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ABSTRACT

Konstantinos Semertzidis, Ph.D., Department of Computer Science and Engineering,
University of Ioannina, Greece, July 2018.
Storage, Processing and Analysis of Large Evolving Graphs.

Adpvisor: Evaggelia Pitoura, Professor.

In recent years, increasing amounts of graph structured data are being made
available from a variety of sources, such as social, citation, computer and hyperlink
networks. Their continuous evolution is becoming a subject that attracts considerable
attention, and finds a wide spectrum of applications ranging from social network
marketing to virus propagation and digital forensics. Although the analysis of the
graph evolution is important of our understanding of the network, the main focus of
research has been on efficiently storing and retrieving the graph snapshots. Further-
more, processing graph data through a variety of graph queries including reachability,
distance and pattern-based ones, is limited to static graphs, leaving query processing
on evolving graphs unexplored.

This dissertation focus on managing and querying the full history of a graph as
it evolves. We introduce a compact representation of an evolving graph, where each
graph element i.e., node or edge is annotated with the set of time intervals that refer
to the existence of each element through the graph evolution.

We then include studies of different ways of extracting information from the evolv-
ing graph by posing different queries on a sequence of graph snapshots. We call such
queries historical queries. In particular, we first introduce historical graph traversal
queries that consider paths that exist in a sufficient number of graph snapshots. We
exploit variants of two types of historical traversal queries, reachability and shortest
paths. Historical reachability queries ask whether two nodes are connected in some

time instance, in all time instances, or in a sufficient number of time instances whereas

Xi



historical shortest path queries ask for the shortest path between two nodes posing
requirements on the lifespan of such paths. We provide efficient algorithms for sup-
porting historical graph traversal queries. We propose effective implementations of
our algorithms based on time index structures for in-memory and graph database
systems, and provide an extensive experimental evaluation of various aspects of our

approach.

We also formalize a new problem that of finding the top-k most durable matches
of an input graph pattern query, that is the matches that exist for the longest period of
time. Locating durable matches in the evolution of large graphs is important for our
understanding of the network, and it may be crucial for many applications. Applying
previous approaches to pattern matching problem at each snapshot and aggregating
the results for large networks and long sequences is computationally expensive, since
all matches have to be generated at each snapshot, including those appearing only
once. Thus, we propose a new efficient and effective approach that uses appropriate
time indexes to prune the search space and strategies to estimate the duration of the

seeking matches in large evolving graphs.

Furthermore, we systematically study density in evolving graphs, and provide
definitions for density over multiple graph snapshots, that capture different semantics
of connectedness over time. We study the complexity of the different variants of the
problem and we propose a generic algorithmic framework for solving our problems,
that works in linear time. Our experimental evaluation shows both the efficiency of

our algorithms and the usefulness of the problems.

Finally, we introduce three approaches of modeling evolving graphs in native
graph databases, as well as, algorithms for processing historical queries that use these

approaches.

xii



EXTETAMENH IIEPIAHWH

Kwvotavtivog Zepeptliong, A.A., Tunua Myyovixwy H/Y xow [TAnpopoptxng, Tlove-
motLo lwoavvivewy, TovAtog 2018.
Amobnxevor, EneEepyaoio xar Avalvon MeydAwy EEeAhioadpevwy [Mpapnuétwy.

EmpBAémovoa: EvayyeAMo ITitovpd, Kabnyrroto.

To teAevtoion Ypovia, awEaVOUEVES TTOGHTNTEG BECOUEVY TTOV OLVATIOPLOTWVTOL
amtd Yooupnuoto Statibevton amd SLapopes TNYES, OTTWE T SIXTLA XOLVWYLXNG OLXTV-
WOo7G, T S{XTLO TTAPATTOUTING, T OLXTLA NAEXTPOVLXWY LTTOAOYLOTWY XOL TO S{XTLO
vTepovvdeons. H ovveyrg &€&y Toug yiveTton évar Bépor Tov TPooEAXDEL LOLoTEEY
TPOoooY %ol Pploxel €vor eVPL PACUO EQAQLOYWY TTOL XVUALVOVTOL OTTO TO LEO-
XETLVYX OTO XOLVWVLXE SIXTLUA EWG TN OLAS00N TWV LY XoL TNV PNELaxy YXANULo-
ToAoyior. Ay ol M avaAvom TG EEALENG TWY YOOPNUATWY E(VOL ONUAVTLXY YLOL VO
XOTOVONOOLUE TO OIXTVLO, 0 XVPLOG OTOYOG TNG EPELVOG TA TEASLTOLO YPOVLOL NTOLY
N ATTOTEASOUOTLXY] OTTOONKEVON KO AVEAXTNOY TWY OTLYULOTUTTWY TNG €EEALENG TOL
Yoopnuotos. EmimAéoy, 1 emckepyooio SeSOUEVWY YOUPNUATOY HECH LA TTOLXL-
ANag epwthoswy o ypophuata (graph queries), 6TTwS TG TEOOTEAACLULOTNTAGC, TNG
eVPEONG OTHOTAONG xOL LOTIPBwY, TEPLOPILETOL 0T GTATLXA YOUPNLOTO, OLPNVOVTOS
OVEEEPEVYNTY] TNV ETEEEPY LTIl EQWTNOEWY OTO EEEALOTOUEVOL YOXPTLOTO.

[TopdAo oL LTLEPYEL PUEYAAO EVOLOQEQPOY YLOL TNY ETEEEQYOOLON OTATIXWY YOO~
PNUETLY Péow piag TowxtAlog EpwTioewy ot ypapfuato (graph queries), 6mtwg Tng
TPOOTEAXOLLOTNTOG, TNG EVPETTG ATTOOTAOYG KoL LOTLPwY, 1 avallNTNoY GTO LGTOPLXO
eVOGg €EEALOTOUEVOL YOOPNULOTOG ELVaL TTOAD ALYOTEQO UEAETNUEWY.

X1OY0g VTG TNG SLaTELPYG elvor M Storyeiptom xaw SLEPELYNON TNG LOTOPLOG EVOS
Yoopnuotog xobwe eEgAlooetal. Ilopovotdllovue YLor GLUTIOYY] AVOTTHPATTAOY, EVOG
eEEALOTOUEVOL YOOPNULOTOG, OTTOL xabe oTolyeio ToL .. XOUPOG M axXUY], ONUELWVE-
TOL [LE TO GVVOAO YPOVLXWY SLOGTNUATWY TTOL SNAWYOLY TNy OTTopEN xdbe oTolyeiov

XOTA TNV OLapxeLo TNG EEEMENS TOL YOOPNULATOG.
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21N ovvEYELXL TTAPOVOLALOVUE LEAETES OLAPOPETIXWY TEPOTIWY EEXYWYNG TTANEO-
QOPLLY OoTtd TO cEEALOOOUEVD YPAPTMULO. OETOVTOG DLOPOPETIXA EQWTNUATO OE [LLOL
oxoAovbior OTLYRLOTUTIWY YEOPNUATWY. Avo@epdpoote oc TETOLOL £{B0VE EPWTN-
pata wg totopa cpwtiuata (historical queries). Zvyxexpipéva, mTopovotdlovye
TOWTA LOTOPLXA EQWTNUATO OLAOYLONG EVOS YOOPNUOTOS TTOL AauBdvovy LTTOYY TLg
SL3POUES TTOL LTINEYOY OE ETTAEXY AELOUO GTLYULOTUTIWY TOL YPOPNUOTOG. XENOL-
LOTTOLOVPLE TTOPOAAOYEG BVO TOTIWY LOTOPLXWY EQWTNOEWY OLATYLOYS, TNG TTPOCPATL-
woTNTOG MO TNG EVPETNG CLVTOUOTEPWY SLaSPOUWY. Tow EQWTRUAT LOTOPLYNG TTEO-
ofaotpotnTog pwTody oy OO0 xOUPoL CLYVIEOVTOL ELTE OE XATTOL YPOVLXY| OTLYWN, ELTE
o€ OAEG TLG Y POVIXEG OTLYUEG 1] OE ETTOLOXY] 0LPLOLO YOOVLXWY OTLYLDY, EVE T LOTOPLUE
EQWTNULOTO EVPETNG GUYTOUOTEQWY SLASPOUWY {NTOVY TN CLYTOUOTEEY OLASPOUY] UE-
TotED 860 *OULwY BETOVTOg TEPLOPLOROVS WG TTPOG TN SLépxeLa (WG VTWY TWY OLot-
dpopv. Ilapéyxovpe amoteAcopatinods aAydpLOOLS YLor TNY LTTOOTNPLEY] LOTOPLYWY
EQWTNUATWY OLdoytong oc ypapnuoto. [Ipoteivovpe amoteAcopOTIXES DAOTIOLNOELS
TV 0AYoplOU®WY oG TTOL XAVOLY YPNON YEOVIXWY EVPETNELWY OE CUCTNUOTO TTOV
Boloxovtol €EOAOXANPOL GTN PUYNUYN XKOL OE CLUGTALOTO PACEWY YOOPNULATWY. XTN
OULVEYELD, TCOPOVOLALOVIE HULOL EXTEVY] TELQOUOTIXY] OELOAGYNOY SLoPOOWY TTTUYWY
NG TTPOCEYYLONG LOG.

Optlovpe emiong to véo TPOBANUo TNng €Vpeong TwY k Lo avbexTix®y Loopop-
QWY YOOPNUATWY €vOg potifov €loddov, dNAadN TNy €VPECT TWV YPOENUATWY
IOV E(VOIL LOOLLOPOLXA LE TO LOTIBO LGB0V KoL LTTEEYOLY YLA TO LEYOAVTEQO XOPO-
vxo Oraotnua. H edpeon tE€Tolwy YoopnUaTwy Elvol onuavTLeyg YLoL TV XoTovonon
ToL OXTVOL oL UTOoPEL vo eivot xplotun YL TOAAEG e@apuoYeés. Epoapudlovrtog
TLG TTPOMYOVUEVES TTPOOEYYLOELS 0TO TPOPBANUO EVPECNG LOOUOPPLUWY YOOPNUATHDY
eVOg LoTIBoL €La630L o *AOE OTLYULOTUTIO XL T CUYXEVIPWOY] TWY KTTOTEAETUAL-
TV, €lvol LTTOAOYLOTLXG axPLPO YLor peydAa dixtoa. AvTtd ovpfPaiver yiati GAa To
LOORLOPPLXA YpopNUoTe. ToL LoTiBov eLoddov Tpémel va Bpeboby oe xabe otiyutod-
TUTTO, CUUTEPLAXLBOVOUEVLY EXEIVWY TTOL epavilovtol povo pia eopd. o Tov Adyo
oTO, TTPOTEIVOLUE YLOL VEOL OLTTODOTLXY] XOL OTTOTEAECLOLTLXY] TTPOCEYYLOY] TTOL YEYOL-
LOTIOLEL XATEAAANAO YPOVIXE ELPETNOL YLOL VO LELLOVEL TOV XWEO 0VOLNTNONG OTTWG
XOL OTOUTNYIXES OVOLNTNONG YLO VoL DTTOAOYLLEL TN SLAPXEL LWNG TWY YOUPNUATWY

0V YO TOVLE.

EmimAéov, pedetdpe to mMpoPAnua tng €OPEGNS TOL GLYOAOL TLWY XOUPwWY TTOL

Xiv



glvoL TTLO TTUXVA GUVIEDEUEVOL GE OAQL TOL GTLYULOTUTIO TOL EEEALGGOLEVOL YOOLPTLO-
T06. [lopéxovpue 0pLopoVg yLow TNV TUXVOTNTA GE TTOAAXTIAG GTLYULOTUTIOL YOOPNUAL-
TWY, TTOL XATOYPAPOLY OLOPOPETIXES ONULUOLOAOYLIES TNG GUVSECLUOTNTAG TWY KO-
Bwy xotd TNV TAPOS0 TOL YPOVOL, XL UEAETAUE TLS OYTIOTOLYEG TTOPAUAANYES TOU
TEOPRANUOTOG. MeAETAPE TNY TTOALTTAOXOTNTA TWY SLOPOPETLXWY TTOLROAAXYWY TOV
TEOPBANUATOG X0 TPOTELVOLUE €V YEVLXO aAyopLOuLxd TAaloLo Yo Ty emtAvon Twy
TEOPBANUATWY OGS, TTOL ASLTOVPYEL O YPauULx6 Ypovo. H melpapotinn pog aELoAd-
Ynom SelyveL TOGO TNV ATOTEASTUATIXOTYTO TWV AAYOPLOL®Y 600 %ot T XeNoLLdTHTO

TWY TEOPRANUETWY.

TEAog, TaPoLOLALOLUE TPELG TTPOOEYYLOELS YLOL TN LOVTEAOTIOINOT TwV €EEALGTO-
UEVWY YOOPNULATWY O BACELS YOoPNUATWY, xofdg xoal tovg ahyoptbuovg yiow v

eTMeEEPYOOLO LOTOPLXWY EQWTNUATWY TTOV YPMOLLOTIOLOVY AVTESG TLG TTPOOEYYLOELG.

XV



CHAPTER 1

INTRODUCTION

1.1 Dissertation contribution
1.2 Repeatability

1.3 Dissertation layout

rAPHS are one of the most important abstractions in computer science, as
they offer a way of expressing relationships and interactions between enti-
ties. Such relationships between entities from the most abstract to the most
concrete i.e., events, things, people, convey information that is not possible to be cap-
tured by the entities alone. Since graphs are powerful abstractions, they can be very
important in modeling data in various real-world applications. Graphs can represent
power grids, water networks, links between web pages in the web, data flow analysis
in compilers, semantic links between tags and words in documents and tweets. In fact,
many problems can be reduced to known graph problems, for example graphs can
represent relationships between individuals in social and collaboration networks, or
cells and molecules in protein-protein interaction graphs, or communication packets
in network traffic graphs, even neurons in neural networks.
Most real-world networks are evolving over time since new entities and relation-
ships are added, or existing ones are deleted. We refer to such networks as evolving
graphs. The flow of information in e-mail messages, mobile telephone calls, and so-

cial media is one such network that has recently attracted much attention. Likewise,



detailed understanding of the dynamic propagation of some electronic and biological
viruses calls for taking the properties of the underlying contact sequences into ac-
count. Studies of many networks in life sciences from activation sequences of genetic
regulation to time domain features of functional brain networks may benefit from the
evolving graph approach. Food webs and other networks of species evolve in time
with environmental conditions that are to some extent a result of which species are
present.

We view an evolving graph as a sequence of graph snapshots, each one repre-
senting the state of the graph at a specific time instance. Although the analysis of
the graph evolution is important for our understanding of the network, most re-
search focuses only on efficiently storing and retrieving the graph snapshots. Various
optimizations for reducing the storage and snapshot reconstruction overheads have
been proposed. For example, optimizations include the reduction of the number of
snapshots that need to be reconstructed by minimizing the number of deltas ap-
plied [1], using a hierarchical index of deltas and a memory pool [2], avoiding the
reconstruction of all snapshots [3], and improving performance by parallel query ex-
ecution and proper snapshot placement and distribution [4]. This dissertation also
considers efficient representation models of evolving graphs but the focus is on query
processing.

Regarding processing queries in graphs, there has been considerable interest in
static graphs [5, 6, 7, 8, 9, 10]. However, only a few studies have addressed queries on
evolution of the graph [11, 12]. In this dissertation, we introduce and study queries
on evolving graphs along with algorithms and indexes that address them. We refer
to queries that consider past snapshots of an evolving graph as historical queries. For
example, a historical reachability query may ask whether two nodes were reachable
at some time interval in the past or for the time point at which two nodes become
reachable for the first time, or for the £ pairs of nodes that remained connected for
the longest interval.

In the following, we present in more detail the contribution of this dissertation.



1.1 Dissertation contribution

The focus of this dissertation is on managing and querying the full history of a
graph as it evolves. We provide formal definitions and efficient representation models.
We also study different ways of extracting information from the evolving graph. In
particular, we revisit reachability and shortest path queries, graph pattern queries,
density queries and show how to provide support for evolving graphs within native

graph databases. We next present our contribution of the above topics.

1.1.1 Historical Reachability Queries on Evolving Graphs

Reachability queries on static graphs ask whether two nodes are connected. Here, we
study the problem of historical reachability queries on directed evolving graphs. We
start by revisiting the basic transitive closure and online traversal using a compact
representation of an evolving graph called version graph. For the transitive closure,
we compute a minimum representation of reachability information for each pair of
nodes. For the online traversal, we propose a novel interval-based traversal of the
version graph along with a number of pruning steps. Furthermore, to avoid the cost
and space overheads associated with precomputing the transitive closure and improv-
ing the processing cost of the online traversal, we propose a new approach, termed
TimeReach. TimeReach exploits the fact that most graphs consist of strongly connected
components (SCCs) [13, 14]. Thus, instead of maintaining reachability information for
pairs of nodes, we maintain posting lists with information about node membership
in SCCs. We minimize the size of posting lists through an appropriate assignment of
identifiers to SCCs. We show that the problem of the optimal assignment of identifiers
to SCCs is equivalent to the maximum bipartite matching problem among SCCs in
consequent graph snapshots. Along with postings, we maintain a condensed version
graph which corresponds to the version graph of the SCCs evolution. To improve
the performance of answering historical queries, we also introduce an interval-2hop
approach based on pruned landmark labeling [12, 15] on the condensed version
graph.

In a nutshell, we make the following contributions:

e We revisit an online traversal approach for processing historical reachability

queries on evolving graphs.



* We propose an indexing approach namely TimeReach that exploits the fact that
most graphs consist of strongly connected components to answer queries that

ask whether two nodes were reachable during a time interval in the past.

e We propose a compressed version of TimeReach based on a novel assignment
of nodes to SCCs and a performance improvement based on interval 2-hop

indexes.

* We experimentally evaluate the efficiency of our approach using three real

datasets.

1.1.2 Persistent Graph Matches

Given as input, a graph, and a smaller query graph called pattern, pattern graph
queries ask for all appearances of the input pattern in the graph. Such appearances
are called matches. Here, we address the problem of finding the top-k most durable
matches of a query graph pattern, that is, the matches that persist over time. The
straightforward approach of finding durable matches is to find the matches at each
snapshot by applying a state-of-the-art graph pattern algorithm and then aggregate
the results. However, even an efficient implementation of this approach incurs large
computational costs, since all matching patterns in each snapshot must be identified,
even patterns that appear in only one snapshot. To avoid the computational cost of
applying the algorithm per snapshot, we propose an efficient algorithm and appro-
priate time indexes to prune the search space and strategies to estimate the duration
of the seeking matches. Our approach identifies the durable matches by traversing a
compact representation of the graph snapshots. We propose and efficient in-memory
layout of the graph snapshots which allows fast retrieval of neighboring nodes at each
snapshot. To prune the number of candidate matches, we introduce neighborhood
and path time indexes based on Bloom filters [16, 17]. Finally, our DurablePattern
algorithm is driven by a ¢-threshold in the sense that the algorithm searches for
matches whose duration is at least ), thus ¥ determines the order of searching for
possible matches on the duration of the matches. We exploit various strategies that use
the time-based indexes to efficiently determine an appropriate value for the duration
threshold.

In a nutshell, we make the following contributions:



* We propose a new DuraBLEPATTERN algorithm that exploits the version graph,
U-threshold graph exploration search and appropriate Bloom-filter based time

indexes to process durable graph pattern queries efficiently.

* We perform extensive experiments on various datasets that show both the effi-
ciency of our algorithm and the effectiveness of durable graph pattern queries

in locating interesting matches.

1.1.3 Lasting Dense Subgraphs

A central question in the context of evolving graphs that captures changes of graphs
through time is: which interactions, or relationships are the most lasting ones?. Here, we
introduce and study the problem of identifying dense subgraphs in a collection of
graph snapshots defining an evolving graph. We consider many definitions of density
over evolving graphs and we show that for many of them the problem of identitying
a subset of nodes that are densely-connected in all snapshots can be solved linearly.
We also demonstrate that there are versions of the problem cannot be solved with
our proposed algorithm. Furthermore, instead of requiring nodes being connected in
all snapshots, we ask for the densest set of nodes in at least k£ of a given set of graph
snapshots. We show that this problem is NP-complete for all definitions of density
and we propose a set of iterative and incremental algorithms for solving it. Finally,
we present an experimental evaluation that shows the efficiency and usefulness of
our problems.

In a nutshell, we make the following contributions:

* We introduce two novel problems of identifying a subset of nodes that define
dense subgraphs in a collection of graph snapshots. To this end, we extend the
notion of density for collection of graph snapshots, and provide definitions that
capture different semantics of density over time leading to four variants of our

problems.

¢ We study the complexity of the variants of both problems and propose appro-
priate algorithms. We prove the optimality, or the approximation factor of our

algorithms whenever possible.

* We perform experiments with both real and synthetic datasets and demonstrate

that our problem definitions are meaningful, and that our algorithms work well

5



in identifying dense subgraphs in practice.

1.1.4 Time Traveling in Graphs using a Graph Database

Finally, we followed another line of research that aims at supporting historical queries
on native graph databases which offer an attractive means for storing and processing
big graph datasets. We performed a concrete study where we propose three models
based on associating with each node and edge, its lifespan, i.e., the time intervals,
during which the node and edge is valid. Our approaches use either a single edge
or multiple edges to represent connections that appear at different time points. We
present algorithms for processing all different types of historical traversals such as
reachability and shortest path using these approaches and experimentally compare
their performance in two native graph databases.

In a nutshell, we make the following contributions:

e We present three representations of graph snapshots that use either single and

multi-edge approaches.

¢ We present algorithms for processing historical queries for both the multi-edge
and the single-edge approaches in the Sparksee [18] and Neo4j [19] graph

databases.

* We evaluate our approaches experimentally for various types of historical traver-

sal queries.

1.2 Repeatability

We have made publicly available both implementations of the various algorithms and

datasets presented in this dissertation at GitHub [20].

1.3 Dissertation layout

The rest of this dissertation is structured as follows. In Chapter 2, we introduce

evolving graphs, their basic representation and various queries that one can pose on



these graphs. In Chapter 3, we address the problem of efficiently answering histori-
cal reachability queries on evolving graphs using indexes that maintain reachability
information of nodes in the graph. In Chapter 4, we introduce the novel problem of
finding matches of a given pattern query that persist over time in the evolution of a
graph, as well as, an algorithm and time indexes for locating durable matches. Chapter
5 presents a systematically study of density problem over multiple graph snapshots
and provide a generic algorithmic framework for solving this problem. Chapter 6
introduces three approaches of modeling evolving graphs in native graph databases,
as well as, algorithms for processing historical queries that use these approaches. In
Chapter 7, we present related work in the field of storage and processing of evolving
graphs. Finally, Chapter 8 summarizes this dissertation and highlights directions for

future work.



CHAPTER 2

STORAGE AND PROCESSING OF EVOLVING

(GRAPHS

2.1 The Evolving Graph
2.2 The Version Graph
2.3 In-memory storage of the Version Graph

2.4 Basic Graph Querying Functionalities

N this chapter, we will introduce evolving graphs and their basic representation.
Then, we will introduce a concrete representation of evolving graphs called
version graph and all the operations it provides. In addition, we will briefly
discuss about problems that arise on evolving graphs, and we will examine types of

queries that one can pose on these graphs.

