternating sequence of nodes and edges represent a walk, which combined
with other walks conforms other special objects called hyperwalks.

For querying the model (particularly path-like queries), an algebraic lan-
guage based on regular expressions is proposed. For this purpose a hyper-

8

Graph Models: Relational Model
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Property Graph Model (Cypher in neo4j)
• Directed, labelled, attributed multigraph  
• Properties are key/value pairs that represent metadata for nodes and edges 

13

[R. Angles  and C. Gutierrez, 2017] 
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Figure 7: Property graph data model. The main characteristic of this model
is the occurrence of properties in nodes and edges. Each property is repre-
sented as a pair property-name = “property-value”.

(i.e. AND, UNION, OPTIONAL, and FILTER). The latest version of the
language, SPARQL 1.1 [71], includes explicit operators to express negation of
graph patterns, arbitrary length path matching (i.e. reachability), aggregate
operators (e.g. COUNT), subqueries, and query federation.

3.6 Nodes, edges and properties: The Property graph model

A property graph is a directed, labelled, attributed multigraph. That is,
a graph where the edges are directed, both nodes and edges are labeled
and can have any number of properties (or attributes), and there can be
multiple edges between any two vertices [128]. Properties are key/value
pairs that represent metadata for nodes and edges. In practice, each vertex
of a property graph has an identifier (unique within the graph) and zero
or more labels. Node labels could be associated to node typing in order to
provide schema-based restrictions. Additionally, each (directed) edge has a
unique identifier and one or more labels. An example of property graph is
shown in Figure 7.

Property graphs are used extensively in computing as they are more
expressive2 than the simplified mathematical objects studied in theory. In
fact, the property graph model can express other types of graph models by
simply abandoning or adding particular bits and pieces [128].

There is no standard query language for property graphs although some
proposals are available. Blueprints [11] was one of the first libraries created

2Note that the expressiveness of a model is defined by ease of use, not by the limits of
what can be modeled.
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Hypergraph Model (Groovy)
• Notion of edge is extended to hyperedge, which relates an arbitrary set of 

nodes 
• Hypergraphs allow the definition of complex objects (undirected), functional 

dependencies (directed), object-ID and (multiple) structural inheritance

14
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Ana

PERSON

NAME LASTNAME

PARENTS

CHILD−PARENT

PERSON

2

PARENTS

LASTNAMENAME

James Deville

PERSON

4

PARENTS

LASTNAMENAME DevilleMary

PERSON

6

PARENTS

VAL(3)

Stone

Schema

CHILD−PARENT

Instance

NAME LASTNAME

George

PARENTS

1

PERSON

Jones

NAME LASTNAME

VAL(2)VAL(1)

PARENTS

3

PERSON

JonesJulia

NAME LASTNAME

VAL(4)VAL(3)

PARENTS

5

PERSON

David Deville

NAME LASTNAME

VAL(4)

Figure 3: GROOVY. At the schema level (left), we model an object
PERSON as an hypergraph that relates the attributes NAME, LAST-
NAME and PARENTS. Note the value functional dependency (VDF)
NAME,LASTNAME ! PARENTS logically represented by the directed
hyperedge ({NAME,LASTNAME} {PARENTS}). This VFD asserts that
NAME and LASTNAME uniquely determine the set of PARENTS.

3.3 Nested graphs: The Hypernode model

A hypernode is a directed graph whose nodes can themselves be graphs
(or hypernodes), allowing nesting of graphs. Hypernodes can be used to
represent simple (flat) and complex objects (hierarchical, composite, and
cyclic) as well as mappings and records. A key feature is its inherent ability
to encapsulate information.

The hypernode model which we will use as example was introduced by
Levene and Poulovassilis [104]. They defined the model and a declarative
logic-based language structured as a sequence of instructions (hypernode
programs), used for querying and updating hypernodes. A more elaborated
version [123] includes the notion of schema and type checking, introduced
via the idea of types (primitive and complex), that are also represented
by nested graphs (See an example in Figure 4). It also includes a rule-
based query language called Hyperlog, which can support both querying and
browsing with derivations as well as database updates, and is intractable
in the general case. A third version of the model [102] discusses a set of
constraints (entity, referential and semantic) over hypernode databases. In
addition it presents another query and update language called HNQL, which
use compounded statements to produce HNQL programs.