2.1 The Evolving Graph

A graph is a collection of nodes which are connected by edges. A graph may be
undirected, meaning that there is no distinction between the two nodes associated
with each edge, or its edges may be directed from one node to the other. Assuming

that nodes are different entities and edges are the various relationships among them,



Figure 2.1: Example of an evolving labeled graph.

we can create a natural model for relationships and interactions between entities. In
particular, graphs can model relationships among people in social and cooperation
networks, communications between servers in computer networks, interactions be-
tween proteins in biological networks, or co-occurrences between tags and words in
documents and tweets. Here, we consider both directed and undirected multi-level

labeled graphs.

Definition 2.1 (Graph). A directed (node) labeled graph G = (V, E, L) is defined as
a set of nodes V, a set of edges F, and a labeling function L : V' — X that maps a

node to a set of labels ..

Most networks evolve over time as new nodes or edges are added, or existing
nodes or edges are deleted. In addition, new labels may be associated with nodes,
and existing labels may be deleted. In this dissertation, we assume a sequence of
graph snapshots where each graph snapshot represents the state of the network at
a different time instance. Also, for simplicity, we assume that time is discrete and
use successive integers to denote successive time instants. Let G; = (V}, £y, L;) denote
the graph snapshot at time instant ¢, that is, the sets of nodes, edges and the labeling
function that exist at time instant ¢. An evolving graph captures the evolution of the

graph over time.

Definition 2.2 (Evolving Graph). An evolving graph Gy, ;| in time interval [t;, ;] is

a sequence {Gy,, Gy, 11, ..., Gy} of graph snapshots.

An example is shown in Figure 2.1 which depicts an evolving graph Gy, 5 consist-
ing of five graph snapshots {G, G, G3, G4, G5}. We may simply use G if the context
is obvious.

Note that there are various possible interpretations of time. One interpretation
is that of physical time, for example, time instant ¢ may correspond to say October
19, 2015, 11:59pm PST. Another view is operational, where time is related to graph

operations, for example, a new time instant is created when a graph operation, i.e.,
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Figure 2.2: The LVG of the evolving graph of Figure 2.1.

an insert or delete of a node, edge, or label, occurs. In all interpretations, there is
also a notion of granularity. For instance, in the case of physical time, successive
time instants may correspond for example, to successive minutes, days, or months,
whereas in the case of operational time, a new time instant may be created after m

graph operations for different values of m.

2.2 The Version Graph

We consider a more efficient approach that uses a concise representation of the evolv-
ing graph, that we call a version graph (VG) and a labeled version graph (LVG) when
a labeling function exists. We use the term lifespan for the validity time of a graph
element (i.e., node, edge or label), that is, for the set of time intervals during which
the corresponding element exists. More formally, given an evolving graph Gy, ;1 , the
lifespan, £(u), (resp. L(e), L(1)) of a node u (resp. edge e, label 1) is a set of intervals
such that an interval [t;,t;] C I belongs to L(u), (resp. L(e), L(1)), if and only if, for
all t; < t,, < tj,u eV, (resp. e € E, , 1 € L, ). For example, the lifespan of edge
(u1,us3) in Figure 2.1 is {[1, 1], [3,4]}. Lifespans are set of time intervals (also known
as temporal elements [21]) to allow the deletion and re-insertion of a graph element. If
we do not allow deleted nodes or edges and labels to be re-inserted, then lifespans
are just intervals. Furthermore, if there are no deletions, all lifespans are intervals of
the form [t;, tcur|, Where ¢; is the time instant the node or edge first appeared and
teurr is the time instance of the current snapshot. Therefore, in this case, lifespans can

be represented simply by the time instance ¢;. In the following, we use I to denote
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a time interval and Z to denote a set of time intervals. The labeled version graph is
the union of the graph snapshots where each node, edge and label is annotated by

its lifespan.

Definition 2.3 (Labeled Version Graph). Given an evolving graph G; = {G;,, Gy, 11,
..., Gy}, its labeled version graph (LVG) is a lifespan annotated directed graph VG,
= (Vi, B, Ly, Ly, Lo, £y) where: Vi = U, Vi, Er = U, cr B Lr = Uy, e 1 Lo
L, : Vi — T assigns to each node u € V; its lifespan £,(u), L. : E; — T assigns to
each edge e € Ej its lifespan L.(e) and £, : L; — Z assigns to each node label | €
Ly(u) its lifespan £;(1).

Figure 2.2 depicts the labeled version graph of the evolving graph of Figure 2.1.
In the case where the nodes of the evolving graph are not labeled, we may call it, for

brevity, a version graph.

2.2.1 Lifespan Operations

Let us define a number of operations on lifespans, i.e., set of intervals. For two sets
Z and 7’ of time intervals, we say that Z covers 7/, denoted Z 1 7', if for each time
instant ¢ in an interval [’ of 7', there is an interval I in 7 such that ¢ belongs to I.
We also use Z 1 [ for an interval / and Z 1 ¢ for a time instant ¢. We say that two
sets Z and 7' of time intervals are equivalent, Z ~ 7', if Z J 7' and 7' J 7.

We would like to maintain the smallest among equivalent sets of intervals. We call
such sets minimum sets. Let us first define some simple properties for time intervals.
Two time intervals I = [t;,1;] and I = [t;,}] are called disjoint, when I N I’ = () and
overlapping otherwise. They are called continuous when t; = t; + 1 and non-continuous

otherwise. It is easy to see that the following proposition holds.
Proposition 1.

(i) A set of intervals is minimum, if and only if, it consists of disjoint and non-continuous

intervals.

(ii) For each set of time intervals, there is a unique equivalent minimum interval set.

We next define two useful operations on interval sets, namely, join and merge.

Given two sets of intervals, join returns the time instants common to both, while

11



merge returns the time instants present in at least one of them. For example, the
join of {[1,3], [5,10],[12,13]} and {[2,7],[11, 15]} is {[2,3], [5,7],[12,13]}, whereas the
merge of {[1, 3], [5,10],[12,13]} and {[2,7],[11,15]} is {[1,15]}.

Definition 2.4 (Join and Merge of Interval Sets). Let Z = {[1, ... [} and Z' = {I],

... I} be two sets of time intervals.

(i) Join Z ® 7' of 7 and 7’ defined as the minimum set equivalent to {I; N I}, ...
Lnig,....Lyni, ... I, NI}

(ii) Merge Z @ 7’ of Z and 7' defined as the minimum set equivalent to Z U Z'.

Note that if Z and 7' are minimum, then the set {[; N I{, ... [ NI ..., [, N 1] }
is a minimum set, whereas the set {I; U I{, ... [ U I}, ..., Iy U I} ... I; U I/} may
not be minimum.

Since we have defined the main operations of lifespan, let us now define the
lifespan L(p) of a path p in the evolving graph. Given an evolving graph and p =
Uiy . .. Uy, be a path of m nodes where v, € Uif:ti Vi, 1 < k < m. We define the lifespan,
L(p), of path p as follows: L(p) = L((u1,u2)) @ L((u2,u3)) ... @ L((Um-1,Um)). For
example, the lifespan of path u usus of Gy 5 in Figure 2.1 is {[3, 4]}.

2.3 In-memory storage of the Version Graph

Our basic data structure for the in-memory storage of the evolving graph is the version
graph. For storing lifespans, we use bit arrays. Assume without loss of generality, that
the maximum number of graph snapshots is 7. Then, a lifespan, i.e., set of intervals
Z, is represented by a bit array B of size 7T, such that B[i] = 1 if time instant i
belongs to Z and 0, otherwise. For example, for 1" = 16, the bit representation of Z =
{[2,4],]9,10], [13,15]} is 0111000011001110. This representation supports an efficient
implementation of both join ® and merge ®. In particular, let Z, and Z, be two set
of intervals and B; and B, be their bit arrays. Then, Z; ® Z, can be computed as
B, logical-AND B, and Z; @ 7, as logical-OR B,. We also present two alternative
representations. The first one is the temporal log (TL) of ordered time instants [22],
where we keep the time instances of Z; as a sequence of integers [2, 3, 4, 9, 10, 13,

14, 15]. The second representation follows the physical representation of an interval
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Figure 2.3: Comparison of the T'L, BIT and LI representations: (a) LVG size, (b) LVG

construction time, (¢) reachability queries, and (d) durable graph pattern queries.

by storing an ordered list of time objects (TL) where each time object represents an

interval by its . and t.,q points.

2.3.1 Lifespan Representation Benchmarking.

In this section, we evaluate the three different representation of lifespans in terms
of storage and processing. We use the DBLP dataset [23] for the following set of

experiments.

Storage

Figure 2.3(a) depicts the size of the labeled version graph LVG for the DBLP dataset.
When using the LI and T'L representations, LVG is three times larger than when
using the BIT representation, since the integer values of LI and the list of objects of
T'L require more memory than bit vectors. The LI representation of LVG is larger that
the T'L one, due to the lack of many consecutive co-authorships in DBLP requiring

LI to create many time objects for distinct time instants.
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Construction time

In Figure 2.3(b) we report the time required to construct LVG using the different
representations. LI requires the most time, since the creation of new time objects and
the processing of the existing objects is time consuming compared to adding integers
in TL. BIT requires the least time, since it avoids expensive operations involving

memory allocation.

Graph query processing

We evaluate the three different representations in terms of query processing time. To
this end, we use a generic graph query that asks whether two nodes are reachable
in whole query time interval I;. To test whether node u is reachable from v, we
perform BFS traversals from v taking at each step the join of the lifespan of the path
traversed so far with the lifespan of the current edge. Such join traversals are the
building blocks of our algorithms that we will discuss later in Chapter 3 and 4 and
we expect the relative performance of the three representations on such queries to be
indicative of their performance on the queries introduced in the following chapters.

Figure 2.3(c) reports the performance of reachability queries for different I, in-
tervals in the DBLP dataset. Results are averages over 1,000 queries with randomly
selected endpoints. BIT-based traversals are faster, followed by the 7'L-based ones.
We also experimented with graph pattern queries, that we will discuss later in Chapter
4, and we observe that the relative performance of the three representations remains
the same. As an example, we show the results for a graph pattern query asking for
the most durable cliques of authors labeled as SENIOR for different clique sizes in
Figure 2.3(d).

In the following, we use BIT representation as the default representation of ver-

sion graph lifespans.

2.4 Basic Graph Querying Functionalities

In this section, we discuss the two most basic graph querying functionalities: graph
patterns and traversal (or navigiational) queries [24]. We begin with graph pattern

queries, in which a graph-structured query is matched against the data and follow
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with traversal queries.

2.4.1 Pattern Graph Queries

The simplest form of graph pattern query is a graph structured query that should be
matched against the graph. Pattern graphs follow the same structure as the type of
graph they are intended to query and also permit labels on nodes. In other words,
each node of any comprised match has the same label as the pattern node it matches.

More formally, a graph G' whose nodes and edges are subsets of the nodes and
edges of G is called a subgraph of G. Now, given a graph G and a user-specified graph

pattern P, a graph pattern query asks for all occurrences of P in G.

Definition 2.5 (Graph Pattern Query). Given a graph G = (V,E,L) and a graph
pattern P = (Vp, Ep, Lp), a graph pattern query returns all subgraphs G,, = (V,,,, E,)
of G for which there exists a bijective function f : V}, — V}, such that for each v € Vp,
Lp(v) C L(f(v)) and for each edge (u,v) € E,, (f(u), f(v)) € E,,. Graph G,, is called
a match of P in G.

Note, that we use subgraph isomorphism semantics for matching. Further, addi-
tional edges may exist between the nodes of the subgraph that matches the pattern,
besides the edges appearing in the pattern. Also, since, we allow multiple labels per
node, we ask that the labels of the matching node are a superset of the labels of the

corresponding pattern node (i.e., Lp(v) C L(f(v)), for each v € Vp).

2.4.2 'Traversal Queries

While graph patterns allow for querying graphs in a bounded manner, it is often use-
ful to provide more flexible querying mechanisms that allow to navigate the topology
of the data. A graph traversal allows the navigation of the structure of the graph
and is a fundamental graph query. In an abstract form, a traversal query () can be
expressed as a path query @ = u — v, where a specifies conditions on the paths that
we wish to traverse and u, v denote the starting and ending points of these paths.
The starting and ending points can be specific nodes or properties of the nodes, or
a mix of both. The expression « involves constraints on the properties (or, labels) of
the nodes and edges in the path. For example, we may look for paths connecting two

people in a social network with edges labeled as “friends”.
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Traversals retain the paths from u to v that satisty «. In general, there are may
be many such paths, even an infinite number, if there are cycles in the dataset. Thus,
besides maintaining all possible paths, various other semantics may be associated
with the evaluation of traversals. Common ones are retaining only the shortest paths,

or only paths with no repeated nodes or edges.

2.4.3 Historical Traversal Queries on Evolving Graphs

In the previous section we described the two main types of graph querying func-
tionalities. In the following, we discuss traversal query types that one can pose on
evolving graphs. We call such queries historical to distinguish them from queries that
consider only one graph snapshot G; at a time instant ¢.

We first present various types of general historical traversal queries and then
formally define types of historical reachability and path queries that we are going to

analyse in the following chapters.

Historical Graph Queries

The first category of historical queries include queries that are similar to current
graph queries but refer to past snapshots. Let () be any type of graph query, e.g., a
reachability, shortest distance, or graph pattern query. The corresponding historical
query Qg on an evolving graph Gy, . is a pair (Q, Ip), where I, is an interval [t;,1,,],
t: <t <t, <t;. Query Qg is executed by applying query () at all graph snapshots
Gy, t1 <t <1y, of G, 1), and returns as result an appropriately defined aggregation of
these results. For example, let () be a query that asks for the shortest path distance
between nodes u and v and let Qy = (Q, [, t,n]). The shortest path distance between

nodes u and v is computed at all graph snapshots Gy,, G¢,+1, ... G, and these t,, -

t; + 1 distances are appropriately combined to produce the result of Q).

There are three general ways of combining the results: (a) use all snapshots, (b)
use only one of the snapshots, and (c) an intermediate case, in which we use r of the
involved snapshots. Let us now define formally the three ways of combining results

in the case of reachability queries.

Definition 2.6 (Historical Reachability Query). Given an evolving graph Gy, ; ), a time

interval Iy = [t;,t,). t; < t; < t, <t; and a pair of nodes v, u:
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(a) a conjunctive historical reachability query (Cony) returns true, if there exists a path

from u to v in all graph snapshots Gy, t; < t < ¢, of G, 1.

(b) a disjunctive historical reachability query (Disy) returns true, if there exists a path

from u to v in at least one graph snapshot Gy, t; <t < t,,, of G, 11,

(c) an at least k historical reachability query (LEAsT) returns true, if there exists a path

from u to v in at least k graph snapshots G, t; <t < {,,,, of Gy, 1.

In the special case in which ¢; = ¢,,, we just apply () on the single past snapshot
Gy, of Gy, 1. We call such queries stab (StaB) queries.

We also examine two ways of combining results in the case of shortest path queries.

Definition 2.7 (Historical Shortest Path Query). Given an evolving graph G, ), a

time interval I = [t;, 6], t; < t; < t, < t; and a pair of nodes v, u:

(a) a stable historical shortest path query (SSP) returns the shortest path, if there exists

one from u to v in all graph snapshots Gy, t; < ¢ < &, of Gy, +,).

(b) an at least k historical shortest path query (KSP) returns the shortest path, if there

exists one from u to v in at least k graph snapshots Gy, t; <t < t,, of Gy, 1)

Similar to historical reachability queries, one can also apply the query ) on the

single past snapshots.

Historical Time Queries

Another type of queries pertinent to evolving graphs are queries that focus on the
timing aspect. Such queries ask when an event happened. For example, depending
on the type of query, we may ask when a specific graph pattern occurred, when two
nodes become reachable, or when their shortest path distance was equal to a given
value.

We make a distinction between queries that ask (a) when is the first time that an
event happened, (b) what is the longest continuous interval that the event lasted, or
(c) what is the total time that the event occurred. For reachability queries, we have

the following types of historical time queries.

Definition 2.8 (Historical Time Reachability Query). Given an evolving graph Gy, ;).

a time interval I = [t;,t,], t; < ¢, < t, < t; and a pair of nodes v, u:
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(a) a first time reachability query (First) returns the smallest time point ¢, t; < ¢t <
tm. such that, there exists a path from u to v in graph snapshot G; and there is

no path from u to v in any Gy, t; < ' < t,

(b) a longest continuous time reachability query (INTV) returns an interval [ty , tx,], & <
ty, < tk, < t,, such that, there exists a path from « to v in all graph snapshots

Gy, thy <t < ty, of G, ¢, and there is no longer interval that this holds,

(c) a longest total time reachability query (TotaL) returns the time points ¢, t; < ¢t <

tm, such that there exists a path from « to v in G,.

Durable Top-£ Queries

The last type of historical queries are queries that ask for the top-k pairs of nodes
that satisfy a condition for the longest time period. Depending on the query, this may
be a graph pattern that appears in the majority of graph snapshots, what are the
pairs of nodes that remained reachable the longest, or what are the pairs of nodes
whose distance was below some given value for most of the time points. Again, we
make a distinction between queries that ask for nodes that satisfy the property for
the longest duration, either (a) continuously or (b) in total. For reachability queries,

this gives us the following two types of top-k queries.

Definition 2.9 (Durable Top-k Reachability Query). Given an evolving graph Gy, ;).
a time interval I = [t;,t,). t; <t < t, < t; and a pair of nodes v, v and an integer
k, k > 0:

(a) a top-k continuous reachability query (Topk_1) returns a set of k pairs (u,v) of
nodes u and v such that there exists a path from u to v in all graphs G; in an
interval of size k£ and there is no pair of nodes «/, v/, for which a path from «’

to v’ exists in all graphs in an interval of size larger than £,

(b) a top-k total reachability query (ToPk_1) returns the k pairs (u,v) of nodes u and
v such that there exists a path from u to v in the largest number of graph

snapshots Gy, t; <t < t,,.

In the next sections, we will study in depth the various queries that one can
pose on evolving graphs and present novel approaches for answering these queries.

In particular, we focus on historical reachability queries and propose an in-memory
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approach for providing a solution in Chapter 3. In addition, we also study historical
traversal queries presented here using a native graph database in Chapter 6. Next in
Chapter 4, we focus on pattern queries and introduce the new problem of finding
the most durable top-k graph pattern matches in evolving graphs. We are the first
to formalize the durable pattern query problem since all previous work focused on
finding matches in each graph snapshot independently [25] or identify a match in a
stream of edge updates was given [26, 27]. Finally, we consider the search for durable

subgraphs without a pattern graph query as an input in Chapter 5.
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CHAPTER 3

TiMEREACH: HisTORICAL REACHABILITY

QUERIES oN EvorLviNg GRAPHS

3.1 The Historical Reachability Query
3.2 Baseline Approaches

3.3 The TimeReach Index

3.4 Experimental Evaluation

3.5 Related Work

3.6 Summary

N this chapter, we focus on on-line query-based processing of directed evolving
graphs. We assume that we are given an evolving graph, in the form of a
sequence of graph snapshots corresponding to the state of the graph at different
time points. We address the problem of efficiently answering queries that involve such
snapshots. In particular, we focus on a basic query type, namely reachability queries,
that ask whether a node u was reachable from another node v during specific time
intervals in the past. We call such queries historical reachability queries.
For processing historical reachability queries, we start by revisiting the basic tran-
sitive closure and online traversal approaches. For the transitive closure, we compute

a minimum representation of reachability information for each pair of nodes. For the
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online traversal, we propose a novel interval-based traversal of the version graph along
with a number of pruning steps. Furthermore, to avoid the cost and space overheads
associated with precomputing the transitive closure and improving the processing
cost of the online traversal, we propose a new approach, termed TimeReach.

TimeReach exploits the fact that most graphs consist of strongly connected compo-
nents (SCCs) [13, 14]. Thus, instead of maintaining reachability information for pairs
of nodes, we maintain posting lists with information about node membership in SCCs.
We minimize the size of posting lists through an appropriate assignment of identifiers
to SCCs. We show that the problem of the optimal assignment of identifiers to SCCs is
equivalent to the maximum bipartite matching problem among SCCs in consequent
graph snapshots. Along with postings, we maintain a condensed version graph which
corresponds to the version graph of the SCCs evolution. To improve the performance
of answering historical queries, we also introduce an interval-2hop approach based
on pruned landmark labeling [12, 15] on the condensed version graph.

We have extensively evaluated our approach with three real social network
datasets. Our experimental results show that TimeReach is space efficient, in particu-
lar for graphs consisting of large SCCs as is the case of social networks. Its incremental
construction is fast; indexing a new snapshot graph takes just a few seconds. Finally,
processing historical queries using TimeReach is orders of magnitude faster than the
online traversal of the version graph.

To summarize, we make the following contributions which are also presented in

[28]:

* We propose an indexing approach namely TimeReach that exploits the fact that
most graphs consist of strongly connected components to answer queries that

ask whether two nodes were reachable during a time interval in the past.

* We present a suite of algorithms that exploit a compact representation of the
evolving graph and along with TimeReach index provide a solution for historical

reachability queries.

¢ We extend the TimeReach index and our algorithms for answering reachability

queries.

* We experimentally evaluate the efficiency of our approach using three real

datasets.
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The rest of this chapter is structured as follows. Section 3.1 introduces historical
reachability queries and Section 3.2 presents the two baseline approaches, namely, the
transitive closure and online traversal. In Section 3.3, we introduce the TimeReach
index approach, while in Section 3.4, we present experimental results. Finally, Section

3.5 presents related work and Section 3.6 concludes the chapter.

3.1 The Historical Reachability Query

Given a static directed graph G = (V, E) and two nodes u, v € V, a reachability query
asks whether there exists a path from u to v in G. For evolving graphs, we introduce

the following two types of historical reachability queries.

Definition 3.1 (Historical Reachability Query). Let Gy, = {Gy,, Gi41. ... Gy}, be

an evolving graph, Iy = [t;,t;] C [t;,t;] a time interval and v, u a pair of nodes:

(i) a conjunctive historical reachability query u ~3 v returns true, if there exists a path

from u to v in all graph snapshots G,,, t, < t,, < t; of Gy, 1)

(ii) a disjunctive historical reachability query u ~¥ v returns true, if there exists a path

from u to v in at least one graph snapshot Gy, , tx < t,, < #;, of Gy, 1)

Our goal is to derive methods for answering reachability queries efficiently. A
straightforward solution would be to build a different index for each of the graph
snapshots and then pose a reachability query at each one of them. However, this
solution imposes large space overheads. In addition, it requires extra processing for
combining the results of each query. Instead, we propose building indexes for inter-
vals.

Let us now define the lifespan, £(u,v), of the reachability between two nodes u
and v. Let P(u,v) = {p1,...p} be the set of all paths from u to v. £(u,v) depends
on the lifespans of all possible paths in VG, from u to v, in particular, L(u,v) =
L(p1) ® ... ® L(p). For example, for nodes u, and ug in Figure 3.1(b), P(u4,ug) =
{P1, D2, 3, pa, Ps, D6} where p1 = uguzue, p2 = UsuzUzue, P3 = UsUiUsle, Py = UsUIUZUTUG,
Ps = ugUuiugugzle, Pe = Uguiusususug (note, that for notational brevity, paths were
denoted by the participating nodes instead of edges). Then, L(u4,us) = {[2,3]} &
3,3y @ {[0, 1} & {[1, 1} & {1, U} & {[1, 1} = {[0,3]}-
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Figure 3.1: Example of (a) an evolving graph, (b) the corresponding version graph,

(c) SCC evolution.

Clearly, historical reachability queries can be represented in terms of lifespans.
Specifically, given a version graph VG, a time interval I = [t;. %] C [t;, ;] and two

nodes v, u,

(i) a conjunctive historical reachability query u % v returns true, if and only if,

{[Q} ® E(u,v) - IQ.

(i) a disjunctive historical reachability query u ~¥ v returns true, if and only if,

{Io} ® L(u,v) # 0.

3.2 Baseline Approaches

There are two baseline approaches to answering reachability queries on static graphs,
namely pre-computation of the graph transitive closure and online traversal of the
graph. In this section, we revisit these baseline approaches for historical reachability

queries on a version graph.

3.2.1 Historical Transitive Closure

Instead of maintaining a different transitive closure for each graph snapshot of the
evolving graph G;, we maintain a single transitive closure, C'L; for the version graph
VGr. The transitive closure includes for each pair of nodes (u, v), their reachability
lifespan, £(u,v). To construct the transitive closure, we use a variation of the Floyd-

Warshall algorithm that takes into account lifespans, shown in Algorithm 3.1. If there
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Algorithm 3.1 TransitiveClosure(V G;)

Input: Version graph VG

Output: The transitive closure C'L;
1: for all u, v € V; x V; do

2: if (u,v) € E; then

3 CLi(u,v) < L((u,v))
4:  else

5: CLi(u,v) < 0

6: end if

7: end for

8: for w < 1 to |V;| do

9: forall u,v € Vi x Vs do

10: CLi(u,v) + CLi(u,v) & (CL;(u,w) @ CL(w,v))
11:  end for

12: end for

is a path p,,, from node v to node w and a path p,,, from node w to node v then
there exists a path p,, = (Puw» Puwp) from u to v with L(p,,) = L(Ppyw) @ L(py,) and
L(p, ) is merged with the £(u,v) computed so far.

The time complexity for Algorithm 3.1 is O(|V;|*T) in the worst case and requires
storage in the order of |V;|%. For answering a reachability query u R poru v,
initially the entry £(u,v) in C'L; is located and then joined with the query interval

I, thus requiring constant time complexity.

3.2.2 Online Traversal of the Version Graph

A straightforward approach to process a reachability query for an interval I would
be to perform an online traversal on all graph snapshots G, t € Io. When using the
version graph representation, this corresponds to traversing only edges e such that
L.(e) 3 t, once for each ¢t € Iy. We call this approach, instant based traversal.

To avoid multiple traversals, i.e., one for each snapshot in Iy, we consider an
interval based traversal of the version graph. The BFS-based interval traversal for dis-
junctive historical queries is shown in Algorithm 3.2 and for conjunctive historical
queries in Algorithm 3.3.

In particular, for conjunctive queries, since a node v may be reachable from u
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through different paths at different graph snapshots, we maintain an interval set R
with the part of L(u,v) ® Iy covered so far (line 9, Algorithm 3.3). The traversal
ends when R covers the whole query time interval I, (line 10, Algorithm 3.3).

To speed-up traversal, we perform a number of pruning tests. The traversal stops
when we reach a node whose lifespan is outside the query interval. In addition, the
traversal stops at a neighbor w of a node n when {Ig} ® L.(n,w) = () since a node
v cannot be reachable through an edge which is not alive in at least one ¢ inside the
query interval (line 6, Algorithms 3.2 and 3.3).

Still an edge may be traversed multiple times, if it participates in multiple paths
from source to target. To reduce the number of such traversals, we provide additional
pruning by recording for each node w, an interval set ZN (w) with the parts of the
query interval for which it has already been traversed. If the query reaches w again
looking for interval I’ C Iy and ZN(w) J I, the traversal is pruned (line 11 of
Algorithm 3.2, line 15 of Algorithm 3.3).

For example, consider the version graph in Figure 3.1(b) and query u, O s

Paths p1 = wjusugus, pa = wiusuzUgUs, P3 = UIUU3UEU5, Da4 = U UU3UTUGU5, D5 =

uruquzugus and pg = ujugugurugus with L(pr) = {[0, 11}, L(p2) = {[1,11}, L(ps)
{[1, 11}, L(ps) = {[1,11}, L(ps) = {[2,3]} and L(ps) = {[3,3]} need to be traversed to
conclude correctly that the result of the query is true. Hence, some edges, e.g., (us,
ug), (ug, us) need to be traversed multiple times for different time intervals I C I,.
However, when the query reaches u3 again through path ps, it is pruned and it does
not traverse the edge (us, ug) since ZA (u3) is equal to {[0,1]} which covers the current
query interval I’ = {[1,1]}.

Since in the worst case for both instant and interval based traversal each edge
may be traversed |Ig| times, the complexity for both traversals is O((|V;| + |E;]|Ig)).
However, in practice interval based traversal outperforms the instant based one since
each edge traversal covers large parts of the query interval instead of a single time
instance. Furthermore, pruning guarantees that an edge will not be traversed twice

for the same interval.
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Algorithm 3.2 Disjunctive-BFS(V G/, u, v, {Ig})
Input: Version graph VG, nodes u, v, interval Iy C [

Output: True if v is reachable from u in any time instance in I and false otherwise

1: create a queue N, create a queue INT

2: enqueue u onto N, enqueue [ onto INT

3: while N # () do

4:  n < N.dequeue()

5: i< INT.dequeue()

6: for all w s.t. (n, w) in VG, and {Iy} ® L.((n,w)) # 0 do

7: if w = v then

8: return true

9: end if

10: T+ {Ip} ® Le(n,w)

11 if ZN'(w) 2 7' then

12: IN(w) + IN(w) & 7'
13: enqueue w onto N

14: enqueue 7' onto INT
15: end if

16: end for
17: end while

18: return false

3.3 The TimeReach Index

Our approach exploits the fact that many real-world social graphs are characterized
by large strongly connected components (SCC) [13, 14]. Thus, instead of maintaining
reachability information for pairs of nodes, we maintain information about the SCCs
that each node belongs to. If two nodes belong to the same component, then they are
reachable. However, as the graph evolves over time, its strongly connected components
change as well. An example is shown in Figure 3.1(c) that depicts the SCCs of the
graph in Figure 3.1(b) as they evolve over time.

Given an evolving graph G; = {Gy,, Gt 41, - - -, th}, we invoke at each graph snap-
shot G;, € G; an algorithm, e.g., Tarjan’s algorithm [29], to identify the corresponding
set of SCCs. A unique id is assigned to each SCC at each snapshot.

For each node u, we maintain a list P(u) that contains (C, ¢) pairs specifying
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Algorithm 3.3 Conjunctive-BFS(V G/, u, v, {Ig})
Input: Version graph VG, nodes u, v, interval Iy C [

Output: True if v is reachable from u in all time instances in Iy and false otherwise

1: create a queue N, create a queue INT

2: enqueue u onto N, enqueue [ onto INT

3: while N # () do

4:  n < N.dequeue()

5: i< INT.dequeue()

6: for all w s.t. (n, w) in VG, and {Iy} ® L.((n,w)) # 0 do
7: T+ {Ip} @ Le(n,w)

8: if w = v then

9: R+~ RaoT

10: if R 3 Iy then

11: return true

12: end if

13: continue

14: end if

15: if ZN(w) 2 7' then

16: IN W) «+ IN(w) & T’
17: enqueue w onto N
18: enqueue Z' onto INT
19: end if

20: end for
21: end while

22: return false

the strongly connected component C' to which node u belongs at time instance ¢.
P(u) is called posting list and each pair in the list a posting. The storage complexity
is Q(|V1]|1]), since each node participates in at most one SCC at each time instance.
If we use Tarjan’s algorithm [29], the time complexity for constructing the lists is
O((|Vr| + |E1|)|I]), since each run of the Tarjan’s algorithm has an O(|V;| + |E/|)
complexity.

For presentation clarity, we assume that single nodes form singleton SCCs whose

ids are the ids of the corresponding nodes. However, for space efficiency, we do not
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maintain postings in this case.

We perform an additional optimization. Many nodes have strong connections,
i.e., they remain in the same components even in the face of component splits and
joins. We exploit this fact to reduce the storage space required for the postings by
observing that the posting lists of these nodes consist of the same elements. We
avoid redundancy by storing such lists only once and replacing the posting lists of
the relevant nodes with pointers to the common list. We call this approach posting
sharing.

An example is shown in Figure 3.2(a), where, for instance, the first posting list
indicates that nodes with ids 1 up to 50 belong to the strongly connected component
with id C] at time tq, Cs at t; and Cq at t,.

In addition, for each graph snapshot G;,, we construct a SCC graph snapshot Gs,,
= (Vstk, EStk) such that there is a node U in Vgtk for each SCC in Gy,, and there is
an edge (U, V) in Egtk, if and only if, there is an edge (u,v) in G;, from a node u
that belongs to the SCC that corresponds to U to a node v that belongs to the SCC
that corresponds to V. For a time interval I = [t;,1,], this results in an evolving SCC
graph Gs, = {Gs, , Gs, 4y > G Stj}. We construct the SCC graphs incrementally, as
the SCCs are created. The size of each SCC graph depends on the size of the original
snapshot graph and in the worst case is equal to it.

We call this approach simple TimeReach (TR). To answer a reachability query

Ig,

I
u ~4 v, (or, u N v), we check for each t € Iy whether u and v belong to the same
component. If this is not the case, we traverse the corresponding G, .

Next, we present a more space efficient method of exploiting strongly connected

components for historical queries.

3.3.1 Condensed TimeReach

While in the TR approach, we maintain information per time instance, we would like
to aggregate such information to express SCC participations during time intervals. In
this case, a posting (C,I’), I’ C I, belongs to P(u), if u participates in the SCC with
id C at all time instances in /’. Our goal is to minimize the total number of such

postings.

Problem 1 (Optimal SCC-id assignment). Given a time interval I and a set of SCCs

for each t € I, find an assignment of ids to SCCs that results in the minimum number of
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Figure 3.2: (a) Shared posting lists, (b) weighted graph modeling the evolution of
SCCs, (c) weighted graph after the bipartite matching, and (d) the compressed shared

posting lists.

postings.

A new posting is created, each time a node participates in a different SCC. Thus,
SCC ids should be re-assigned so that the number of such new postings is minimized.
We use a weighted graph to formalize the optimal assignment of ids to SCCs.

In particular, we model SCC evolution over a time interval / using a weighted
graph G¢c(Ve, Ec, W) where each node U € V- corresponds to a SCC that existed at
some time instance ¢ € I, and an edge e = (U, V) € Eg, if and only if, SCC U existed
at time ¢;, SCC V existed at time ?;;; and there is at least one node that belongs to
both U and V. W assigns to each edge e = (U, V') a weight W/ (e) that corresponds to
the number of nodes that belong to both U and V.

An example of a weighted graph is shown in Figure 3.2(b) that depicts the evo-
lution of the graph whose posting lists are shown in Figure 3.2(a). For instance,
component C7 created at time instance ¢; consists of 100 nodes from component Cj
and 150 nodes from C5.

Let Gey,, , . (Vou, o Ecy, i wn» W) be the subgraph of Ge(Ve, Ec, w), that con-

sists of the nodes U € V¢, that correspond to the SCCs that exist at time interval

oty +1]
[te, s + 1]. G, , ., represents one step in the SCC evolution. Note that, from the

definition of G¢, G¢, is a bipartite graph.

oot +1]

We make the following observation. At time instance t; + 1, a new posting is
created exactly for those nodes that participated in a different SCC at ¢;, + 1 than at
t;. The number of these new postings is equal to the sum of weights from node U to
Viin G¢,, , ., where U has a different id than V. Thus, to minimize the number of
new postings, we have to maximize the weight of the edges between pairs of nodes

that have the same id. This corresponds to finding a maximum bipartite matching of

Clt 411"
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Theorem 3.1. The optimal SCC-id assignment problem can be reduced to the problem of

finding the maximum weight bipartite matching (MWM) M, of each Gy, i

Proof. As shown above, solving the MWM for each bipartite graph G¢, , ,, mini-
mizes the number of new postings created at t;, +1. We shall show that this step-wise
assignment is optimal overall in G¢. For the purposes of contradiction, assume that
the optimal assignment is a set NV of edges, N C E¢ and that N is different from the

set of edges attained through the maximum bipartite matchings, that is, > w(e) >

eeN
> > w(e). Hence, for some m, for N,,, = NN E¢, . it holds that » w(e) >
k ecM e €ENm
>~ w(e), which means that M,, is not a MWM, which is a contradiction. [ |

e€Mp,

Figure 3.2(c) shows the weighted graph after the assignment of new ids through
bipartite matching, while Figure 3.2(d) shows the new posting lists.

The maximum weight bipartite matching problem is well-studied (e.g., see [30]
for a survey). The most widely used algorithm for solving this problem on a graph
G(V,E) is the Hungarian algorithm whose running time ranges from O(|V]?) to
O(|E||V] + |V|*loglog|V]) depending on the implementation. Another category of al-
gorithms depends on the edge weights and the fastest one runs in O(|E|/[V]logWV)
time, where W is the maximum edge weight. In addition, a number of fast approx-
imation algorithms have been proposed. The simplest such algorithm is the greedy
algorithm that sorts the edges by weight and repeatedly picks the edge with the
largest weight. This algorithm can be implemented with O(|E|) time complexity and
produces a 1/2 worst case approximation.

The incremental algorithm for constructing the SCC postings is presented in Al-
gorithm 3.4. It takes as input the current snapshot and the postings computed up
to the previous snapshot, and constructs the current postings. It starts by computing
the SCCs using Tarjan’s algorithm with complexity O(|V;| + |E;|) (line 2). Then, it

constructs the graph G, with complexity O(|E¢,_, ,|) (line 5). Next, the MWM

tt41]
is computed and new ids are assigned to the new SCCs (lines 6 — 9). The complex-
ity of this step depends on which algorithm is used for computing the MWM. We
use the greedy algorithm with complexity O(|Es,_, ,[). Finally, the SCC postings are
created/updated for each node of the current snapshot, creating a new entry only for
nodes that participate in a different SCC (with a different id) than the one in time
instance ¢ — 1 (lines 11 — 22). The complexity of these steps is O(|V;|) since each

operation in the loop has constant time complexity. Thus, in total the running time
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Algorithm 3.4 ConstructSccPostings(G,, P,_1, GS[z—z,t—u)

Input: Snapshot G;, SCC postings F;_;
Output: SCC postings P,
1: Sgcct — @, M0

2: Run Tarjan’s algorithm on G,
3: Sscc, is the set of the detected SCCs where each SCC; € Sscc, is assigned a

unique id C;

4: if ¢ > 0 then
5. Construct G, , , from Sscc, and Gg,_,,
6: Compute maximum weight matching M

for all edges e = (U, V) € M do
8: C, +~ C,
9: end for
10: end if
11: for all nodes v € V; do
12:  find SCC; € Sscc, s.t. u e SCC;
13:  if P_q(u) # 0 then

14: if P,_1(u)[end].C # C; then
15: P,y (u)[end].I < [ts,t — 1]
16: P,_1(u).add(C;, [t, curr])
17: end if

18:  else

19: P, (u).add(C;, [t, curr])

20:  end if

21: end for

22: B <+ Py

of the algorithm is O(|V;| + | Ey]).

As in the simple TR approach, we also construct the evolving SCC graph, which
in this case has a much smaller number of nodes due to the reduction of the number
of strongly connected components achieved by the bipartite matching.

Finally, we construct the version graph VGgs, = (Vs,, Es,, L,, L.) of the evolving
SCC graph that we call condensed version graph. We construct the condensed version

graph incrementally as follows. For each snapshot G, € G;, for each edge (u,v) € E,
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Figure 3.3: Example of splitting query u B8 .

we look up the postings P(u), P(v) for entries (U, I’), (V,I") s.t. t; € I' and t; € I". If
U # V and edge (U,V) ¢ Eg,, the edge is added with lifespan {[¢;,;]}, otherwise the
lifespan of the edge is extended to include ¢;. We call the above approach condensed

TimeReach (TRC).

3.3.2 Query Processing

Query processing of a (disjunctive or conjunctive) reachability query u ~3 v is per-

formed in two steps. In the first step, the appropriate postings of nodes u and v are
retrieved. If the two nodes belong to the same strongly connected component during
the whole query interval for conjunctive queries or once for disjunctive queries, the
answer is true. Otherwise, let 7, be the set of intervals during which nodes u and v
belong to different components. The query is rewritten as a set of reachability sub-
queries of the form Uy fI\fo Vin, where u belongs to SCC U, and v belongs to SCC V,
for some common time interval I,, Z 3 Io,, the set Zg = (JI, consists of disjoint
intervals, and Zg ~ Zj,. The results of the sub-queries are coimbined to produce the
answer for the query through an AND (OR) for conjunctive (disjunctive) queries.

For example, consider the query u 8%y in Figure 3.3, where the posting lists for
u and v are respectively, P(u) = (Cg [4,7], C5 [8,11], Cy [11, curr] and P(v) = (Cs [1, 8],
Cy [11,15]). The query is split in three sub-queries: u Qs Ce, u “Qap Ce, v R Cs.

In the worst case, the two nodes belong to a different SCCs at each time instance
in I, thus we need to traverse the condensed version graph for each ¢ with a cost
of O(|1g|(|Vs,| + |Es,|)). Two factors that influence performance are the number of
postings for each node and the size of the condensed version graph. The smaller
the number of postings, the fewer sub-queries are required in the second step. The
smaller the condensed version graph, the faster the traversals. Hence, the optimal

assignment of SCC ids is crucial to query processing performance, since it keeps the
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Lin:{}
Lout: {C,,[0,3]}, {C5,[0,11}, {C,,[0,3]}

Lin: {C,,[0,3], C5,[0,1]}
Lout:{Cs,[1,2]}

Lin: {C,,[0,3], C,,[0,3]}
Lout: {C;,[2,3]}

Lin: {C,,[0,3], C,,[2,3]}
Lout: {C,,[0,1]}

Lin: {C.,[1,2], C,,[1,2]}
Lout:{C,,[0,3]}

Figure 3.4: An example of interval 2hop labels.

posting lists short and the size of the condensed version graph small.

3.3.3 Interval 2Hop

Reachability on version graphs can be made more efficient by maintaining additional
information. In this paper, we use an approach based on pruned landmark 2hop
labeling [12, 15]. The idea is that for each node u of a given graph, we maintain two
labels L;,(u) and L, (u) which include nodes that can reach u and can be reached
by u respectively. The labels are computed such that a node u reaches v, if an only
if, Lin(v) N Lo (u) # (. Instead of traversing the graph, a reachability query can now
be answered by using the labels.

For historical reachability queries, we also keep along with each node w in L;,(v)
the reachability lifespan £(w,v) and along with each node w in L,,.(u) the reachability
lifespan L£(u,w). In the presence of 2hop labels, to answer a query u Ry (u 2y ,
we compute the set L;,(v) N Ly, (u) and then for each w in L;,(v) N Lyyt, we join the
lifespan of w in L;,(v) with the lifespan of w in L, (u). To answer the query the
joined lifespans £ (w) of nodes w in L;,(v) N L, are joined with the query interval
L to see whether they cover I, (or, have at least a time instance in common).

We compute the labels for the nodes of the condensed version graph, incremen-

tally. For an interval I = [t;,¢;], we compute the labels for the SCC graph snapshots

at each time ¢ in I, starting from ¢;. For each time t;, ¢, > t;,, we merge the labels
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computed for a node C' at time ?;, with the labels computed for C' at the previous time
ty — 1. For the construction of L;, and L,,, for each SCC graph snapshot at time in-
stance t;, we process the nodes of the graph by using the INOUT strategy that starts
a BFS traversal from the nodes with the largest (indegree(u)+1) x (outdegree(u)+1)
[15]. An example of the final 2hop labels of each SCC node in a version graph is given
in Figure 3.4.

3.4 Experimental Evaluation

To evaluate our approach, we used three real datasets: Facebook (FB) [31], Flickr
(FL) [32] and YouTube (YT) [33]. The characteristics of each dataset are shown
in Table 3.3. For example, FB consists of 871 daily snapshots of the New Orleans
Facebook friendship graph, which correspond to 125 weekly or 29 monthly snapshots.
We report the number of nodes, edges, and SCCs (singleton SCCs are not included)
and the size of the largest SCC at the first and last snapshot.

All three datasets are treated as directed. Also, all datasets are insert-only, i.e., they
do not contain information about node/edge deletions. Therefore, we synthetically
generate random edge deletes. The input parameters and their default values are
shown in Table 3.1.

We evaluate the size and the construction time of the Version Graph (VG), the
Transitive Closure (TC), the simple TimeReach (TR), the condensed TimeReach (TRC)
and the condensed TimeReach with 2hop labels (TRCH). We also evaluate the online
processing of historical reachability queries using an instant-based (INS) or interval-
based (INT) traversal of the version graph and using the various TimeReach indexes.
Table 3.2 summarizes the various approaches.

We ran our experiments on a system with a quad-core Intel Core i7-3820 3.6 Ghz

processor and 64 GB memory. We only used one core for all experiments.

3.4.1 Index Size

In the first set of experiments, we evaluate the various approaches in terms of their
storage requirements. The size of the TR and TRC include the storage required for
maintaining the posting lists and the SCC graphs, while the size of the TRCH includes

in addition the storage required for the 2hop labels.
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Table 3.1: Input parameters.

Query
# of Snapshot interval % of
nodes granularity (in days) deletes
- Default 61,096 day 7 10
Range 117 - 61,096 day, week, month 7-35 0-30
Default 1,138,499 day 7 10
Range 1,004,777 - 1,138,499 day, week, month 7-35 0-30
Default 2,302,925 day 7 10
Range 1,487,058 - 2,302,925 day, week, month 7-35 0-30
Table 3.2: Overview of different approaches.
VG Version Graph
TC Transitive Closure
TR (Simple) TimeReach
TRC  Condensed TimeReach
TRCH Condensed TimeReach with 2hop labels
INS Instant-based traversal of the version graph
INT Interval-based traversal of the version graph
Table 3.3: Dataset properties.
Snapshot Granularity # nodes # edges # SCC Max SCC (# nodes)
first last first last  first  last first last
(daily) 871 U7 61,096 128 1.139.081 10 374 3 51286
FB (weekly) 125 1429 61,096 2365 1139081 138 374 18 51,286
(monthly) 29 4239 61096 12224 1139081 279 374 96 51,286
(daily) 37  1,004777 1138499 4.379.283 4452646 9,807 11,360  457.932 509,332
YT (weekly) 6 1.025.536 1.138.499 4,379,283 4452646 9.807 11360 465668 509,332

(monthly) 2 1,116,602 1,138,499 4,446,042 4,452,646 10,664 11,360 485273 509,332

(daily) 134 1,487,058 2,302,925 17,022,083 33,140,018 42,163 58,636 1,004,426 1,605,184

FL (weekly) 20 1,507,700 2,302,925 17,393,321 33,140,018 42,163 58,636 1,010,498 1,605,184
(monthly) 5 1,585,173 2,302,925 18,987,847 33,140,018 42,459 58,636 1,081,499 1,605,184

Graph Size (scalability)

Figure 3.6 reports the size for varying number of nodes. As shown, TRC is much

smaller than TR in all cases. For FB and FL, the largest SCC covers 83% and 70%
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of the graph respectively, while for YT, it covers just 45% (see Table 3.3). Thus, the
TRC size for the FB dataset is 89% smaller, while for the YT and FL datasets, we
achieve 40% and 57% of compression respectively. The larger the SCCs, the higher
the compression achieved.

Since the size of the transitive closure (TC) grows rapidly, we compute TC for a
smaller subset of the FB dataset varying the number of nodes from 1,000 to 6,000.
As shown in Table3.4, even for this small graph, the size of TC reaches 106 MB.