10



RDF (Triple) Model
• Interconnect resources in an extensible way using graph-like structure for data  
• Schema and instance are mixed together  
• SPAQL to query 
• Semantic web
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[R. Angles  and C. Gutierrez, 2017] 

D. Koop, CSCI 680/490, Spring 2022Figure 6: RDF data model. Note that schema and instance are mixed
together. The edges labeled type disconnect the instance from the schema.
The instance is built by the subgraphs obtained by instantiating the nodes of
the schema, and establishing the corresponding parent edges between these
subgraphs.

perspective, an atomic RDF expression is triple consisting of a subject (the
resource being described), a predicate (the property) and an object (the
property value). Each triple represents a logical statement of a relationship
between the subject and the object, and one could enhance this basic logic by
adding rules and ontologies over it (e.g. RDFS and OWL) A general RDF
expression is a set of such triples called an RDF Graph (see example in
Figure 6), which can be intuitively considered as a semantic network. From
the second perspective, the RDF model is the most general representation
of a graph, where edges are also considered nodes. In this sense, formally
is not a traditional graph [84]. This allows to self-references, reification
(i.e. making statements over statements), and essentially be self-contained.
The drawback of all this niceties are the complexity that come with this
generalization, particularly for e�cient implementation.

SPARQL [124] is the standard query language for RDF. It is able to
express complex graph patterns by means of a collection of triple patterns
whose solutions can be combined and restricted by using several operators

13



Graph Query Languages: Cypher
• Implemented by neo4j system 
• Expresses reachability queries via path expressions 

- p = (a)-[:knows*]->(b): nodes from a to b following knows edges 
• START x=node:person(name="John")  
MATCH (x)-[:friend]->(y) 
RETURN y.name

16

[R. Angles  and C. Gutierrez, 2017] 

D. Koop, CSCI 680/490, Spring 2022



Graph Query Languages: SPARQL (RDF)
• Uses SELECT-FROM-WHERE pattern like SQL 
• SELECT ?N 
FROM <http://example.org/data.rdf> 
WHERE { ?X rdf:type voc:Person . ?X voc:name ?N } 

17
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Graph DBMS Building Blocks
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Graph DBMS Problems
• performance  
- Slow loading speeds  
- Query speeds over magnitude 

slower than RDBMS  
• scalability 
- Low datasize limit, typically << RAM 
- Little benefit from parallelism 

• reliability 
- Loads never terminate  
- Query run out of memory or crash 
- Bugs

19

[P. Boncz, 2022]
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Runtime

https://homepages.cwi.nl/~boncz/edbt2022.pdf


Quiz Wednesday
• Read Nanocubes paper 
• Quiz at the beginning of class

20D. Koop, CSCI 680/490, Spring 2022

https://cscheid.net/static/papers/nanocubes.pdf
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Data Exploration through Visualization
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The subway operates 24 hours a 
day, but not all lines operate at all 
times. This map depicts morning to 
evening weekday service. Call our 
Travel Information Center at 511 for 
more information in English or 
Spanish (24 hours) or ask an agent 
for help in all other languages (6AM 
to 10PM). 

To show service more clearly, geography 
on this map has been modified. 
© 2013 Metropolitan Transportation Authority

visit www.mta.info
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The subway map depicts weekday service. Service differs by time of day and is sometimes affected by 
construction. Overhead directional signs on platforms show weekend, evening, and late night service. 
Visit mta.info for detailed guides to subway service: click on Maps, then “Individual Subway Line 
Maps,” “Service Guide,” or “Late Night Service Map.” For construction-related service changes, click 
on “Planned Service Changes” in the top menu bar. 
On weekends, the Weekender website and app show construction-related scheduled service changes. 
This information is also posted at station entrances and on platform columns of affected lines.