Percentage of Deletes

For each dataset, we vary the percentage of edge deletes from 0% to 30% of edge
insertions. Table 3.5 presents the results for the FB dataset. We observe that the size
of TR and TRC decreases; this can be explained by the fact that deletions affect the
isolated nodes that become disconnected from the components and thus there are less
edges between components and isolated nodes. The size of VG remains constant, since
the size of the lifespan labels remains the same. Finally, the size of TRCH increases,
because in case of deletes, additional nodes need to be included in the 2hop labels

for ensuring the reachability test.

Table 3.4: Comparison with transitive closure.

# nodes Size (MB) Constr. Time (sec)
TR TRC TC TR TRC TC
1,000  0.013 0.012 291 0.01 4.76 167.49
2,000 0.026 0.009 11.56 0.23 5.02 1,457
3,000 0.039 0.012 26.27 0.35 5.89 5,788
4,000 0.052 0.018 47142 0.41 6.33 16,580
5,000 0.063 0.026 73.97 0.59 6.79 39,112
6,000 0.074 0.032 106.82 0.72 7.13 81,123

Snapshot Granularity

Table 3.6 reports the storage required for maintaining daily, weekly and monthly
snapshots of the three datasets. All sizes increase with the number of snapshots. For
example, for FL, the increase of the number of snapshots by a factor of 30 (from 5

monthly to 134 daily) causes an increase of the size of TR by a factor of 3.44. The
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Table 3.5: Size (MB) per % of deletes (Facebook).

% of deletes VG TR TRC TRCH

0 11 0.5 0.21 1,493
10 11 0.58 0.22 1,528
20 11 0.45 0.19 1,612
30 11 0.47 0.18 1,664

Table 3.6: Size (MB) per snapshot granularity.

Facebook YouTube Flickr
Days Weeks Months Days Weeks Months Days Weeks Months
VG 1 6 5 7.87 7.34 6.94 45.52 39.85 38.15
TR 0.58  0.47 0.42 4428 21.28 14.98 141 73 41

TRC  0.22 0.08 0.07 3.21 1.92 1.46 2.89  2.27 1.88
TRCH 1,528 1,041 845 5865 4,936 4,062 7951 6,684 57719

size of TR and TRC decreases with the snapshot granularity (number of snapshots)
since less snapshots mean less postings and smaller SCC graphs. The size of VG does
not decrease significantly, because it requires memory to keep lifespan labels for all
nodes and edges of the graph.

Posting Sharing. Finally, let us take a closer look at the posting sharing optimization
by evaluating the reduction in the size of postings for various granularities as depicted
in Figure 3.5. In general, we achieve compression ratios for the posting around 70%
for FB, around 90% for FL and over 95% for YT. The compression ratio decreases
with snapshot granularity due to the increase of the posting combinations. This is

more evident for the FB dataset where the number of snapshots is higher.

3.4.2 Construction Time

In this set of experiments, we evaluate the time to construct the various indexes.

As seen in Figure 3.7, TRC is slower than TR, because of the additional time
required for performing the bipartite matching. TRCH is even slower, since it also
needs to construct the 2hop labels. We use the greedy algorithm for the bipartite

matching and the INOUT strategy for computing the interval-2hop labels.
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Figure 3.5: Compression ratio achieved by posting sharing.

Constructing the TC for the whole graphs is prohibitive, since even for only 6, 000
nodes, it takes over 22 hours, while the TR construction takes just 0.72 seconds (Table
3.4).

Comparison of Different Bipartite Matching Algorithms

We also constructed the TRC using the Hungarian algorithm. For all datasets, the
size of the resulting TRC is almost equal to the size of the TRC resulting from using
the greedy algorithm (the difference is in the order of KB), thus confirming our
expectation that greedy achieves a very close approximation of the optimal solution
for social graphs. The Hungarian algorithm is much slower than greedy requiring an

additional 1.5 hour for large datasets such as FL.

Comparison with 2hop for Insert Only

We adopted the pruned labeling algorithm proposed in [12] for distance queries to
create labels for historical reachability queries. Pruned labeling incrementally updates
the index for each newly inserted edge, whereas in our approach we compute 2hop
labels per snapshot. The pruned labeling algorithm does not support deletions, thus,
we compare the two algorithms on the Facebook dataset without deletions. The
pruned algorithm was found to be 5.4 times faster but it produced labels that were

12 times larger that the ones computed with our approach.
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Figure 3.6: Size (log scale) for varying number of nodes in (a) FB, (b) YT, and (c)
FL.
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Figure 3.7: Construction time (log scale) for varying number of nodes in (a) FB, (b)
YT, and (c) FL.

3.4.3 Query Processing

Let us now focus on query processing. In each experiment, we ran 500 historical
reachability queries where the source and target nodes are chosen uniformly at ran-
dom with the restriction that both nodes are present in the graph at the beginning
and the end of the query interval. Queries involving nodes not present either at
the beginning or the end of the query interval can be pruned fast by checking the

lifespans of the nodes.

Online Traversal of the Version Graph

Let us first compare between an instant-based (INS) and an interval-based (INT)
online traversal of the version graph for different time intervals (Figures 3.8 and
3.9). A general remark that holds independently of the method used to evaluate
queries is that false conjunctive queries are faster than true conjunctive queries, since
processing stops as soon as a time instance is found at which the two nodes are
not reachable. Analogously, true disjunctive queries are faster than false disjunctive

queries, since processing stops as soon as a time instance is found at which the two
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nodes are reachable.
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Figure 3.8: Query time (log scale) INS and INT for conjunctive queries in (a) FB, (b)
YT, and (c) FL.
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Figure 3.9: Query time (log scale) INS and INT for disjunctive queries in (a) FB, (b)
YT, and (c) FL.

Interval-based traversal is faster that instant-based traversal for almost all datasets
and query types, since it can find the answer faster by searching for longer intervals.
The only exception is FB and false conjunctive queries, where INS is slightly better.
This happens because with INS, the search stops as soon as the first false answer is
produced in any traversal. Hence, if this answer is found in the first few time instances
of the query interval negative answers can be produced quickly for the smaller graph

(i.e, the FB graph).

Online Traversal versus TimeReach

Let us now compare interval-based online traversal with query processing using the
TR, TRC and TRCH approaches. The results for conjunctive queries are shown in
Figure 3.10 and for disjunctive queries in Figure 3.11.

We see that all approaches are not significantly affected by the increase of the query
interval due to fast posting lookups and short distances in the SCC graph for the TR

and TRC, and the efficient implementation of edge lifespans for the version graph.
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Figure 3.10: Query time (log scale) for conjunctive queries in (a) FB, (b) YT, and (c)

FL.
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Figure 3.11: Query time (log scale) for disjunctive queries in (a) FB, (b) YT, and (c)
FL.

We see that the TRC approach does not only produce a smaller structure than TR
but it also attains faster query response for almost all datasets. TR is slower because
for answering a query it needs to traverse the SCC graph per time instance when the
query nodes do not belong to the same component. TRCH attains the fastest time
when compared with all other approaches. The performance of TRCH is expected,
since only two simple steps are needed: first to obtain the intersection L;,(v) N Loy (u),

and after that to check the lifespans £ of the nodes in the intersection.

3.5 Related Work

There are a couple of approaches in the related literature that focus on efficiently
storing and retrieving graph snapshots. For example, one can store just some subset
of the graph snapshots in the sequence along with appropriate deltas, such that, any

other snapshot can be reconstructed by applying the deltas on the selected snapshots
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[1, 3, 4, 25].

Historical query processing in these approaches requires as a first and costly step
reconstructing the relevant snapshots. Then, queries are processed through an online
traversal on each of them. Query performance is addressed by trying to minimize
the number of snapshots that need to be reconstructed by minimizing the number of
deltas applied [1, 25], avoiding the reconstruction of all snapshots [3], or by parallel
query execution and proper snapshot placement and distribution [4]. Our work is
different since our goal is the indexing for supporting historical reachability queries
without constructing first the relevant snapshots.

Historical shortest path distance queries were addressed in [11]. The authors pro-
pose a method based on ordering nodes or edges pertinent to shortest path com-
putation. Finally, the recent work of [12] also proposes a dynamic indexing scheme
for historical distance queries. However, the authors consider only insertions. This
assumption simplifies the problem, since two nodes that are reachable remain reach-
able. The authors propose a dynamic 2hop index construction that is not applicable
in the case of node or edge deletions.

Reachability queries on static graphs have been thoroughly investigated along two

general directions: transitive closure compression and improving online search.

Transitive Closure Compression. Related research aims at compressing the transitive
closure by storing for each node only a subset of the nodes it can reach. The first idea
is to decompose the graph in £ node-disjoint chains and for each node store only
the first node it can reach in each chain [34, 35]. Another line of research extracts a
spanning tree of the graph, and uses it to compress the transitive closure. Each node
of the tree is labeled with an interval of integers such that if node u is an ancestor of
v, the interval of u contains that of v. Reachability through tree edges can be easily
determined by a label containment check. To incorporate reachability through non-
tree edges each node inherits the intervals of its successors in the graph [36], or a
partial transitive closure of non-tree edges is constructed [37]. Building upon the idea
of interval labeling, a tree whose vertices are pair-wise disjoint paths extracted from
the original graph is used in [38]. Another approach in compressing the transitive
closure is 2hop labeling [39, 40, 41]. Each node stores two sets of intermediate nodes:

a set L,,; of nodes it can reach and a set L;, of nodes that can reach it. Node u can
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reach node v only if L,,(uw) N L;,(v) # 0.

Speeding-up Online Traversal. These methods use interval labeling to aid online traver-
sal by pruning the search space. In [42] and [43], a tree cover of the graph is con-
structed and then, for the queries that can not be answered by the tree labeling, an
online search on the non-tree edges is performed using the labeling to guide the
search. In [44], multiple intervals are used for the labeling. If the label containment
check does not produce a negative answer, the graph is traversed online using the
intervals for pruning the search.

Some of the works discuss the incremental maintenance of the index in the case
of evolving graphs [36, 45, 46, 47]. However, the updated index contains reachability
information only about the current version of the graph and cannot be used for

answering historical queries.

3.6 Summary

In this chapter, we addressed the problem of efficiently answering historical reach-
ability queries over such graphs. Such queries ask whether a node u was reachable
from another node v during a time interval in the past. We have proposed an ap-
proach termed TimeReach that exploits the fact that most graphs consist of strongly
connected components (SCCs). TimeReach maintains information about SCC mem-
bership for each node, and a graph which represents the links between the strongly
connected components. We also maintain a condensed version graph which corre-
sponds to the version graph of the SCCs evolution. We have provided experimental

results regarding the efficiency of our solution.
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CHAPTER 4

Tor-k DURABLE GRAPH PATTERN QUERIES

oN EvorLviNg GRAPHS

4.1 The Durable Graph Pattern Matching Problem
4.2 The Durable Graph Pattern Algorithm

4.3 Time Indexes

4.4 Duration Threshold

4.5 Graph Search

4.6 Refine Candidates

4.7 Experimental Evaluation

4.8 Related Work

4.9 Summary

ESPITE, the large attention in processing graph pattern queries in static
graphs (e.g., [48, 49, 50, 51, 52, 53, 54, 7]), we are not aware of any study
on searching for durable graph matches in an evolving graph. There has
also been some recent work on evolving graph processing but the focus has been on
how to efficiently store and reconstruct the snapshots relevant to a query by exploiting
among others clustering, operational deltas, and efficient data versioning [25, 1, 3].
Instead, in this chapter, we propose efficient algorithms and indexes targeting graph

pattern queries.
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In particular, we assume that we are given the history of a node-labeled graph
in the form of graph snapshots corresponding to the state of the graph at different
time instances. Given a query graph pattern P, we address the problem of efficiently
finding those matches of P in the graph history that persist over time, that is, those
matches that exist for the longest time, either contiguously (i.e., in consecutive graph
snapshots) or collectively (i.e., in the largest number of graph snapshots). We call the
queries that return these matches durable graph pattern queries.

Locating durable matches in the evolution of large graphs finds many applica-
tions. Take for example collaboration and social networks, such as DBLP, Facebook
or LinkedIn, where nodes correspond to people and edges indicate relationships such
as cooperations, or friendships. Node labels may denote demographics, or other char-
acteristics of the users, such as related venues (for example, schools that the users
has attended, or scientific conferences where the user has published). Finding durable
matches that follow an input pattern helps us locate the most persistent research col-
laborations or durable social communities and social positions. It can also assist us
in the identification of the essential elements (in the form of node labels) that lead to
durable and stable cooperations among teams.

Other types of graphs where durable matches may find applications are complex
biological systems such as protein-protein, metabolic interaction and hormone signal-
ing networks where nodes are molecular components and edges relationships between
them [51]. Understanding such systems requires a molecular level analysis looking at
specific topological subgraphs. For instance, locating durable protein complexes may
give insight into repeated motifs that remain stable through the evolution of various
protein mechanisms. Durable patterns may also be relevant in viral analysis, where
scientist could, for example, be interested in finding durable chains of nucleotides of
virus RNA for predicting which genes are prone to mutations.

Durable graph patterns are also useful in the case of graphs modeling network
and transportation networks. For example, take a network traffic dataset where nodes
represent IP addresses and edges are typed by classes of network traffic [55]. Query-
ing such graphs and locating durable patterns in specific time frames may indicate
periodic infiltrations (path queries), denial of service (parallel paths) and malicious
spreads (tree queries).

Finally, a problem with graph pattern matching algorithms is that they often

return an excessive number of matches [56]. Persistence through time offers a means
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of discarding transient matches and identifying the ones that are meaningful. It offers
a way of ranking the results and presenting to users only the £ most durable among
them.

The straightforward approach to processing durable graph pattern queries is to
find the matches at each snapshot by applying a state-of-the-art graph pattern al-
gorithm and then aggregate the results. However, even an efficient implementation
of this approach incurs large computational costs, since all matching patterns in
each snapshot must be identified, even patterns that appear only once. To avoid the
computational cost of applying the algorithm per snapshot, we propose an efficient
DuraBLEPATTERN algorithm.

Our DuraBLEPATTERN algorithm identifies the durable matches by traversing the
labeled version graph. An efficient in-memory layout of the LVG allows fast retrieval
of neighboring nodes at each snapshot. To prune the number of candidate matches,
we introduce neighborhood and path time indexes based on Bloom filters [16, 17].
Finally, our DurablePattern algorithm is driven by a v-threshold on the duration of the
matches. We exploit various strategies that uses the time-based indexes to efficiently
determine an appropriate value for the duration threshold.

In a nutshell, we make the following contributions which are also discussed in
[57]:

e We formulate the problems of most and top-k durable graph pattern queries.

* We propose a new DUrRABLEPATTERN algorithm that exploits an LVG-based rep-
resentation, -threshold graph exploration search and appropriate Bloom-filter

based time indexes to process durable graph pattern queries efficiently.

e We perform extensive experiments on various datasets that show both the effi-
ciency of our DuraBLEPATTERN algorithm and the effectiveness of durable graph

pattern queries in locating interesting matches.

The rest of this chapter is structured as follows. In Section 4.1 we formally define
the durable graph pattern matching problem. In Section 4.2, we provide the general
outline of our DuraBLEPATTERN algorithm and in Sections 4.3 — 4.6, we present in
detail its various components. In Section 4.7, we present an experimental evaluation
of our approach. Finally, Section 4.8 provides a comparison with related work, while

Section 4.9 concludes the chapter.
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Figure 4.1: Example of an evolving labeled graph.

4.1 The Durable Graph Pattern Matching Problem

Most previous research in graph pattern queries looks for matches in a single static
graph (e.g., [63, 54]). However, most real world graphs change over time. New nodes
and edges are added, and existing nodes and edges are deleted. In addition, new
labels may be associated with nodes, and existing labels may be deleted.

Given an evolving graph Gy, ;,), we say that a subgraph m is a match of a pattern
P = (Vp,Ep,Lp) in Gy, 1, if m is a match of P in at least one graph snapshot
Gy, in Gy, . Since, a match may appear in more than one graph snapshot of the
evolving graph, we would like to find the most durable among the matches. Let us

first introduce two different notions of duration.

Definition 4.1 (Duration). Let Z be a set of time intervals. We define the collective
duration of Z, ldur, as the number of time instants in 7 and the contiguous duration of
Z, ndur, as the number of instants in the largest time interval in Z. We use dur to

refer to both.

For example the collective duration of Z = {[1, 3|, [5, 10],[12,13]} is 11, while its

contiguous duration is 6. Let us now formally define the lifespan of a match.

Definition 4.2 (Pattern Match Lifespan). Given an evolving graph Git,,t;) and a pattern
query P, the lifespan, lspan(g[tim, P, m), of a match m of P in Glit;) 1s the set 7 of
time intervals that includes all time instants, t, t; < t; < ¢;, such that, m is a match

of P in graph snapshot G;,.

We are now ready to define durable graph pattern queries for evolving graphs. In
this case, besides the graph pattern P, the query also includes a set of time intervals,
Zp, that specifies the time periods for which we look for matches. Having Zp as part
of the query allows us to look for durable matches at specific periods of time within
the evolving graph. For example, we may want to locate matches that appear only in

snapshots corresponding to weekends, or, to specific seasons of interest.
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Figure 4.2: Example of (a) a graph pattern query, (b) the corresponding matches in
the evolving graph of Figure 2.1.

Definition 4.3 (Durable Graph Pattern Match). Given an evolving graph G ;. a

graph pattern P and a set of time intervals Zp:

* a most durable graph pattern query returns the matches m and their lifespans such

that m = argmax dur(lspan(Gy, ), P, m’) @ Ip).
m/matchof P

* a top-k durable graph pattern query, given an integer k > 0, returns a set S
of £ matches and corresponding lifespans such that for all matches m in S,
dur(Ispan(Gy, ;). P- m) @ Ip) > dur(lspan(g[thtj}, P, m') ® Ip) for all matches

m’ notin S.

Based on the definition of duration, we may have contiguous most durable (or,
top-k) graph matches and collective most durable (resp. top-k) graph matches.

An example of a graph pattern query is shown in Figure 4.2(a) which asks for
matches that depict a connection between a node with label /; and two other nodes
with labels /; and l,. Some matches of this query for Zp = {[1,5]} in the evolving
graph of Figure 4.1 are shown in Figure 4.2(b). If this query is interpreted as a
collective most durable query, it will return only match 1 (and its lifespan), whereas
in the contiguous case it will return match 3. A top-2 durable query will return match
1 and either of match 2 or 3, if interpreted as collective, and match 3 followed by

either match 1 and 2, if interpreted as contiguous.
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Algorithm 4.1 Baseline Algorithm(G;, P, Zp)
Input: Evolving graph G;, pattern P, set of intervals Zp

Output: Most (top-k) contiguous durable matches m
1: Hash tables H, H’

2 My« 0,0« 1,t,«0
3: forallt € Z7p ® {I} do

4: M, < get matches of P in G,

5 for each m € M, do

6: if me M,y and t =t, + 1 then
7: Hm]++

8: else if H[m] not exists then

9: Hm] <1
10: H'lm] + 1

11: else if H|[m| > H'|m] then
12: H'|m] < H[m]
13: Hm| + 1

14: end if

15:  end for
16: 1, <1, 1++
17: end for

18: return (all || top-k) matches m with the largest H'[m] and their lifespan

4.2 The Durable Graph Pattern Algorithm

In this section, we start by describing a baseline approach to processing durable graph

pattern queries and then present our DurablePattern algorithm.

4.2.1 Baseline Approach

A straightforward way to process a durable graph pattern query is to first execute
the graph pattern query P at each graph snapshot G, , t,, € Zp, of the evolving
graph using a state-of-the-art graph pattern matching algorithm and then aggregate
the results by counting for each match the number of times it appears in the result.

The steps of the baseline approach for finding contiguous durable matches are

shown in Algorithm 4.1. We represent each match m as a string u,us...uy,|, where u;,
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1<i<|Vp

, are the nodes of the matched subgraph m ordered following the order
of nodes’ ids in P that each one of them matches. Thus, we reduce graph matching
to string matching. Furthermore, to match the resulting strings we use hashing. We
maintain two hash tables H and H'. H[m] indicates for each match m the duration of
the current largest time interval for which m was found to be a match, while H’ the
duration of the previous largest interval. We compute the subgraphs that match the
input graph pattern P for each graph snapshot G, of the evolving graph, for ¢t € Zp
(line 4). For each match m, the algorithm checks whether it was found in the exact
previous time instant and if this is the case it increases H[m] (lines 6 — 7). Otherwise,
if match m is found for the first time, the algorithm initializes both hash tables (lines
9 — 10), or if match m was previously found, it updates H|[m| and H’'[m] appropriately
(lines 12 — 13).

To process a collective durable graph pattern query, we use just one hash table
and for each time instant that a match m is found, we increase H|[m].

Even with these optimizations, the baseline approach is expensive, since we have
to retrieve all matches at each and every graph snapshot, even those matches that
appear only in just one snapshot. For frequent patterns and long intervals, the number

of retrieved matches grows very fast.

4.2.2 Durable Graph Pattern Matching

We consider a more efficient approach that uses the concise representation of the
evolving graph, that we call the labeled version graph. In addition to the LVG, we also
maintain a time-label index, ViLa, which allows constant time retrieval of all nodes
having a specific label at a given time instant. We will refer to LVG augmented with
this time index as ViLAG. VILAG is our basic data structure.

The main steps of our durable graph pattern algorithm are outlined in Algorithm
4.2. The algorithm runs on the labeled version graph and is driven by a duration
threshold ¥. It consists of two phases. The first phase (lines 2 — 5) computes the
candidate matching nodes in V; for each node p € Vp in the given set of time intervals
Zp and stores them in a set C(p). We call the procedure of generating the candidate
nodes FiLTerCanpipaTEs. The resulting candidate set C'(p1) x ... x C(p}v;,,|) determines
the overall search space of the algorithm. To avoid a sequential scan of all nodes of a

large graph that would result in a total search space of H‘V;’ll |C(|Vi])|, we use ViLa.

n
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Algorithm 4.2 DurablePattern Algorithm(V Gy, P, Zp, Piype)
Input: Version graph VG, pattern P, set of intervals Zp, query type Py (i.e.,

most/top-k, collective/contiguous)

Output: Durable matches m of type P,y
1: 0 < INITIALIZEDURATION( P, ), M < ()

2: for each p € V» do

3:  C(p) < FiurerCanoivates(VGy, P, p, Ip)
4:  if C(p) = 0 then

5: return ()

6: end if

7: end for

8: while not (M. found() or ¥ = 0) do

9:  C < RerINeCanpipates(V Gy, P, C, VU, Ip, Piype)

10:  DUrABLEGRAPHSEARCH(V G, P, C, 1,9, Ip, M, Pyp.)
11: ¥ < RECOMPUTEDURATION( Py pe, 0)

12: end while

13: return M

ViLa returns for each pattern node p the graph nodes that have the same label as p
in at least one time instant in Zp.

In the second phase (lines 8 — 12), we search for a match. The algorithm exploits
the fact that a feasible match of a pattern node must have the appropriate descendants
and ascendants nodes. Candidates nodes that do not meet these criteria are pruned
and not examined by the algorithm. The check of the appropriate descendants and
ascendants is conducted by the RerINECaNDIDATES procedure. Then, Algorithm 4.2
traverses the remaining candidate nodes by calling the recursive DURABLEGRAPHSEARCH
procedure. The search procedure uses the candidate sets and searches in a depth-first
manner for matches with duration at least ). If no solution is found, the algorithm
reduces ¢ by calling REcompuTEDURATION and searches for matches with a smaller
duration until a solution is found.

For the in-memory storage of the LVG, we maintain an array of nodes, where each
node is associated with a key-value structure that maps each node u to its neighboring
nodes along with a bit array of size 7. The bit array keeps the lifespan of each edge

during 7. The required storage for these adjacency lists is |E;|T, since we have to
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Figure 4.3: In-memory layouts of (a) ViLaG, (b) time-neighborhood-label indexes,
and (c) time-path-label index

store for all edges E; in V(G their lifespan of size T'. We also maintain for each node
v its labels during 7. A bit array of size 7" is associated with each label [ of u to
represent the lifespan of this label during 7'. The required storage for label lifespans
is |X/|T, where ¥ is the set of all labels of V;. Figure 4.3(a) depicts the in-memory
layout of LVG.

ViLa, our basic time index, consists of two levels. The first level is an array of size
T where each position ¢ refers to a time instant ¢; and links to a set of labels L. Each
label [ in this set links to the set of nodes that are labeled with { at ¢;. Thus, the index
has at most |V;||X/|T nodes. Figure 4.3(a) depicts the in-memory layout of ViLa.

The total time for constructing ViLAG from scratch is O(|V;| + |E;| + |Z/|T), that
is the time needed to create both LVG and ViLa. We incrementally update ViLAG
for each newly inserted edge in a time instant ¢, by updating the edge map entry
and label set of the interval array. The bit array structure for lifespans and the map
structure for the adjacency lists allow us to perform each update operation in constant

time.

Refining the Algorithm

In the following sections, we refine the basic steps of Algorithm 4.2 to address the

following issues:

1. reduce the size of the candidate set C'(p) for each node p and efficiently retrieve

this set using appropriate time indexes,
2. determine appropriate values for the duration threshold,
3. efficiently search in the labeled version graph, and
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4. refine the overall search space.

4.3 Time Indexes

Besides our basic index, ViLa, we introduce additional time indexes to speed up
matching. We explore two types of indexes, namely neighborhood and path indexes.

We also present compressed representations of both.

4.3.1 Neighborhood and Path Time indexes

The time-neighborhood-label, TINLA(r), index maintains for each node u € V; informa-
tion about the labels of its neighbors at distance at most r at each time instant, that is,
the neighbors that are at most  hops away from u. For example, TINLA(1) maintains
information for neighbors at distance 1, that is, for the immediate neighbors of each
node. Specifically, TINLA(r) maintains for each u € V; a set of labels. Each label I
is associated with r bit arrays of size T, where 7' is the number of graph snapshots.
The i-th position of the j-th array, 1 < j < r, is set to one, if at least one neighbor of
u at distance j has label [ at the corresponding time instant ¢;. TINLA(r) is depicted
in Figure 4.3(b).

We also consider replacing the bit arrays associated with each label [ with counter
arrays where the i-th position of the j-th counter array is equal to the number
of neighbors of u at distance j that have label [ at time instant ¢;. We call this
variation, counter-time-neighborhood-label or CTINLA(r) index. CTiNLA(r) is shown in
Figure 4.3(b).

Furthermore, we explore a compact representation of TINLA and CTINLA using
Bloom filters. Bloom filters are probabilistic data structures often used to represent a
set A of n elements to support membership queries [16, 17]. The idea is to allocate an
array of F' bits, initially all set to 0, and then choose [ independent hash functions,
hi, 1 < i < I, each with range {1,...,F}. The hash functions are applied to each
element a of the set A and the bits at positions h(a), ..., hj(a) are set to 1. To check
whether an element b belongs to the set, the hash functions are applied to b and the
bits at positions hy(b), ..., h(b) are checked. If at least one of the bits is 0, then we
are certain that b does not belong to A. Otherwise, we conjecture that b belongs to A,

but there is a certain probability that this is not the case. This is called a false positive.
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Parameters F and [ are chosen such as the false probability rate is acceptable (usually
< 1%).

For the probabilistic representation of TINLA(r), denoted TINLAB(r), we maintain
a Bloom filter with information for the labels of neighbors at distance r of node wu.
Specifically, we insert in each Bloom filter a set that consists of pairs (¢,1) where [ is
a label of a neighbor of node u at distance r at time instant ¢.

A more compact representation of CTINLA(r), denoted CTINLAB(r), is achieved
by using counting Bloom filters [17]. In this case, each entry of the filter array is not
a single bit but a small counter. When an element (¢,/) is inserted in the filter, the
corresponding counters are incremented by one. When we want to find the number
of neighbors of node u that have a specific label [ at time instant ¢, again, we apply
the hash functions. We retain the smaller of the filter counters as an estimate of the
number of neighbors.

TiNLa(r) requires storage at most r |V;| |2;| T, since for all nodes in the worst case
we have to store for each label a bit array of size T. Using Bloom filter, TINLAB(r)
requires storage at most r |V;| F, where F' is the average size of the Bloom filer. We
do not use the same size Bloom filters for all nodes. Instead, we estimate the size of
each Bloom so as to achieve a specified false positive rate. In the case of CTINLA and
CTINLAB, we store an integer value for each label instead of a bit array.

Finally, we consider a time-path-label or TIPLA()\) index, in which we maintain for
each time instant ¢ in 7" and each node u € Vj, the label paths of length up to A

starting from u at ¢. TIPLA()\) enumerates all paths up to a maximum length )\ using

Al
L|!
BFS. The number P, of possible label combinations is very large: P, = (Z ﬁ)
r=1 :

but experimentally A = 3 proved a good choice in terms of construction time and
query processing. Paths are stored as strings. For example, for A = 2 the label path
1 — Iy — I3 is stored as key [l1, l5, l3]. Each key is associated with the set of nodes that
are the sources of the corresponding path. For instance, key k = [I1, l2, (3] is associated
with the nodes that are labeled with [;, connected to a node labeled with I, that is
in turn connected to a node labeled with I3. TiPLa is shown in Figure 4.3(c). The
required storage is B, |V;| T

For the compact representation of TiPLa, TIPLAB, we maintain a Bloom filter for
each node v in which we insert pairs (¢, [,u,), Wwhere each [, denotes the label path

of length up to A starting from u at time instant ¢. The required storage is |V;| F,
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where F' is the average size of the Bloom filters.

Construction Time. The total time for constructing TINLA(r) is O(r(|E| + |X/|T)). To
achieve this, we construct TINLA(1) by checking for each node the labels of its 1-hop
neighborhood; this can be constructed in O(|E;|+ |%;|T). Then, for each node u and
for each r;-hop, 1 < r; < r we retrieve the labels of the (r;_;)-hop neighborhood
of its adjacency nodes which constitutes the TiINLA(r;) of u. Constructing CTiINLA(r)
requires the same time as TiNLa(r). For TiPLa()), for each node we compute all
paths of length )\, which requires a total time of O((|V7| + |E}|)|X1|T), where |E?7| is
the number of edges that need to be traversed until depth \. Creating the compressed
indexes requires the same time as needed for constructing the uncompressed ones
plus the time for applying the hash functions. We evaluate the compression rate and

the performance of the compressed filters in Section 4.7.

4.3.2 Computing and Filtering Candidate Nodes

The indexes (either, the uncompressed or the compressed versions) are used to com-
pute and filter the candidate nodes. ViLa is first used to get the initial set of candidate
matches of a pattern node. In the case of neighborhood-based indexes, the indexes
are used to retain a node u as a candidate match of a pattern node p, only if the
neighborhood subgraph of u is sub-isomorphic to that of p in at least one time in-
stant in Z. To enforce this requirement, we use TiINLA(r) to remove a node u from
the candidate set C'(p), if u does not have a matching distance r-neighbor whose label
lifespan intersects in at least one time instant in 7 with the label of a corresponding
distance-r neighbor of p. In addition, CTINLA(r) takes into account the multitude
of the labeled nodes in the r-neighborhood, thus the candidate sets produced by
CTiINLA(r) are subsets of the corresponding candidate sets produced by TiNLa(r),
i.e., C(p)CTiNLal) C O(p)TiNLa,

When TiPLa is used, we first compute for each pattern node p all label paths
starting from p up to length A. Then, for all label paths L,.,(p) of p and for each
time instant of Z, we use TIPLA to retrieve the set of nodes that are the source nodes
of each [y, € Lyan(p). Since, a feasible match of p must be a node that is the source
node of all paths in L, (p), we intersect the retrieved sets in each time instant.

Generally, for each candidate set C'(p) of p € Vp, it holds:
|C(p)T RN <O (p)T NP < |C(p) V), A=
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However, there is no direct relationship between the candidate sets of CTINLA(r)
and TiPLa()\), with A\ = r. Instead, the sizes of the corresponding candidate sets de-
pend on the pattern query. For example, for a pattern query with a node p connecting
to two other nodes that have the same label [, TiPLA will return as candidates for p,
even nodes that have just a single path [, whereas CTINLA will prune such nodes and
return only nodes that have at least two neighbors with label . On the other hand,
for a pattern query where p is connected with a node with label /; which in turn is
connected with a node with label l,, CTINLA(2) will return as candidate a node that
has a neighbor with label [, at distance 1 and a neighbor with label [, at distance 2,
even if these two nodes are not connected with each other, while TiPLa will prune

such nodes.

4.4 Duration Threshold

Our durable graph pattern matching algorithm (Algorithm 4.2) is driven by a thresh-
old duration ¢, in the sense that the algorithm searches for matches whose lifespan has
duration at least Y. Thus, ¥ determines the order of searching for possible matches.
The value of ¥ is set to an appropriate initial value (line 1) and in refining of can-
didates (ReriNeCanpipaTES) and searching for subgraphs (DURABLEGRAPHSEARCH), we
look for subgraphs with duration at least ¥.

The first strategy for determining v, called M, initializes ¥} with 1, that is the
minimum possible value, looking for matches that appear in at least one time instant.
While we search for matches (DuraBLEGRAPHSEARCH), ¢ is updated accordingly. For
a most durable query, ¥ is updated such as to be equal to the duration of the most
durable match found so far. For a top-k durable query, ¥ is updated so as to be equal
to the duration of the k-th match found so far. With the Min strategy, in the first calls
of the recursive durable graph search procedure, the algorithm explores edges that
have a short duration compared to the actual duration of a potential match. Thus,
the algorithm pays a cost for exploring many matches of small duration.

The next two strategies, called MaxRank and MaxBinary, follow a different ap-
proach and initialize ¥ to a value that is close to the actual duration of the seeking
match(es). This approach reduces the number of candidate matches, since fewer sub-

graphs qualify as such. Since the actual duration of the durable matches is not known,
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we use the time indexes to determine the maximum possible duration of a match and
use this value to initialize 9. If no matches are found with this estimated duration,
we recompute another smaller value for 9.

To this end, we introduce the ranking structure Rank, which maintains a ranking
of candidates for each pattern node p based on their duration. In particular, Rank’(p)
includes the nodes that are candidate matches of p with duration at least # ranked
by duration. To construct Rank’(p), we use the time indexes ViLa, TINLa (CTiNLa)
and TiPLa during the FiLterCanpipates procedure. Rank’(p) using ViLa refers to a
set of nodes that are feasible matches of p and have the same label as p for a duration
at least 0. Similarly, the Rank’(p) using TiINLa (CTiNLa) refers to a set of nodes
that have the correct adjacency and label as pattern node p for a duration at least
6. Finally, the Rank®(p) using TiPLa refers to a set of nodes that have the required
paths as p for a duration at least 6.

The maximum duration of a match cannot be larger than the minimum value
among the maximum durations of the candidates for each nodes p € P. Formally, for
each node p, let 6,,,.(p) be the maximum value of  for which Rank?(p) is not empty.
MaxRank and MaxBinary initialize ¢ as:

¥ = min 6,4, (p) (4.1)

pEVP

By doing so, the candidate sets that have to be examined are smaller, since we
use only candidate nodes with duration greater or equal to 9. If no solution is found
with duration at least ¥, a new smaller threshold is determined. The MaxBiNary
strategy uses binary search for determining the next smaller ¥ value. The MaxRank
strategy gets for each node p the maximum 6 smaller than the current ¥ for which
Rank®(p) is not empty and selects as the new ¥ the minimum among these values. In
recomputing v, both strategies take also into account the duration of matches found
during the previous execution of DurABLEGRAPHSEARCH. This is explained in detail in
Section 4.5.

For a top-k query, for both strategies, we also check whether the combination of
candidates nodes with duration at least ¥} produces at least k£ matches. If this is not
the case, we use the largest ¥ value that fulfills this requirement.

Note that at each step we select larger candidate sets including nodes that have
candidate duration smaller than the previous threshold. Thus, searches get more

expensive as U decreases. In terms of the number of calls to DURABLEGRAPHSEARCH,
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the algorithm is called at most |O| times, where O is the set of distinct values of ¢
that the algorithm uses to find durable matches. For the MaxBinNaRy strategy, O is at

most logarithmic to the initial value of ¥.

4.5 Graph Search

The DuraBLEGRAPHSEARCH algorithm (shown in Algorithm 4.3) searches in a depth-
first manner for durable matches with duration at least .

DuraBLEGRAPHSEARCH first checks if the given candidate sets contain isomorphic
matches to the given pattern. First, it creates a copy C’ of C' (line 23), isolates a node
u in C(p;) and treats it as if it were the only node to match pattern node p; (line 24).
Then, a refinement is performed on C’, which removes all nodes in C(p1), ..., C(pv;|)
that are not contained in an isomorphic match with u. If the pruning of candidates
eliminates all nodes in C’, no isomorphic match exists with the current mapping,
and the algorithm backtracks. Otherwise, the search procedure is called recursively,
passing the subsequent pattern node p;;; until all pattern nodes are examined or
refining eliminates all remaining possible matches. The above procedure is performed
for each pattern node in C(p;).

When a candidate match is found (line 1), an additional check is made (lines 2
— 5) to ensure that all nodes and edges of the candidate matching subgraph appear
in the same time period during Zp. This is achieved by joining both the lifespans of
all edges of the matching subgraphs and the lifespans of the labels of their incident

nodes.
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Algorithm 4.3 DuraBLEGRAPHSEARCH(V G, P, C, i, ¥, Ip, M, Pyyp.)
Input: Version graph VG|, pattern P, candidates set C, pattern node to be matched

i, duration threshold ¥, set of intervals Zp, matches structure M, query type P,

Output: Solution M of durable graph pattern P of type P,y e
1: if i = |Vp| then

2:  for each (p;,p;) € Ep do
T+ Zp @ L(Cpi), Cpy))
T+ I @ L) dabelps) @ Low;).tabel(p))

end for

if P,,,. = topk then
7: UppateTorkState(C, M, Z, )

8: if |M| =k and M.durationMin > ¥ then
9: Finisu()
10: end if

11:  else if P, = most then

12: if |Z| = ¥ then

13: UppATESTATE(C, M)

14: else if |Z| > ¢ then

15: v+ |Z|

16: ResTORESTATE(C, M, 9)
17: else

18: KeepTrack(M, |Z|)

19: end if

20:  end if

21: else

22:  for each u € C(p;) and u ¢ C(p;).j <ido
23: C" < copy of C
24: C'(p;) < {u}

25: C" <+ RerINeCanpiDATES(V Gy, P, C', 4, Ip)

26: if C" # () then

27: DURABLEGRAPHSEARCH(V G, P, ', i+1, 9, Ip, M, Piype)
28: end if

29: end for
30: end if
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Next, we present details regarding storing matches across recursive calls. We also

discuss how to maintain information for enhancing the selection of the v threshold.

Most durable graph pattern queries

Regardless of the strategy used for selecting ¥, the algorithm maintains the duration
of the best match found so far, let us denote this value as 0.,,. Since, our algorithm
is using recursion, all recursion calls must be notified when a match is found with a
duration larger than 0.,,, so as to prune subgraphs with duration less than the new
value. In addition, we need to store the new durable matches and delete the ones
with duration less than 0.,,. UppDATESTATE keeps the current durable matches, while
REsTORESTATE removes old matches and keeps the new ones (lines 12 — 16).

We also use the duration of the best match to improve the selection of the new
smaller ¥ by the MaxRaANk or MaxBiNary strategies, when DuraBLEGRAPHSEARCH finds
no matches for a given J. Let us denote with ¥, the old threshold, with ¥,., the
new smaller threshold computed by MaxRank or MaxBiNnary and with Opess, Opest <
Yo, the duration of the best match found by DuraBLEGRAPHSEARCH. The new call to
DUrRABLEGRAPHSEARCH is with ¢ = max{0Opess, Unew }. The reason is that, since we have
found at least one match with duration 6.5, we should search for matches with a
larger or equal duration. The equal duration is needed for locating all most durable

matches when 6,.,, happens to be the largest possible duration.

Top-k durable graph pattern queries

We maintain a min heap structure M with the top-£ matches found so far ordered
by their duration. UppaTETorPkSTATE handles this heap. Let 0.4, be the minimum
duration of any match in the heap and m,,;, be the (top) match in the heap with
duration equal to 0.,,. The algorithm stores any match in the heap, until the heap
becomes full. When the heap is full, m,,;, is replaced by a new match m, if the
duration of m is larger than 0,,,.

As with most durable graph pattern queries, we use the duration of the matches
found so far to improve the selection of the new smaller ¥, when DurABLEGRAPH-
SearcH fails to find k£ matches with a duration at least ¥,4. Again let 9,., be the
new threshold computed by MaxRank or MaxBinary. If the heap is full, the new call

to DURABLEGRAPHSEARCH is with 0 = maz{Oheap + 1, Vnew }. The reason is that, since
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we have already found k£ matches with duration at least 0}.,,, we should search for

matches with a larger duration.

4.6 Refine Candidates

Let us now describe the REFINECANDIDATES procedure outlined in Algorithm 4.4. Our
refine procedure is based on the dual graph simulation technique [9] that was shown
in [58] to outperform the commonly used VF2 algorithm [50]. The refine procedure
checks for each node p and its candidate node u whether the neighborhood of p € Vp
is sub-isomorphic to that of u in the graph. Specifically, given a set of candidates
nodes C(p) of p € Vp, the refine procedure retrieves all its neighbors p’ (1 — 2). Then,
for each u € C(p), it examines if there are any neighbors of u contained in C(p’)
using TiMe_Join described next (lines 4 — 11). If this is not the case, then u is removed
from C(p), otherwise its neighbors in C(p’) are stored in a temporary set C), (lines
6 — 10). Now, every node in C(p’) must be a neighbor of at least one node in C(p).
Thus, the candidate set of pattern node p’ is updated to contain only the nodes that
are neighbors of nodes in C(p) (line 15).

Since we seek durable matches, Time_Join that implements the refinement checks if
a candidate node has the required neighbors during Zp. In particular, given a pattern
node p’ and a graph node u, TiME_JoIN returns the intersection of the neighbors of
u with C(p'). It starts by checking if the neighbor v of u belongs to C(p') (lines 21
—22). Next, the algorithm joins the label lifespan of both u,v with Zp and then with
their edge lifespan (line 23). The reason is that, it has to identify in which time
instances v and v are connected with the correct labels as defined by the pattern
nodes p and p’ respectively. TiME_JoIN ignores all neighboring nodes v of node u for
which the resulting duration Z is less than the current duration ). Note that, although
RerFINECANDIDATES checks for the duration of the lifespans of the labels and edges of
the candidate nodes, it does not ensure that all edges of a found match are active
at the same time instants. This is the reason why when a pattern match is found,
Algorithm 4.3 checks for its duration in Zp (lines 1 — 5).

In the end of the procedure, the new set C” is returned with all nodes that are

appropriate neighbors of u, otherwise an empty set is returned and node u is removed
(lines 6 — 7).
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Algorithm 4.4 ReriNeCanomates(V Gy, P, C, ¥, Ip)
Input: Version graph VG, pattern P, candidate sets C, duration threshold ¢, set of

intervals Zp

Output: Candidate sets C' after reduction
1: for each p € Vp do

2:  for each (p,p’) € Ep do

3 G0

4 for each u € C(p) do
5: Cu(p') + Tmme_Join(p, u, p")
6 if C,(p') =0 then

7: C(p).remove(u)

8: else

9: Cl « C, UCu(p')
10: end if

11: end for
12: if C), = 0 then
13: return ()

14: end if

15: Cp) « C]’D,
16: end for
17: end for

18: return C

19: procedure TiME_JoIN(p, u, p’)

20 C'+ 0

21:  for each (u,v) € E; do

22: if v € C(p/) then

23: T < Ip @ Luiavei(p) @ Lotaberp) @ Le((u,v))
24: if |Z| > 9 then

25: C’.add(v)

26: end if

27: end if

28: end for
29: return C’

30: end procedure
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4.7 Experimental Evaluation

In this section, we evaluate: (i) the efficiency of our durable graph pattern matching
algorithm and (ii) the effectiveness of our approach in discovering interesting durable

patterns.

4.7.1 Datasets and Setting

We use a number of real datasets. The psLp [23] datasets include publications in time
interval [1959, 2016], where each graph snapshot corresponds to one year. A node
denotes an author and there is an edge between two authors if they wrote a paper to-
gether in the corresponding year. We use two datasets: DBLP and DBLP.. In DBLP,
we include all publications in the pBLp dataset and assign labels to authors based
on the number of their publications, pub_no, at the corresponding year. Specifically,
a label takes 4 different values: BEGINNER, if 1 < pub_no < 2; Junior, if 2 < pub_no
< 5; SENIOR, if b < pub_no < 10; and Prov, if pub_no > 10. In DBLP, we include
publications in 19 major database, data mining, computer systems, theory, network,
and graphics conferences. Authors are labeled by the venues they published at the
corresponding year.

We also use a YouTube (vT1) [33] and a Wiki-talk! (Wik1) datasets in time intervals
[1, 37], and [1, 1000] respectively. For both vyt and Wik, each snapshot corresponds
to one day. Since, these datasets do not contain any other information besides the
graph structure, we generate 10 different labels and assign them to nodes using a
Zipf distribution. For example, labels in Wik1 can refer to the expertise, language,
nationality, region, and number of edits of a user. Using a larger number of labels
would only make the problem easier due to smaller candidate sizes. In addition,
we use two biological networks [59] namely aips and pcms. The aips dataset con-
sists of 40,000 instances where each instance denotes a topological structure of a
molecule. The pcms dataset consists of 200 instances where each instance represents
relationships among amino acids. The aips and pcms datasets have 62 and 21 unique
label values, respectively. Finally, we use synthetic datasets with varying number of
nodes and snapshots, one random (synr) and one (syne) generated using preferential
attachment [60]. All synthetic datasets have 5 labels assigned using Zipf distribution.

The psLp, biological and synthetic networks are undirected graphs, while yr and

1https://doi.org/iO.5281/Zen0do.49561

63



Wikr are directed graphs. The dataset characteristics of the real datasets and the
default synthetic datasets are summarized in Table 4.1. The number of nodes and
edges are those of the LVG.

We ran our experiments on a system with an Intel Core i7-3820 3.6 GHz processor
using 64 GB memory. We use all 8 threads for index construction and one thread

for query processing. The code used in our experiments is publicly available?.

Table 4.1: Dataset characteristics.

Dataset # Nodes  # Edges # Labels # Instances

DBLP 1,167,796 4,919,780 4 58

DBLP: 42,060 141,899 19 58

YT 1,138,499 4,452,646 10 37
Wiki 2,987,535 9,379,561 10 1,000
AIDS 245 11,792 62 40,000

PCMS 883 52,608 21 200

synr (default) 100,000 2,723,856 5 100

syne (default) 100,000 3,265,747 5 100

Table 4.2: Size in memory (MB).