Transportation Data - NYC MTA

22D. Koop, CSCI 680/490, Spring 2022



MTA Fare Data Exploration
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MTA Fare Data Exploration
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MTA Fare Data Exploration
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MTA Fare Data Exploration
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MTA Fare Data Exploration
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MTA Fare Data Exploration
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MTA Fare Data Exploration
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Definition of Visualization
“Computer-based visualization systems provide visual 
representations of datasets designed to help people carry out 
tasks more effectively” — T. Munzner

28D. Koop, CSCI 680/490, Spring 2022



Why Graphics?
Figures are richer; provide more 
information with less clutter and in less 
space.
Figures provide the gestalt effect: they give 
an overview; make structure more visible.
Figures are more accessible, easier to 
understand, faster to grasp, more 
comprehensible, more memorable, more 
fun, and less formal.
          list adapted from: [Stasko et al. 1998]

Why do we visualize data?
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[T. Nørretranders]
D. Koop, CSCI 680/490, Spring 2022

[via A. Lex]



Why Visual?
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[F. J. Anscombe]
D. Koop, CSCI 680/490, Spring 2022

I II III IV
x y x y x y x y
10.0 8.04 10.0 9.14 10.0 7.46 8.0 6.58
8.0 6.95 8.0 8.14 8.0 6.77 8.0 5.76

13.0 7.58 13.0 8.74 13.0 12.74 8.0 7.71
9.0 8.81 9.0 8.77 9.0 7.11 8.0 8.84

11.0 8.33 11.0 9.26 11.0 7.81 8.0 8.47
14.0 9.96 14.0 8.10 14.0 8.84 8.0 7.04
6.0 7.24 6.0 6.13 6.0 6.08 8.0 5.25
4.0 4.26 4.0 3.10 4.0 5.39 19.0 12.50

12.0 10.84 12.0 9.13 12.0 8.15 8.0 5.56
7.0 4.82 7.0 7.26 7.0 6.42 8.0 7.91
5.0 5.68 5.0 4.74 5.0 5.73 8.0 6.89
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I II III IV
x y x y x y x y
10.0 8.04 10.0 9.14 10.0 7.46 8.0 6.58
8.0 6.95 8.0 8.14 8.0 6.77 8.0 5.76

13.0 7.58 13.0 8.74 13.0 12.74 8.0 7.71
9.0 8.81 9.0 8.77 9.0 7.11 8.0 8.84

11.0 8.33 11.0 9.26 11.0 7.81 8.0 8.47
14.0 9.96 14.0 8.10 14.0 8.84 8.0 7.04
6.0 7.24 6.0 6.13 6.0 6.08 8.0 5.25
4.0 4.26 4.0 3.10 4.0 5.39 19.0 12.50

12.0 10.84 12.0 9.13 12.0 8.15 8.0 5.56
7.0 4.82 7.0 7.26 7.0 6.42 8.0 7.91
5.0 5.68 5.0 4.74 5.0 5.73 8.0 6.89

Mean of x 9

Variance of x 11

Mean of y 7.50

Variance of y 4.122

Correlation 0.816
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Mean of x 9

Variance of x 11

Mean of y 7.50

Variance of y 4.122

Correlation 0.816



Visual Pop-out
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[C. G. Healey]
D. Koop, CSCI 680/490, Spring 2022

http://www.csc.ncsu.edu/faculty/healey/PP/


Visual Pop-out
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http://www.csc.ncsu.edu/faculty/healey/PP/


Visual Pop-out
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http://www.csc.ncsu.edu/faculty/healey/PP/


Visual Perception Limitations
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http://www.csc.ncsu.edu/faculty/healey/PP/


Visual Perception Limitations
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[C. G. Healey]
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http://www.csc.ncsu.edu/faculty/healey/PP/
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Databases and Visualization?

D. Koop, CSCI 680/490, Spring 2022



Scalable Visualization

J. Heer

D. Koop, CSCI 680/490, Spring 2022

http://courses.cs.washington.edu/courses/cse442/20au/lectures/CSE442-Scalability.pdf