Dataset LVG ~ ViLa TiNLAB (cprsn) CTiNLaB (cprsn) TiPLaB (cprsn)
DBLP 1,512 149 467 (16.46%) 1,037 (569.43%) 335 (90.49%)
DBLP¢ 73 14 17 (56.41%) 39 (71.53%) 19 (81%)
YT 1,667 3,104 694 (10.22%) 734 (85.47%) 781 (97.13%)
Wikt 5,123 10,299 770 (29.68%)  1.828 (92.04%) 1.299 (95.13%)
AIDS 129 149 32 (41.82%) 246 (89.55%) 11 (98.35%)
PCMS 20 5 2.73 (9%) 15 (88.64%) 41 (96.38%)4
SYNR 294 597 82 (3.53%) 326 (87.86%) 98 (97.03%)
SYNP 553 596 110 (22.72%) 393 (95.93%) 163 (97.78%)

https://github.com/ksemer/DurableGraphPatterns
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Table 4.3: Construction time (sec).

Dataset LVG ViLa TiINLaB TiNLa CTiNLaB CTiNLa TiPLAB TiPLa

DBLP 21.32 3.18 16.35 6.12 38.46 10.43 553  72.39

DBLP- 0.65 0.69 0.03 0.32 1.91 1.07 22.33 2.18
YT 16.67 29.33 15.32 8 36.65 26.2 2,552 6,265
Wikt 49.61 25.32 71.63 17.61 5,419  155.45 3,539 1,263
AIDS 1.80  0.08 3.94 0.41 36.39 23.69 84.19  15.97
PCMS 0.99 0.01 0.70 0.1 2.38 1.3 6.69 11.44
SYNR 8 4 7.52 3.85 28.22 6.24 23.46  41.54
SYNP 19 4 8.42 3.88 48.23 9.03 58.16 104.65

4.7.2 Time Indexes Storage and Construction

In this set of experiments, we report the size and time needed to construct the various
time indexes. We use as default the compressed version of the indexes and compare
their performance with their uncompressed counterparts, since the compressed in-
dexes are space efficient and achieve similar query performance. The size of the
Bloom filters is set so as to achieve a false positive rate of 1%. We use for TiINLAB
and CTINLAB, r = 1 and for TiIPLAB, A = 3 and present experiments for different

values.

Size. In Table 4.2, we report the size of LVG and the size of the various indexes.
LVG is our in-memory representation of the evolving graph. Comparing the size of
the various indexes, CTINLAB is overall the most expensive one due to the use of
counters. Although TiPLAB maintains all paths (up to length A = 3) per time instant,
the use of Bloom filters make it space efficient. Comparing the different datasets, note
that the size of TIPLAB for the vyt dataset is larger than DBLP since yT nodes and
edges are active during all time instances, whereas DBLP is more active in the last
20 years in the interval. Thus, for each time instant of vr, all nodes are assigned to
label paths resulting in a larger structure. Although, Wiki1 has the largest number of
instances (almost 30 times more than yT), the corresponding indexes are only 2-3
times larger. For the biological networks, the neighborhood time indexes for aips are
larger that those for pcms and this is due to the large number of instances of aips.
TIPLAB in pcms is larger than aips because aips contains smaller graphs with much

fewer paths compared to pcus.
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In Table 4.2, we also report the compression rate achieved by using the compressed
indexes over using the uncompressed indexes. We observe that the reduction in size

is significant especially for costly indexes such as CTiINLa and TiPLa.

Construction time

As shown in Table 4.3, the construction of VilLa is the fastest one, because it links
only each node with the corresponding label for each time instant. TINLAB requires
time for checking the labels of the neighbors of each node for each time instant. Since
Wik1 has a large number of instants CTINLAB require almost 2 hours to be created,
since for each time instant we have to check a very large number of neighbors. The
TiIPLAB construction is also expensive in all datasets, because it has to perform a
traversal from each node and compute label paths for each time instant. Also notice
that constructing TIPLAB for Aips requires more time than for pcus even if it leads to
a smaller structure, and this is due to the large number of instances in aips dataset
that need to be examined for label paths.

In Table 4.3, we also report the construction time for the uncompressed indexes.
Compression introduce overhead, which is however justified by the reduction in stor-

age and the fact that the indexes are constructed once.
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Figure 4.4: Index size for varying (a)(c) size of nodes, and (b)(d) number of snapshots.

66



Scalability

We also test the scalability of the indexes in terms of both the size of the graphs and
the number of snapshots using the synthetic datasets. For testing scalability with size,
we create an initial graph snapshot G; with N nodes (for N = 100,000 up to 500,000)
either using a random (synr) or a preferential attachment (syne) model. Then for each
graph, we create 100 snapshots as follows. Given G,, we create G, be deleting 10%
random edges in G;, and adding 10% of new edges. The addition of edges is done
using the corresponding model. The results of the indexes of the created evolving
graphs are shown in Figure 4.4(a) and 4.4(c). All indexes scale linearly with the
number of nodes, while the increase for TiPLAB and TiNLAB is very small.

For testing scalability with the number of graph snapshots, we create an initial
graph G; with 100,000 nodes and then create 7" = 100 up to 500 snapshots as
described previously. We report the results in Figure 4.4(b) and 4.4(b). The results
are similar as with the number of nodes. Scalability with time is also linear with the

number of nodes and the number of snapshots.

4.7.3 Graph Pattern Query Processing

Let us now focus on processing durable graph pattern queries. As our default pattern
queries, we use two type of queries: (a) random graph pattern queries, and (b) clique
queries where all nodes have the same label.

Random graph pattern queries are generated as follows. For a random query of
size n, we select a node randomly from the graph and keep among its label the one
having the largest lifespan duration. Then, starting from this node, we perform a DFS
traversal keeping for each visited node the label with the largest lifespan duration
until the required number n of nodes is visited. We use as our pattern, the graph
created by the union of visited labeled nodes and traveled edges. We report the
average performance of 100 random queries for each size n.

In terms of clique queries, in the DBLP dataset, we have four label cliques. This
gives us pattern queries with varying selectivities among them the BEGINNER cliques
have the largest number of matches and the Pror cliques the smallest. Similarly, for
the yr and Wik1 datasets, we get 10 different cliques. Let us call Most and Least the
cliques with nodes having the most and the least frequent label, respectively. We get

similar cliques for the other datasets.
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Table 4.4: Comparison with the baseline algorithm.

Most durable (sec) Top-k durable (sec)

Dataset Q. Size Baseline VilLa Baseline Vila
DBLP 2 >b5,400 3.01  >5,400 3.18
DBLP 4 >b5,400 14.08 >5,400 10.23
DBLP 6 >5,400 161.07  >5,400 111.15
DBLPc 2 3.08 0.006 3.24 0.008
DBLP. 4 3.84 0.11 4.23 0.031
DBLPc~ 6 2.97 0.157 3.74 0.404
YT 2  >b,400 4.08 >b5,400 4.08
YT 4  >5400 6.79 >5,400 6.58
YT 6 >b,400 12.73  >b5,400 12.90
Wik 2  >b5,400 3.28 >5,400 2.86
Wik 4  >5400 5.26  >5,400 4.58
Wik 6 >5,400 120.14  >5,400 108.80
AIDS 2 38.53 0.98 41.56 0.94
AIDS 4 31.77 1.15 32.91 1.06
AIDS 6 27.34 1.38 29.32 1.36

As query interval, we use the whole duration of the evolving graph. We limit our
algorithm to get the first 1,000 durable matchings for frequent patterns. In case of
durable top-k durable queries we use 10 as the default £ value. We only report the
response time of collective-time queries, since, in all cases, contiguous-time queries
are processed much faster by our algorithm because of the more effective pruning
of candidate sets due to the constraint of the consecutive time instances. We use as

default the MaxRaNk duration strategy.

Comparison with the baseline algorithm

Let us first compare the performance of our algorithm with the baseline. In this
experiment, we use just ViLa, the most basic time index. Table 4.4 reports the results
for random queries for most and top-k durable queries. Since the baseline algorithm
needs to generate all matching patterns, it is prohibitively slow. In many cases, we
had to stop the baseline after 1.5h. As shown, the baseline algorithm takes less than

1.5h only for small datasets or datasets with selective query patterns, i.e., for query
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Figure 4.5: Query time for random most durable queries for varying r for (a) TINLAB,

(b) CTINLAB, and varying A for (¢) TiPLaB in DBLP.

patterns with few matches per snapshot. Still our algorithm with the basic time index
is considerably faster in such cases as well. For instance, in DBLP for small query
sizes, it is up to ~513x faster than the baseline for both most and top-k durable
queries. Also even for the aips dataset, where the graphs are small, the large number
of instances makes baseline ~30x slower.

We also run the baseline algorithm for finding durable cliques and the results are
similar. In general, the baseline algorithm tends to generate many redundant matches
even for selective queries. (e.g., for the Pror 2-clique query, the baseline approach

generates a total of 62,302 matches, whereas there is only one durable match).

Varying r and A

Figure 4.5, shows the impact of parameters r (TINLAB, CTINLAB) and \ (TiPLaB)
for DBLP. We observe that increasing radius r for TINLAB and CTINLAB does not
improve performance. We examined this behavior and found that the additional
checks in each neighborhood do not reduce the search space satisfactorily and thus
the overhead induced by these checks leads to larger response times. TiIPLAB seems
to perform better as we increase ), since there is a huge decrease in search space. We
did not examine larger values for A\ because it was prohibitively expensive for our
graphs due the very large number of different paths. Similar observations have been
made for the other datasets and thus we use = 1 for TINLAB (CTINLAB) and A\ = 3

for TiPLAB as default values.

Duration threshold

In this set of experiments, we compare the different strategies for setting the duration

threshold. The results for DBLP and yT using the MaxRaNk and MAXBINARY strategies
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Figure 4.6: Query time for random most durable queries using MaxRank in (a) DBLP
and (c¢) vyT, and MaxBinary in (b) DBLP, and (d) vT.

HVILA ®TINLAB ECTINLAB MTIPLAB HVILA ®TINLAB ECTINLAB MTIPLAB EVILA ®TINLAB WCTINLAB MTIPLAB EVILA ®TINLAB WCTINLAB WTIPLAB

o
g
, __Illlll II || o...I-llll II ...Ill II
4 6 8 10 12
Query Size

eeeeee Query Size Query Size

(a) (b) () (d)

450

Time 1sed

G
=)

Figure 4.7: Query time for random top-k queries using MaxRank in (a) DBLP and
(c) yr, and MaxBinary in (b) DBLP, and (d) vr.
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Figure 4.8: Query time for most durable clique queries: (a) BEGINNER in DBLP, (b)
PROF in DBLP, (¢) MOST in vt and (d) LEAST in vT, note that for cliques of size 12
in DBLP, the plot is limited to 900 secs, the actual time for ViLAG, TINLAB, is 1555,
1548 respectively and for TiPLAB 1331 secs.

are depicted in Figure 4.6 for most and in Figure 4.7 for top-k durable random
queries. We also report the results for Wiki in Figure 4.9. Results with the Min
strategy are not shown, since this strategy requires more than 1.5h in many cases.
This is due to the large size of the candidate sets of Min, since setting threshold
v equal to one in the first steps of the algorithm results in searching in all graph
snapshots for durable matches. Similar results hold for cliques queries and the other
datasets.

Overall, the MaxRank strategy outperforms the MaxBinary strategy for all datasets

and all but the largest query sizes. This is because MaxBinary reduces the ¢ threshold
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Figure 4.9: Query time for random most durable queries using (a) MaxRank, and (b)

MaxBiNary in Wiki.

Table 4.5: Number of selected ¥ values and number of recursive calls for TiPLAB in

DBLP.

MaxRANK MaxBiNARY

Q. Size # 1 # recursions # ¢ # recursions

2 15 3 2 10

4 16 166 4 348
6 19 932 3 2,026
8 19 1,853 3 759
10 19 2,263 3 1,169

at each step in half often producing values far below the actual duration thus creating
large candidate sets and more recursive calls in each step. MaxBiNaRry performs better
only for the largest query sizes since for such queries the actual duration of the
matches is small and thus by reducing ¥ at each step in half, MaxBinary is able to
reach the correct threshold faster.

In Table 4.5, we present the number of selected ¥ values and the recursive calls
required for returning the most durable cliques in DBLP using MaxRank and MaxBi-
NARY, where the number of recursive calls accounts for the actual cost of the algorithm.
The number of calls is not proportional to the number of ¥ values, since for larger
v values we have smaller candidate sizes. MAXRANK selects more 9 values but these
values are large, whereas v selects fewer but smaller ones.

Overall, MaxRaNK seems to strike a good balance giving few recursive calls with

high enough ¥ values and we use this strategy as the default one.
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Time indexes

Let us now compare the performance of the different time indexes using the default
MaxRaNk strategy. Results are shown for most durable random queries in Figure
4.6(a), 4.6(c) and Figure 4.9(a) and for top-k durable random queries in Figure
4.7(a) and 4.7(c). In addition, in Figure 4.8, we depict results for the most and least
selective cliques queries. A first observation is that the relative performance of the
indexes is the same for the most and the top-£ random queries. The same observation
was found to hold for top-k clique queries (not shown).

Overall, the indexes that lead to smaller candidate sets and thus achieve more
effective refinement work better. Which index works best depends on the type of
the query. For random queries, TIPLAB and CTINLAB work the best, with TiIPLAB
working better for large networks such as Wiki. On the other hand, for clique queries,
CTINLAB outperforms TiPLAB. The reason is that, since we use cliques with the same
labels, the matches need to have a specific number of neighbors with this label, and
the pruning achieved by CTiINLAB is substantial. Note also, that the most selecting
queries Pror and Least are considerable faster than the corresponding less selective
ones, BEGINNER and MosT respectively. Between the two datasets, YT consists of edges
with large lifespan which is an important factor that leads large queries to have
matches with high duration. Thus, the algorithm answers faster the corresponding
queries in vt than in DBLP since more steps are required for locating the durable
matches. Finally, in few cases for queries of small size, the reduction in the search
space achieved by the indexes is small and the overhead caused by the extra checks

surpasses the gain from this reduction.
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Figure 4.10: Query time using TiPLAB for top-k durable queries for various k and

query sizes in DBLP.
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Figure 4.11: Query time for random most durable queries for varying (a)(c) size of

nodes, and (b)(d) number of snapshots.
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Figure 4.12: Comparison with the non-compressed indexes for random most durable
queries: in (a) DBLP, and (b) vr.

For example, in DBLP and for the smallest BEGINNER cliques ViLA outperforms
all other indexes. Although, the total recursions using time-neighborhood indexes
are less than using ViLa, the extra cost of processing the indexes leads to this small
difference in query time.

Varying k. We also run the top-k algorithm using TiPLAB for various k values.
In Figure 4.10(a), we depict the results for small k values. Overall processing does
not increase with k£ as long as there are enough matches in the first runs of the

algorithm. Figure 4.10(b) depicts the processing time for larger values of k. Overall
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TiIPLAB seems to be stable in term of query processing time, with a small increase

with k. Results for the other indexes are similar.

Scalability

In this set of experiments, we use synthetic datasets to study the performance of
random most durable queries as we increase the number of nodes and the number of
snapshots in Figure 4.11(a)(c) and Figure 4.11(b)(d) respectively. We observe that for
all time indexes the response time increases linearly with both the number of nodes

and snapshots. In particular, TIPLAB shows excellent scalability.

Comparison with the non-compressed indexes

We also compare the performance of TiINLa (CTiNLA) and TiPLa versus their com-
pressed versions using random most durable queries in Figure 4.12. Overall, the
compressed indexes are clear winners given the size and their comparable query

performance.

4.7.4 Case Studies

Finding durable graph patterns can reveal interesting information about the datasets.
In this section, we present example results of durable cooperations among authors

using DBLP and biological datasets.

Conferences with durable cliques

In our first study, we use the DBLP. dataset and study the appearance of author
cliques in conferences. To this end, we use clique patterns labeled with the name of
the conference. The results using cliques of various sizes are summarized in Table
4.6. Various observation can be made, for example, 1cpE has the most durable cliques
among the database conferences followed by sicmop, while in data mining, the most
durable cliques appear in kpp. As expected in theory, cliques are smaller, with sopa
having both the largest and the most durable cliques.

Some of the authors forming the most durable matches are shown in Table 4.7,

while the top-5 most durable authors in 1cpE are shown in Table 4.8.
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Durable pattern in biological datasets

In our last study, we present in Table 4.9 results regarding amino acids using the
pcus dataset. We study the appearance of different hydrophobic amino acids which
are buried inside the protein molecules hydrophobic cores. We observe that the most
connections to Phenylalanine (F), produce high number of matches. This can be
explained by the fact that phenylalanine is an essential amino acid meaning the body
needs this ingredient and is unable to produce it naturally. In addition, it is used
to biochemically form proteins, coded for by DNA. We also sought durable cliques
of various sizes for all amino acids and we observed that they do not participate in

cliques of size greater than two.

Table 4.6: Author cliques in major cs conferences. Symbol “**” depicts a very large

number (> 1000) of matches.

Cliques Size 2 Size 3 Size 4 Size 5 Size 6
Conference Duration Matches Duration Matches Duration Matches Duration Matches Duration Matches

SIGMOD 11 1 5 2 4 1 3 i 2 il
ICDE 14 1 7 il 4 1 g il 2 ok
VLDB 8 1 4 4 3 6 3 il 2 g
EDBT 10 1 3 5 2 o 2 x> 2 x=
KDD 14 1 6 2 4 2 3 7 3 1
WWW 7 1 5 1 3 3 2 8 1 1
CIKM 11 1 5 4 4 1 3 1 2 -
SIGIR 11 1 6 1 4 1 3 1 2 e
FOCS 7 1 3 2 2 4 - - --- ---
STOC 8 1 a4 1 3 1 2 3 - -
SODA 12 1 6 1 3 1 2 6 2 1
ICALP 6 1 4 1 3 1 2 1 --- -
0SsDI 4 4 3 2 2 13 2 1 -—- ---
SOSP 7 1 3 5 2 20 2 2 -— -
USENIX 3 1 3 2 2 34 2 s 2 L
SIGCOMM 10 1 4 2 3 6 3 1 2 =
SIGMETRICS 8 1 4 4 4 1 3 1 2 W
SIGOPS 3 3 2 7 2 1 - --- - -
SIGGRAPH 8 1 5 ! 4 1 3 i === ==
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Table 4.7: Example authors with durable cooperation.

Charu C. Aggarwal, Philip S. Yu

ICDE 14 Divyakant Agrawal, Amr El Abbadi
SODA 12 Micha Sharir, Pankaj K. Agarwal
SIGMOD 11 Vivek R. Narasayya, Surajit Chaudhuri
CIKM 11 Clement T. Yu, Weiyi Meng
SIGIR 11 Craig Macdonald, ladh Qunis
SIGCOMM 10 lon Stoica, Scott Shenker
WWwWWwW 7 Andrew Tomkins, Ravi Kumar
SIGMOD - SIGCOMM 7 Joseph M. Hellerstein, lon Stoica
VLDB — EDBT — SIGMOD 3 Laks V. S. Lakshmanan, H. V. Jagadish, Divesh Srivastava

Table 4.8: (a) Top-5 pairs of authors.

nw Authors (ICDE)

1 14 Divyakant Agrawal — Amr El Abbadi
2 12 Jeffrey Xu Yu — Xuemin Lin

3 12 Beng Chin Ooi — Kian-Lee Tan

4 10 Vivek R. Narasayya — Surajit Chaudhuri
5 10 Charu C. Aggarwal — Philip S. Yu

Table 4.9: Results from pcwms.

e T R e )
R-G 40 i F=W 24 51

L—1 32 2 F-A 24 40
L-V 32 1 L-M 24 33
A-V 28 2 F-M 24 29
L=IF 28 1 S=¥ 24 22
Bl 24 55 G-A-R 24 9
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4.8 Related Work

Graph pattern matching in static graphs has been widely studied. To the best of our
knowledge, we are the first to introduce and study the problem of finding durable
graph pattern matches in a graph history. Next, we survey related work on graph

pattern queries in static graphs and on queries in evolving graphs.

Graph Pattern Queries. The problem has been studied first in the theoretical literature
as the subgraph isomorphism problem [48] where it was shown to be NP-complete
[61]. In recent years, many approaches have been proposed to solve the graph match-
ing in reasonable time using various indexing and pruning techniques. We can group
them into two general categories [62].

The first category includes indexing algorithms [51, 48, 50, 59, 63, 64, 65] that find
all embeddings for a given query and data graph. In particular, these algorithms first
capture auxiliary neighborhood information to retrieve for each query node all the
candidate graph nodes that may be part of a match. Then, they prune candidate nodes
that do not meet the required neighborhood properties defined by the query graph
and return the nodes that form a valid graph pattern match. The second category
includes algorithms [49, 52, 53, 54] that process pattern queries by decomposing the
query graph into paths and look for candidate data paths in the graph whose join
produces query matches. According to this classification, our approach is closer to
the first category.

Approaches in both categories use various indexing techniques to accelerate sub-
graph pattern matching. In particular, neighborhood indexes [51, 66] are proposed
for the nodes in the graph where each index contains properties of nodes in the
neighborhood. Combining these indexes with a distance measure, any pair of query
nodes is compared to the data graph nodes in order to locate the query matches.
A different type of index is proposed in [52] where the authors use for each node
the shortest paths from each node in the graph within its k-neighborhood to cap-
ture the local structural information around the node. Then a query graph decom-
position is performed into a set of indexed shortest paths in order to locate can-
didate paths from data graph that cover the original query graph. The approach
in [65] tries to access label frequency information and the frequencies of a triple
(fromLabel,edgeLabel, toLabel). For each pattern query, they weight query graph

edges accordingly and uses these weights to order the search by creating a minimum
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spanning tree. Finally, the study of [67] identifies a set of key factors that influence
the performance of subgraph isomorphism algorithms and report the construction,
indexing and query processing time of six such methods.

In our work, we are looking for top-£ durable matches and we extend our pre-
vious work [57] by considering top-k durable graph pattern queries and introducing
compressed time indexes and various optimizations in selecting appropriate values
for the threshold duration. Previous work has considered top-k graph matches in
different contexts. For example, when there is some weight associated with nodes
or edges, matches are ranked based on their weight [68]. Alternatively, to minimize
overlap among matches, the authors in [56] introduce diversity constraints and look

for the top-k diverse matches of a given query.

4.9 Summary

In this chapter, we introduced the problem of finding the durable matches of an
input pattern, that is, those matches that persist over time, either contiguously or
collectively. We have presented an approach termed DuraBLEPATTERN that efficiently
identifies durable matches by traversing a compact representation of the graph snap-
shots and using a compressed time neighborhood and path indexes for pruning the
number of candidate matches. Finally, we have proposed strategies for estimating
the actual duration of the durable matches to further reduce the search space. Our
extensive experimental evaluation with real datasets demonstrated the efficiency of

our algorithm in finding durable matches.
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CHAPTER DO

FinpinGg LAsTING DENSE SUBGRAPHS

5.1 The Aggregate density
5.2 The BFF problem

5.3 The O’°BFF problem
5.4 Experimental evaluation
5.5 Related work

5.6 Summary

rarus, offer a natural model for capturing the interactions and relationships

among entities. But, which of these relationships or interactions are the

most lasting ones? In this chapter, we formalize this question and we design
algorithms that effectively identity such relationships. In particular, given a collection
of graph snapshots, which may correspond to the state of an evolving graph at
different time instances, or the states of a complex system at different conditions, we
introduce the problem of efficiently finding the set of nodes, that remains the most
tightly connected in all snapshots. We call this problem the Best Friends For Ever
(BFF) problem. We formulate the BFF problem as the problem of locating the set of
nodes that have the maximum aggregate density in all snapshots. We provide different
definitions for the aggregate density that capture different notions of connectedness

over time, and result in four variants of the BFF problem.
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We then extend the BFF problem to capture the cases where subsets of nodes are
densely connected for only a subset of the snapshots. Consider for example, a set of
collaborators that work intensely together for some years and then they drift apart,
or, a set of friends in a social network that stop interacting for a few snapshots and
then, they reconnect with each other. To identify such subsets of nodes, we define the
On-Of BFF problem, or O?BFF for short. In the O?BFF problem, we ask for a set
of nodes and a set of k snapshots such that the aggregate density of the nodes over
these snapshots is maximized.

The BFF and the O’BFF problems find many applications. For example, in col-
laboration and social networks, the nodes that belong to lasting dense subgraphs
correspond to well-acquainted individuals. Such individuals can be chosen to form
teams, or organize professional or social events, since usually the success of such
events depends on whether the participants are well-acquainted with each other.
Identifying groups of collaborators or friends may also help in improving our un-
derstanding of such networks. For example, using the DBLP co-authorship graph,
we were able to identity lasting collaborations among authors in database and data
mining conferences. In particular, for a specific definition of aggregate density, we
identified a group of authors that although there was no paper in which they are all
co-authors, they have co-authored papers with each other in many snapshots.

Furthermore, in a network where nodes are words or tags and edges correspond
to their co-occurrences in documents or microposts published during a specific period
of time, identifying BFF nodes may serve as a first step in topic identification, tag
recommendation and other types of analysis. For example, using a Twitter dataset of
tweets published in a period of two weeks, we were able, by locating O?BFFs, to iden-
tify both trending topics and the dates within these two weeks when these topics were
popular. The topics we discovered correspond to real events that attracted attention
world-wide. Yet another application of BFF's is in computer networks. For instance,
locating servers that communicate heavily over time may be useful in identifying
potential attacks, or bottlenecks. Finally, there are many applications in biological
networks. For example, in a protein-interaction network, one could apply the BFF
problem to locate protein complexes that are densely interacting at different states,
thus indicating a possible underlying regulatory mechanism.

We study the complexity of the different variants of the BFF and O?BFF problems.
Two of the BFF variants can be solved optimally, while the O?*BFF is NP-hard. We
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propose a generic algorithmic framework for solving our problems, that works in
linear time. Experimental results with real and synthetic datasets show the efficiency
and effectiveness of our algorithms in discovering lasting dense subgraphs. Two case
studies on bibliographic collaboration networks, and hashtag co-occurrence networks
in Twitter validate our approach.

To summarize, we make the following contributions which are also discussed in

[69]:

e We introduce the novel BFF and O?BFF problems of identifying a subset of
nodes that define dense subgraphs in a collection of graph snapshots. To this
end, we extend the notion of density for collection of graph snapshots, and
provide definitions that capture different semantics of density over time leading

to four variants of our problems.

* We study the complexity of the variants of the BFF and O?BFF problems and
propose appropriate algorithms. We prove the optimality, or the approximation

factor of our algorithms whenever possible.

¢ We perform experiments with both real and synthetic datasets and demonstrate
that our problem definitions are meaningful, and that our algorithms work well

in identifying dense subgraphs in practice.

The rest of this chapter is structured as follows. In Section 5.1, we provide def-
initions of aggregate density. We introduce the BFF problem and its algorithms in
Section 5.2, and the O?BFF problem and its algorithms in Section 5.3. Our experi-
mental evaluation is presented in Section 5.4 and comparison with related work in

Section 5.5. Section 5.6 concludes the chapter.

5.1 The Aggregate density

We assume that we are given as input an evolving graph Gy, 1 = {G1, Ga. ..., G}
of 7 graph snapshots, where each snapshot G; = (V, E;), t € [1,7], is defined over
the same set of nodes V. We may also have an unordered collection of graphs, for
example, when the snapshots of the evolving graph correspond to graphs collected as

a result of some scientific experiments. An example of an evolving graph with four
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Figure 5.1: An evolving graph Gj; 4y = {G1, ..., G4} consisting of four snapshots.

snapshots is shown in Figure 5.1. Note that the evolving graph may consists of graph
snapshots with different set of nodes by considering V' as their union.

We will now define the notion of density of a set of nodes in an evolving graph.
We start by reviewing two basic definitions of graph density of a set of nodes in a
single graph snapshot [70]. Given an undirected graph G = (V, E) and a node u in
V., let degree(u, G) denote the degree of u in G. Let S C V' be a subset of nodes in the
graph G = (V, E), and let G[S]| = (S, E(S)) in G be the induced subgraph for the set
S, where E(S) = {(u,v) € E:u € S, v € S}. We define the average density, d,(S,G), of
the set S to be the average degree of the nodes in S, in the induced subgraph G[S]:
ﬁ Zdegree(u, G[9]) = 2|?5(:|9)|

ueS

d(S,G) =

We define the minimum density, d,,(S,G), of the set S to be the minimum degree of

any node in S, in the induced subgraph G[S]:

d, (S, G) = min degree(u, G[S]).

ues

Intuitively, for a given set of nodes S and the connections between them in E(S5),
d,, is defined by a single node, the one that is least connected in the induced subgraph,
while d, looks at the average connectivity of the nodes in S. For example, for snapshot
G4 in Figure 5.1, for S, = {x1, 29,23, 24}, dn(S:,G1) = du(S:, G1) = 3, while for
Sy = {v1,v2,¥3,Y4,Y5}, dn(Sy, G1) = 2 and d,(S,, G1) = 16/5. Between S, and S,, S,
has the highest minimum density, whereas S, the highest average density. Clearly, d,,
is a lower bound for d,. From now on, when the subscript of d is ignored, density
can be either d, or d,,,. Abusing the notation, we will sometimes use d(G|[S]) to denote
the density d(S,G) of S in G.

To define the density of a set of nodes S on an evolving graph, we need a way to
aggregate the density of a set of nodes over multiple graph snapshots.
Aggregating density sequences: Given an evolving graph G = {Gy,..., G,}, we will
use d(5,G) = {d(S,G1),...,d(S,G,)} to denote the sequence of density values for the
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graphs induced by the set S in the graph snapshots. We consider two definitions
for an aggregation function g(d(S,G)) that aggregates the densities over snapshots: The
first, g,,,, computes the minimum density over all snapshots:

The second, g,, computes the average density over all snapshots:

0(d(5.9)) = 757 3 d(S.Go)

Gieg

Intuitively, the minimum aggregation function requires high density in each and every
snapshot, while the average aggregation function looks at the snapshots as a whole.
Again, we use g to collectively refer to g, or g,. We can now define the aggregate

density f.

Definition 5.1 (AcGrREGATE DENsiTY). Given an evolving graph G = {Gi,...,G,} de-
fined over a set of nodes V and S C V, we define the aggregate density f(S,G)
to be f(S,G) = g(d(S,G)). Depending on the choice of the density function d
and the aggregation function g, we have the following four versions of f: (a)
Fum(9,G) = gm(dm(S5,G))s (0 fa(9,G) = gm(da(S,G)), (© fan(S5,G) = ga(dm(S, G)),
and (d) fu(S5,9) = ga(da(S5, G)).

Each density definition associates different semantics to density among nodes in
an evolving graph. Large values of f,,(S,G) correspond to groups of nodes S where
each member of the group is connected with a large number of other members of the
group at each snapshot. A group ceases to be considered dense if a single node loses
touch with the other members in the group, even for a single snapshot.

Large values of f,,(S,G) are achieved for groups with high average density at
each snapshot G € G. Contrary to f,,(5,G), where the requirement is placed at each
member of the group, large values of f,,(S,G) are indicative that the group S has
persistently high density as a whole.

The f.u(S,G) metric takes the average in time of the minimum degree of the nodes
in group S, thus is less sensitive to the density of S at a single snapshot.

Lastly, the f,,(S,G) metric takes large values when the group S has many con-
nections on average; thus, f,, is more “loose” both in terms of consistency over time

and in terms of requirements at the individual group member level.
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For example, take S, and S, in the evolving graph Gy, 4 in Figure 5.1. All aggregate
densities for S, are equal to 3. However, for S, f.(S,,G) = 31/10, while f,,(Sy,G)
= 12/5. That is, while f,,(5,,G) > fu(S2,G). funa(Sy:G) < fua(Sz,G) due to the last
instance. Note also, that f,,,(S,,G) = 1 due to just one node in just one snapshot, i.e.,

node y, in the last snapshot, while f,,(S,,G) = 2.
The average graph: Finally, let us define the average graph of an evolving graph ¢

which is an edge-weighted graph where the weight of an edge is equal to the fraction

of snapshots in G where the edge appears.

Definition 5.2 (Averace Grapn). Given an evolving graph G = {Gy,...,G,} on a set

of nodes V, the average graph Hg = (V, E, @) is a weighted. undirected graph on the set

_|G=(V,E)€G|(u,v)EE:|
- 1] '

of nodes V, where E = U7_, E;, and for each (u,v) € E, @(u,v)

As usual, the degree of a node u in a weighted graph is defined as: degree(u, ﬁg) =
> (uw)eE W(u,v). The average graph performs aggregation on a per-node basis, in that,
the degree of each node u in Hy is the average degree of v in time. With the average
graph, we lose information regarding density at individual snapshots. With some
algebraic manipulation, we can prove the following lemma that shows a connection

between the average graph and the f,, density function:

Lemma 5.1. Let G = {G4,...,G,} be an evolving graph over a set of nodes V and S a
subset of nodes in V', it holds: f,(S,G) = d, (S, flg)

5.2 The BFF problem

In this section, we introduce the BFF problem, we study its hardness and propose

appropriate algorithms.

5.2.1 Problem definition

Given the snapshots of an evolving graph G, our goal is to identify a subset of nodes
S C V (the Best Friends For Ever (BFF) set) that are densely connected in G.

Formally:

Problem 2 (The Best Friends Forever (BFF) Problem). Given an evolving graph G
and an aggregate density function f, find a subset of nodes S C V', such that f(S,G) is

maximized.
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By considering the four choices for the aggregate density function f, we have four
variants of the BFF problem. Specifically, fym, fus fon and fi, give rise to problems
BFF-MM, BFF-MA, BFF-AM, and BFF-AA respectively.

5.2.2 BFF algorithms

We now introduce a generic algorithm for the BFF problem. The algorithm (shown
in Algorithm 5.1) is a “greedy-like” algorithm inspired by a popular algorithm for the
densest subgraph problem on a static graph [71, 70]. We use G[S]| = {G1[S], ..., G,[5]}
to denote the sequence of the induced subgraphs of the set of nodes S. The algorithm
starts with a set of nodes S, consisting of all nodes V, and then it performs n — 1
steps, where at each step i it produces a set .S; by removing one of the nodes in the

set S;_1. It then returns the set S; with the maximum aggregate density f(5;,G).

Algorithm 5.1 The FinoBFF algorithm.
Input: Evolving graph G = {G1,..., G, }; aggregate density function f

Output: A subset of nodes S
1: S() —V

2: fori«+1,...,n—1do

3:  wv; = arg vrer}qlr}l score (v,G [S;_1])
4 S; <+ Si\ {ui}

5: end for
6

: return arg ‘7r(1)naxlf(5'i,g)

The FinpBFF algorithm forms the basis for the algorithms we propose for the four
variants of the BFF problem. Interestingly, by defining appropriate scoring functions,
score (v,G [S]), (used in line 3 to select which node to remove), we can get effective

algorithms for each of the variants.

Solving BFF-MM

For the BFF-MM problem, we define the score for a node v in S, score,,, as the

minimum degree of v in the sequence G [S]. That is,

score,, (v,G [S]) = Inin degree (v, Gy [S]) .
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Algorithm 5.2 The score,, algorithm.

Input: Evolving graph G = {G,,...,G,}
Output: Node with the minimum score,,
1: L,[d] < list of nodes with degree d in G,

2: procedure ScoreEANDUPDATE()
3 fort«1,...,7 do
4: dmin; < smallest d s.t. L;[d] # ()
5 end for
6 score,, < min dmin,
t<—1,...,7
7: t' + arg tzrllin dminy
8:  u <+ Ly[scorey].getO

9: for each G, € G do

10: L,[degree(u, Gy)].remove(u)

11: for each (u,v) € E; do

12: L;[degree(v, Gy)].remove(v)

13: E; < E, — (u,v) // update degree,cy (v, Gy)
14: L;[degree(v, Gy)].add(v)

15: end for

16: end for
17: V+— V\A{u}
18: return u

19: end procedure

Therefore, at the ¢-th iteration the FINDBFF algorithm selects the node v; with the
minimum score,, value. We call this instantiation of the FINDBFF algorithm FINpBFFy;.
Below we prove that FINDBFF); provides the optimal solution to the BFF-MM prob-

lem.

Proposition 2. The BFF-MM problem can be solved optimally in polynomial time using
the FINDBFFy algorithm.

Proof. Let i be the iteration of the FINnDBFF); algorithm, where for the first time, a node
that belongs to an optimal solution S* is selected to be removed. Let v; be this node.
Clearly, S* C S;_4, and therefore score,, (v;, G [Si—1]) > score,, (v;, G [S*]) . Since v; is the

node we pick at iteration i, every node u € S;_; satisfies: ming,cg degree(u, G¢[S;_1]) =
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scorey, (u, G [S;—1]) > score,, (v;, G [Si—1]) > score,, (v;, G [S*]). Since this is true for every

node u, this means that S;_; is indeed optimal and that our algorithm will find it. W

The running time of FinoBFFy, is O(nt + M), where n = |V|, 7 the number of
snapshots in the history graph and M = m; +my+...+m; the total number of edges
that appear in all snapshots. The node with the minimum score,, value is computed
by the procedure ScoreANnpUppaTE shown in Algorithm 5.2, which also removes the
node and its edges from all snapshots. For each snapshot G;, we keep the list of
nodes £;[d] with degree d (line 1 in Algorithm 5.2); these lists can be constructed in
time O(nt + M). Furthermore, each position of the list £;[d] points to a hash-based
data structure which stores nodes with degree d in order to handle additions and
deletions in constant time. Given these lists, the time required to find the node with
the minimum score,, is O(7) (lines 3 — 8). Finding the minimum degree dmin, for each
snapshot G, at each step of the algorithm takes constant time, as the minimum degree
can only decrease by at most one in each G;. Now in all snapshots, the neighbors of
the removed node need to be moved from their position in the 7 lists (lines 9 — 16);
the degree of every neighbor of the removed node is decreased by one. Throughout
the execution of the algorithm at most O()M) such moves can happen. Therefore, the
total running time of FINoDBFF)y is O(n7 + M). Note that an algorithm that iteratively
removes from a graph G the node with the minimum degree was first studied in [71]
and shown to compute a 2-approximation of the densest subgraph problem for the
d.(G) density in [70] and the optimal for the d,,(G) density in [72].

Solving BFF-AA

To solve the BFF-AA problem, we shall use the average graph Hg of G. Lemma 5.1
shows that f,(S5,G) = d, <ﬁg [S}) Thus, based on the results of Charikar [70] and
Goldberg [73], we conclude that:

Proposition 3. The BFF-AA problem can be solved optimally in polynomial time.

Although there exists a polynomial-time optimal algorithms for BFF-AA, the com-
putational complexity of these algorithms (e..g., O(|V||E[?) for the case of the max-
flow algorithm in [73]), makes them hard to use for large-scale real graphs. Therefore,
instead of these algorithm we use the FINDBFF algorithm, where we define the score

of a node v in S, score,, to be equal to its average degree of v in evolving graph G[S].
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That is,

score, (v,G [S]) = |71| Z degree (v, G [S]) .

GieG

At the i-th iteration, we select the node v; with the minimum average degree in G[S].
We will refer to this instantiation of the FinoBFF, as FinoBFF,. Using Lemma 5.1

and the results of Charikar [70] we have the following:

1

Proposition 4. FINDBFF, is a 5-approximation algorithm for the BFF-AA problem.

Proof. 1t is easy to see that FINDBFF, removes the node with the minimum density
in Hg[S]. Charikar [70] has shown that an algorithm that iteratively removes from a
graph the node with minimum density provides a i-approximation for finding the
subset of nodes that maximizes the average density on a single (weighted) graph
snapshot. Given the equivalence we established in Lemma 5.1, FiNnoBFF, is also a

:-approximation algorithm for BFF-AA. u

Using list of nodes with average degree d similarly to Algorithm 5.2 but on the
average graph, we can efficiently find the minimum score, value and achieve an O(n7+

M) total running time for FINDBFF 4.

Solving BFF-MA and BFF-AM

We prove the following theorem of the complexity of the BFF-AM problem.
Theorem 5.1. The BFF-AM problem is NP-hard.

Proof. The reduction is from the k-CLique problem, which, given a graph G, asks
if the graph contains a clique of size at least k. The decision version of BFF-AM,
given an evolving graph G = {G,...,G,}, asks if there exists a subset of nodes S
fan(S,G) > 0 for some value 6.

Given a graph G = (V, E) with |V| = n nodes that is input to the k-CLIQUE problem,
we construct an evolving graph G with 7 = n snapshots. All snapshots are defined
over the vertex set V. There is a snapshot G; for each node i € V, consisting of a
star-graph with node ¢ as the center, and edges to all the neighbors of ¢ in G. We
will prove that there exists a clique of size at least £ in graph G if and only if there
exists a set of nodes S with f,,(S,G) > k/n. The forward direction is easy; if there
exists a subset of nodes S in G, with |S| > k, that form a clique, then for this set of

nodes S, d,,(S,G;) = 1 for all i € S; therefore, f,,(S,G) > k/n. To prove the other
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direction, we observe that all our snapshots consist of star graphs, and a collection
of disconnected nodes. Given a set S, d,,(S,G;) = 1, if i € S and all nodes in S are
connected to the center node i, and zero otherwise. Therefore, if f,,(S,Cy) > k/n,
then this implies that d,,(S,G;) = 1 for k snapshots G; € G, which means that the
k centers of the star graphs in these snapshots belong to S and they are connected
to all nodes in S. Therefore, all nodes in S are connected to the k star centers, and

hence the k star centers for a clique of size k in the graph G. u

The complexity of BFF-MA is an open problem. Jethava and Beerenwinkel [74]
conjecture that it is NP-hard, yet they do not provide a proof.

We consider the application of FinoBFFy and FinoBFF, algorithms for the two
problems. In the following propositions, we prove that the two algorithms cannot
guarantee a good approximation ratio for all inputs for any of the two problems.
Recall that all our problems are maximization problems, and, therefore, the lower
the approximation ratio, the worse the performance of the algorithm. We construct
instances of the problems for which the algorithms achieve approximation ratio that

can be arbitrarily small as a function of the input size.

Proposition 5. The approximation ratio of algorithm FiNnoBFFy is at most O (L), for the
BFF-AM problem, and at most O (\%) . for the BFF-MA problem, where n is the number

of nodes.

Proof. The intuition behind the proof is to construct an input where there is a dense
set of nodes A in the evolving graph G = {G1, ..., G, } that maximizes the density, but
the nodes of the set have low degree in a single snapshot. FINDBFF) will remove the
nodes from this set, and thus never return it as a candidate solution.

For the BFF-AM problem, we construct a counter-example graph sequence as
follows. The first 7 — 1 snapshots consist of a set A with n — 1 nodes that form a full
clique, plus an additional node v that is connected with a single node u in A. The last
snapshot consists of just the edge (v, u). In the first n — 2 iterations of the FINDBFF)y,
algorithm, the node with the minimum minimum degree is one of the nodes in A
(other than the node u). Thus the nodes in A will be iteratively removed, until we
are left with the edge (u,v). Since node v is present in all intermediate subsets .5;, the
minimum degree in all snapshots G, is 1. Therefore, the solution S of the FINoDBFFy
algorithm has f,,,(S) = 1. On the other hand clearly the optimal solution S* consists

of the nodes in A, where we have minimum degree n — 2, except of the last instance
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where the minimum degree is zero. Therefore, f(S*) = (n — 2)77_1 which proves our
claim.

For the BFF-MA problem, we construct a counter-example graph sequence as
follows. We have 7 = m snapshots that are all identical. They consist of two sets
of nodes A and B of size m and m? respectively. The nodes in B form a cycle.
The nodes in A in graph snapshot G; form a clique with all nodes except for one
node v, different for each snapshot. The optimal set S* consists of the nodes in A,

that have average degree W = O(m). The FinoBFF)y starts with the set of

all nodes. The average degree of any snapshot is 2m2+(m”";11731(m_2) = O(1), which is
also the value of the f,,,(V) function. In the first m iterations of the algorithm, the
nodes in A have score,,(v,S;) = 0, so these are the ones to be removed first. Then
the nodes in B are removed. In all iterations the average degree in each snapshot
remains O(1). Therefore, the set S returned by the FinoBFFy has f,,,,(S) = ©(1), and

the approximation ratio is © (X). Since m = \/n, this proves our claim. u

1
Proposition 6. The approximation ratio of algorithm FiNDBFFy is at most O (%) for the
BFF-AM problem, and at most O (\%) . for the BFF-MA problem, where n is the number

of nodes.

Proof. For the BFF-AM problem, we construct the evolving graph G = {G;,...,G.},
where 7 is even, as follows. Each snapshot G; contains n = 2b 4 3 nodes. The 2b
of these nodes form a complete b x b bipartite graph. Let u, v, and s denote the
additional three nodes. Node s is connected to all nodes in the graph, in all snapshots,
except for the last snapshot where s is connected only to v and v. Nodes u and
v are connected to each other in all snapshots, and node u is connected to all 20
nodes of the bipartite graph in the first 7/2 snapshots, while node v is connected
to all 2b nodes of the bipartite graph in the last 7/2 snapshots. Throughout assume
that 7 > 2. Note that the optimal set S* for this history graph consists of the 20
nodes in the bipartite graph, with f,,(5* G) = b = O(n). The score score, for every
node w of the 2b nodes in the bipartite graph is score,(w,G) = b+ 1 + =%, For
the nodes u and v, we have score,(u,G) = score,(v,G) = w = b+ 2. Node s
has score score,(s,G) = Zb%_l + 2. Therefore, in the first iteration, the algorithm will
remove one of the nodes of the bipartite graph. Without loss of generality assume
that it removes one of the nodes in the left partition. Now, for a node w in the

left partition, we still have that score,(w,G[S1]) = b+ 1+ L. For a node w in the
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right partition we have that score,(w,G[S1]) = b+ =*. For nodes u and v we have
scoreq(u, G[S1]) = score,(v,G[S1]) = w = b+ 3. For node s we have that
scoreq(s, G[S1]) = (2b — 1)==% 4 2. Therefore, in the second iteration the algorithm will
select to remove one of the nodes in the right partition. Note that the resulting graph
G[S] is identical in structure with G, with n = 2(b— 1) + 3 nodes. Therefore, the same
procedure will be repeated until all the nodes from the bipartite graph are removed,
while nodes © and v will be kept in the set until the last iterations. As a result, the set
S returned by FinoBFF4 has f,,,(S,G) = 2 (the degree of the nodes u and v), yielding
approximation ratio O (1).

For the BFF-MA problem, we construct the evolving graph G = {Gy,...,G;} as
follows. We have 7 = m snapshots that are all identical, except for the last snapshot
G.,. The snapshots G, ..., G,,,—1 consist of two sets of nodes A and B that form two
complete cliques of size m and m? respectively. In the last snapshot the nodes in B are
all disconnected. The optimal set S* consists of the nodes in A, that have f,,,(A4) =
mm=l) — §(m—1). The FinoBFF, starts with the set of all nodes. The value of f,,q(V)

m

is determined by the last snapshot G,, that has average degree mm-l) — g(1). The

m2+m
nodes in A have average degree (over time) —m(:’,‘;l)
(m—1)(m2-1)

= O(m), while the nodes in B have
average degree = O(m?). Therefore, the algorithm will iteratively remove
all nodes in A. In each iteration the resulting set S; has f,,,(S;) = O(1). When all
the nodes in A are removed, we have that f,,,(S;) = 0. Therefore, the approximation
ratio for this instance is (). Our claim follows from the fact that n = m?*+m. W

Given that FiINnoBFF, and FInDBEFF)y have no theoretical guarantees, we also inves-
tigate a greedy approach, which selects which node to remove based on the objective
function of the problem at hand. This greedy approach is again an instance of the
iterative algorithm shown in Algorithm 5.1. More specifically, for a target function f
(either fu, or fu.), given a set S;_;, we define the score score,(v,G[S;]) of node v € S;

as follows:

scorey(v,G[Si—1]) = [ (Si—1,G) — f (Siz1 \ {v},G).

At iteration ¢, the algorithm selects the node v; that causes the smallest decrease, or
the largest increase in the target function f. We refer to this algorithm as FinoBFFg.
FinoBFF complexity is O(n?T+mnM) since it requires to check all nodes when choos-

ing which node to remove at each step (shown in Algorithm ).
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5.3 The O’BFF problem

In this section, we relax the requirement that density is computed over all snapshots
of the evolving graph. Instead, we ask for a set of k& snapshots and a set of nodes such
that the aggregate density over these snapshots is maximized. We call this problem
On-Of BFF (O?BFF) problem. We formally define O?BFF, we show that it is NP-hard,

and develop two general types of algorithms for efficiently solving it in practice.

5.3.1 Problem definition

In the O?BFF problem, we seek to find a collection C; of k graph snapshots, and a
set of nodes S C V, such that the subgraphs induced by S in C;, have high aggregate
density. Formally, the O?BFF problem is defined as follows:

Problem 3 (The On-Off BFF (O?BFF) Problem). Given an evolving graph G = {G1,
G, ..., G;}. an aggregate density function f, and an integer k. find a subset of nodes
S CV, and a subset Cy, of G of size k, such that f (S,Cy) is maximized.

As with the BFF problem, depending on the choice of the aggregate density func-
tion f, we have four variants of the O?BFF problem, namely O?BFF-MM, O?BFF-MA,
O?BFF-AM and O?BFF-AA.

Note that the subcollection of graphs C;, C G does not need to consist of contiguous
graph snapshots. If this were the case, then the problem could be solved easily by
considering all possible contiguous subsets of [1,7] and outputting the one with the
highest density. However, all four variants of the O?BFF become NP-hard if we drop

the constraint for consecutive graph snapshots.

Theorem 5.2. The O*BFF problem is NP-hard for any definition of the agqregate density
function f.

Proof. For all aggregate density functions, the reduction is from the k-CLiqQuE problem,
which, given a graph G, asks if the graph contains a clique of size at least k. The
decision version of O?BFF, given an evolving graph G = {G1,...,G,}, asks if there
exists a subset of nodes S and a subset C;, of k snapshots, such that f(S,Cy) > 6 for
some value 0.

The reduction differs depending on the definition of f. In the case of f,, and

fam, the construction and proof is the same as that of Theorem 5.1. Given a graph
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G = (V,E) with |V| = n nodes that is input to the k-CLiQUE problem, we construct
an evolving graph G with 7 = n snapshots, where snapshot G, is a star-graph with
node ¢ as the center, and edges to all the neighbors of i in G.

We will prove that there exists a clique of size at least k£ in graph G if and only if
there exists a set of nodes S and a subset C;, C G of k snapshots, with f(S,Cx) > 1.
The forward direction is easy; if there exists a subset of nodes S in G, with |S| > k,
that form a clique, then selecting this set of nodes S, and a subset C;, of £ snapshots
that correspond to nodes in S will wield f,,(S,Cr) = fau(S,Cx) = 1. This follows from
the fact that every snapshot is a complete star where d,,,(5,G;) = 1 for all G; € C;.. To
prove the other direction, we observe that all our snapshots consist of a star graph,
and a collection of disconnected nodes. Given a set S, d,,(5,G;) = 1, if i € S and
all nodes in S are connected to the center node i, and zero otherwise. Therefore, if
frm(S,Cr) = 1 or fu,(S,C) = 1, then this implies that d,,(S,G;) = 1 for all G, € Cy,
which means that the k£ centers of the graph snapshots in C; are connected to all
nodes in S, and hence to each other. Therefore, they form a clique of size k£ in the
graph G.

In the case of f,, and f,, the construction proceeds as follows: given the graph
G = (V,E), with |E| = m edges, we construct an evolving graph G = {Gy,...,G,}
with 7 = m snapshots. All snapshots are defined over the vertex set V. There is a
snapshot G, for each edge e € E, consisting of the single edge e.

We will prove that there exists a clique of size at least k£ in graph G if and only
if there exists a set of nodes S and a subset Cx C G of K = k(k — 1)/2 snapshots,
with f(S,Cx) > 1/k. The forward direction is easy. If there exists a subset of nodes
S in G, with |S| = k, that form a clique, then selecting this set of nodes S, and the

(’;) snapshots Cx in G that correspond to the edges between the nodes in S will yield

faa(S,Cxc) = fua(S,Cxc) = 1/k.

To prove the other direction, assume that there is no clique of size greater or
equal to k£ in G. Let Cx be any subset of K = k(k — 1)/2 snapshots, and let S be the
union of the endpoints of the edges in Cx. Since S cannot be a clique, it follows that
|S| = € > k. Therefore, fu(S,Cxk) = fua(S,Cx) =1/ < 1/k. u
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Algorithm 5.3 The Iterative (ITR) FinoO?BFF algorithm.
Input: Evolving graph G = {G,...G,}; an aggregate-density function f; integer k

Output: A subset of nodes S and a subset of snapshots C;, C G.

1: converged <« False

2: (€Y, 8% « Inrmianize (G, f)

3. ds” « f(S°,C)

4: while not converged do

5. Cj < BestSnapsnoTs(S, f)
6: S« FinoBFF(Cy, f)

7 ds 4« f(S,Cp)

8 if ds < ds° then

9: (S,Cr) + (S°,C))

10: Converged < True

11:  else

12: (ds®, 89, CY) < (ds, S, Cy)
13:  end if

14: end while

15: return S,C;

5.3.2 O’BFF algorithms

We consider two general types of algorithms: iterative and incremental ones. The
iterative algorithms start with an initial solution of the problem and improve it, whereas
the incremental algorithms build the solution incrementally, adding one snapshot at a
time. Next, we describe these two types of algorithms in detail. Note that in each of
the algorithms, depending on which of the O?BFF-MM, O?BFF-MA, O?BFF-AM or
O?BFF-AA problems we are solving, we use the appropriate version of the FINDBFF

algorithm.

Iterative algorithm

The iterative (ITR) algorithm (shown in Algorithm 5.3) starts with an initial collection
of k snapshots C} and set of nodes S° (routine InrTiaLIZE). At each iteration, given
a set S, I'TR finds the best collection of k£ graph snapshots for S; this is done by

BestSnapsnots. BEstSnapsnots computes the density d(S, G;) of S in each snapshot G;
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€ G and outputs the k£ snapshots C;, with the largest density. Then, given the collection
Cr, the algorithm finds the best set S for Cy, that is, the set S C V such that f (5,Cy) is
maximized. This step essentially solves Problem 2 on input C, for aggregate density
function f using the FINDBFF algorithm. ITR keeps iterating between collections C;,
and dense sets of nodes S until no further iterations can improve the score f (5, Cy).

An important step of the iterative FinnO?BFF algorithm is the initialization of C}
and S°. We consider three alternative initializations.

Random initialization (ITRg): In this initialization, we randomly pick & snapshots C}
from G and use them to produce S° = FinoBFF(C}, f).

Contiguous initialization (ITR:): The motivation behind contiguous initialization is that
in many real world datasets, such as in those modeling collaboration networks that
evolve with time, there is temporal locality. Thus, we expect that the dense subgraphs
will appear in nearby snapshots. Consequently, given G = {Gy,...,G,}, we go over
all the O(7) contiguous sets of £ snapshots from G, and find the set of k& snapshots
CY and corresponding set of nodes S° that maximize f(S?,Cy).

At least-k initialization (ITRx): With this initialization, our aim is to include in the
initial set S° the nodes that appear to be densely connected in many snapshots. Thus,
we solve the BFF problem independently in each snapshot GG; € G. This results in 7
sets S; C V, one for each G;. S° includes the nodes that appear in at least k of the
7 sets S;. We also experimented with other natural alternatives, such as the union:
S0 = U;_; ,S; and the intersection: S° = N,_; ,S;; the at least-k approach seems to
strike a balance between the two.

The running time of the iterative FinnO?BFF algorithm is O (I (n7 + M)), where T
is the number of iterations required until convergence, and (n7 + M) comes from the
running time of FinoBFF, assuming that we use FinoBFF)y, or FinoBFF, (which can
be accordingly modified for FinoBFF). In practice, we observed that the algorithm

converges in at most 6 iterations.

Incremental algorithm

The incremental algorithm starts with a collection C, with two snapshots and in-
crementally adds snapshots to it until a collection C, with £ snapshots is formed.
Then, the appropriate FINDBFF algorithm is used to compute the most dense subset
of nodes S in C;. We use two different policies for selecting snapshots. The first one,

termed incremental density (INCp) (shown in Algorithm 5.4), adds snapshots so as to
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Algorithm 5.4 The Incremental Density (INCp) FinoO?BFF algorithm.
Input: Evolving graph G = {G, ... G,}; aggregate-density function f; integer k

Output: A subset of nodes S and a subset of snapshots C;, C G.
1. S;; < FinoBFF({G), G,}, f), VG, G; € G

Cy < arg Gf%e})eigf(Sij, {G;,G,})
fori+3;i<kdo

for each G, € G\ C;_; do

Sy + FinoBFF(C;_1 U {G,}, f)

end for
7. G, < arg r%atlx f(S;, Cioi U{G:})
8: Ci+ Ci1U{G,}

9: end for

10: return S,Cy

maximize density, whereas the second one, termed incremental overlap (INCp) (shown
in Algorithm 5.5), adds snapshots so as to maximize the similarity of their dense
subgraphs.

Incremental density (INCp): To select the pair of snapshots to form the initial collection

C,, we solve the BFF problem independently for each pair of snapshots G;,G; € G.

-
2

This gives us ( ) dense sets .S;; as solutions. We select the pair of snapshots whose
dense subgraph S;; has the largest density (lines 1 — 2). INCp, then builds the solution
incrementally in k — 2 iterations by adding at each iteration the snapshot whose
addition maximizes density. Specifically, in the i-th iteration, we construct C; by adding
to C;_; the graph snapshot G,, = arg II%%X f(Si,Cic1 U{Gy}), over all Gy in G \ C;_;.
The running time is O (7%(n + M) + k7 (nT + M)), where the first term is due to the
initialization step (again assuming that we use FinoBFF) or FINDBFF ).

Incremental overlap (INCp): Our goal is to find snapshots whose dense subgraphs have
many nodes in common. To form the initial collection C,, we solve the BFF problem
independently in each snapshot GG; € G. This gives us 7 different sets S; C V, where
S; is the most dense subgraph in G;. The algorithm selects from these 7 sets the
two most similar ones, S; and S;, using Jaccard similarity, and initializes C, with the
corresponding snapshots G; and G; (lines 1 — 2). To form C; from C,_;, the algorithm
first solves the BFF problem in C;_;. Let S¢ be the solution. Then, it selects from the

remaining snapshots and adds to C;_; the snapshot GG, whose dense set S, is the most
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Algorithm 5.5 The Incremental Overlap (INCp) FinoO?BFF algorithm.
Input: Evolving graph G = {G, ... G,}; aggregate-density function f; integer k

Output: A subset of nodes S and a subset of snapshots C;, C G.
1: S; « FinoBFF(G,, f), VG, € G
Cy < arg max M
2 gGi,GjGQ ’SZ U Sj‘
fori+3;i<kdo
Sc «+ FinoBFF(C;_4, f)
|S; NS¢
Gm —_
A5, U S
CZ' <— Ci—l U {Gm}
7. end for
8: S « FinoBFF(Cy, f)

9: return S,C;

similar with S¢ (lines 3 — 7). The running time is O(k (nT + M)) (again assuming
that we use FINDBFF)y; or FINDBFF,).

Note that the incremental algorithm can be easily modified so as, instead of the
number £ of snapshots being an input to the algorithm, an appropriate value of k& is
determined in the course of the algorithm. For example, snapshots could be added

to the solution until density drops below a given threshold value.

5.4 Experimental evaluation

The goal of our experimental evaluation is threefold. First, we want to evaluate the
performance of our algorithms for the BFF and the O?BFF problems in terms of the
quality of the solutions and running time. Second, we want to compare the different
variants of the aggregate density functions. Third, we want to show the usefulness
of the problem, by presenting results of BFF’s and O?BFF’s in two real datasets,
namely research collaborators in DBLP and hashtags in Twitter.

Datasets and setting. To evaluate our approach, we use both real and synthetic
datasets. We use six real evolving graphs where the graphs correspond to collab-
oration, computer, and concept networks (summarized in Table 5.1). The DBLP;,
dataset [23] contains yearly snapshots of the co-authorship graph in the 2006-2015

interval for 11 top database and data mining conferences. There is an edge between
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Table 5.1: Real dataset characteristics.

Dataset # Nodes # Edges (aver. per snapshot) # Snapshots

DBLP;, 2,625 1,143 10
Oregon; 11,492 22.569 9
Oregon, 11,806 31,559 9
Caida 31,379 45,833 122
Twitter 849 100 15
AS 7,716 7,783 733

two authors in a graph snapshot, if they co-authored a paper in the corresponding
year and more than two papers in total. The Oregon,' dataset consists of nine graph
snapshots of autonomous systems (AS) peering information inferred from Oregon
route-views (one snapshot per week), while the Oregon,? dataset includes in addi-
tion to route-views looking glass data and routing registry, all combined. The Caida®
dataset contains 122 AS graphs, derived from a set of route views BGP-table instances.
The Twitter dataset [75] contains 15 daily snapshots from October 27, 2013 to Novem-
ber 10, 2013, where the nodes are hashtags and there is an edge between two nodes
if the corresponding hashtags co-appear in a tweet. The AS* dataset consists of 733
daily snapshots representing a communication network of who-talks-to-whom from
the BGP (Border Gateway Protocol) logs.

We also use synthetic datasets. In particular, we create graph snapshots using the
forest fire model [76], a well-known model for creating evolving networks, using the
default forward and backward burning probabilities of 0.35. Then, we plant dense
subgraphs in these snapshots, by randomly selecting a set X C V' of the nodes and
creating additional edges between them, different at each snapshot. In all experiments,
we create 100 such evolving graphs and report average values.

We ran our experiments on a system with a quad-core Intel Core i7-3820 3.6 GHz

processor, with 64 GB memory. We only used one core in all experiments.

1https: //snap.stanford.edu/data/oregon!.html
https://snap.stanford.edu/data/oregon2.html
3http://www.caida.org/data/as-relationships/
“https://snap.stanford.edu/data/as.html
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5.4.1 BFF evaluation

In terms of algorithms, for the BFF-MM and BFF-AA problems, FinopBFFy and
FinoBFF, provide provably good solutions respectively (as shown in Section 5.2.2),
thus we only consider these algorithms for these problems. For the BFF-MA and
BFF-AM problems, we use all three algorithms, i.e., FINoBFFy, FINpBFF,, and
FinoBFF¢. In addition, for the BFF-MA problem, we use the DCS algorithm pro-
posed in [74] for a problem similar to BFF-MA. The DCS algorithm is also an
iterative algorithm that removes nodes, one at a time. At each step, DCS finds the
subgraphs with the largest average density for each of the snapshots. Then, it iden-
tifies the subgraph with the smallest average density among them and removes the

node that has the smallest degree in this subgraph.

Quality of the solution and comparison of the density function definitions

We start with an evaluation of the accuracy of our algorithms along with a com-
parison of the different aggregate densities. Since we do not have any ground truth

information for the real data, we use first the synthetic datasets.

Synthetic datasets. We create 10 graph snapshots with 4,000 nodes each using the
forest fire model [76]. Then, in each one of the 10 snapshots we plant a dense random
subgraph A with 100 nodes by inserting extra (different at each snapshot) edges with
probability ps. We consider subgraph A as our ground truth. We vary the edge
probabilities from p4 = 0.1 to p4 = 0.9. In Figure 5.2(a), we report the F' measure
for the four aggregate density definitions, when trying to recover A. Recall that F'
takes values in [0, 1] and the larger the value the better the recall and precision of
the solution with respect to the ground truth (in this case A). BFF-MM is the most
sensitive measure, since it reports A as the densest subgraph even for the smallest edge
probability. BFF-MA and BFF-AM achieve a perfect F' value, for an edge probability
larger than ps = 0.1 and BFF-AA for an edge probability at least p4 = 0.3. For
smaller values, these three density definitions locate supersets of A, due to averaging.
All variations of the FINDBFF algorithms produce the same results.

We now study how the various density definitions behave when there is a second
dense subgraph. In this case, we plant a subgraph A with edge probability p4 = 0.5

in all snapshots and a second dense subgraph B with the same number of nodes
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Figure 5.2: Accuracy and density definitions: (a) F-measure for planted graph A, (b)
reported dense subgraph (p4 = 0.5, pg = 0.9).

as A and edge probability pg = 0.9 in a percentage ¢ of the snapshots, for different
values of (. Figure 5.2(b) depicts which of two graphs, graph A (shown in blue), or
graph B (shown in yellow), is output by the FinoBFF algorithms for the different
density definitions. BFF-MM and BFF-MA report A as the densest subgraph, since
these measures ask for high density at each and every snapshot. However, BFF-AM
and BFF-AA report B, when the denser subgraph B appears in a sufficient number
(more than half) of the snapshots. All density definitions and algorithms, recover the

exact set A, or B, at each case.

Table 5.2: Results of the algorithms for the BFF-MM and BFF-AA problems on the

real datasets.

BFF-MM BFF-AA
Datasets | FinoBFFy Random Datasets FinoBFF Random
fom | size || foum | SD faa size | fua SD

DBLPy, || 1.0 | 11 | 0.01 | 0.09 DBLPy, || 2.75 | 8 | 0.92 ] 0.27
Oregony || 14.0 | 33 || 0.84 | 0.37 Oregony || 25.73 | 59 || 4.43 | 0.72
Oregony || 23.0 | 75 || 0.02 | 0.14 Oregon, || 47.89 | 147 || 7.59 | 1.06

Caida 8.0 17 0.1 | 0.30 Caida 33.21 1 96 || 5.33 | 0.36
Twitter 0.0 - 0.0 0.0 Twitter 1.38 5 0.0 0.0
AS 4.0 | 15 0.0 | 0.0 AS 16.38 | 38 || 2.01 | 0.49
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Table 5.3: Results of the algorithms for the BFF-MA problem on the real datasets.

BFF-MA

Datasets FinoBFFy FinoBFF 5 FinoBFF¢ DCS Random

fma | size | fma | size | fma | size | fma | size | fie | SD
DBLP; 1.33 3 1.75 8 1.7 61 1.29 14 | 0.12 | 0.15
Oregon, 23.7 | 80 | 23.86 | 70 | 24.05 | 80 | 24.05 | 77 || 4.75 | 0.80
Oregonsy || 44.33 | 140 | 45.24 | 131 | 45.95 | 132 | 44.91 | 116 || 6.71 | 1.24
Caida 13.76 | 33 | 12.76 | 29 | 15.43 | 6 | 15.05 | 57 | 0.60 | 0.53
Twitter 0.04 | 836 | 0.29 7 0.62 | 13 | 0.05 [ 720 || 0.0 | 0.0
AS 8.53 19 6.67 | 18 9.0 20 | 8.75 16 || 0.19 | 0.11

Table 5.4: Results of the algorithms for the BFF-AM problem on the real datasets.

BFF-AM

Datasets || FinoBFFy FinoBFF 5 FinoBFFg Random

fam | size | fom | size | fom | size | fom | SD
DBLPy 1.0 1 1.7 4 1.0 4 0.23 | 0.29
Oregony || 14.22 | 33 | 15.0 | 35 | 2.0 | 20 || 0.53 | 0.33
Oregony || 24.44 | 63 | 23.22 | 44 | 3.22 | 461 | 0.0 | 0.0
Caida 12.72 | 20 | 1811 | 36 | 3.43 | 311 || 0.0 | 0.0
Twitter 0.0 - 1.0 3 |10 | 3 0.0 -
AS 7.44 | 12 | 9.05 | 14 | 3.4 | 14 || 0.0 | 0.0

Real datasets. We also run all algorithms using the real datasets and present the
results in Table 5.2, 5.3, and 5.4. We report the density and the size of the solution.
In addition, to evaluate the quality of the recovered dense subgraphs, we performed
the following randomization test. For each of the real datasets, we create a random
subgraph with the same number of nodes as the recovered subgraph, by initiating
a BFS traversal from a randomly selected node. In Tables 5.2, 5.3, and 5.4, we also
report the density of these subgraphs (average and standard deviation (SD) over 100
tests). For the BFF-MA and BFF-AM problems, we use the size of the solution that
has the highest density.
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Table 5.5: Execution time (sec) of the algorithms for the BFF-MM and BFF-MA

problem on the real datasets.

Datasets MM Datasets BEF-MA
FixoBFFy, FixoBFFy | FinoBFF, | FinoBFFg | DCS
DBLPyg 0.08 DBLPyg 0.05 0.03 2.04 0.34
Oregon; 0.27 Oregon; 0.24 0.21 48 0.83
Oregon, 0.36 Oregony 0.29 0.47 51.58 1.03
Caida 2.24 Caida 2.51 2.30 2,519 11.22
Twitter 0.37 Twitter 0.57 0.24 2.81 0.47
AS 3.49 AS 2.82 2.16 738 17.37

Table 5.6: Execution time (sec) of the algorithms for the BFF-AM and BFF-AA

problems on the real datasets.

Datasets Brr-AM Datasets BEF-AA

FinoBFFy | FinoBFF, | FinoBFF¢ FinoBFF,
DBLP; 0.05 0.08 1.58 DBLP;g 0.04
Oregon, 0.48 0.57 131 Oregony 0.28
Oregony 0.58 0.65 117.58 Oregony 0.48
Caida 6.31 5.97 1,652 Caida 2.14
Twitter 0.85 0.28 2.65 Twitter 0.52
AS 9.29 10.43 470 AS 2.64

As expected, the density of the random “BFS” graph is orders of magnitude
smaller than the density of the graph recovered by our algorithms. Note also, that the
value of the aggregate density (independently of the problem variant) is larger for
the more dense datasets. For BFF-MM problem we observe that the solutions usually
have small cardinality compared to the solutions for the other problems, since the
fmm oObjective is rather strict (the solution for Twitter was empty). The solutions for
BFF-MM problem in the autonomous-system datasets appear to have higher f,,

scores. This may be due to the fact that there are larger groups of nodes with lasting
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connections in these datasets, e.g., nodes that communicate intensely between each

other during the observation period.

Comparison of FindBFF alternatives for BFF-MA and BFF-AM

As shown in Table 5.3, for the BFF-MA problem, FinoBFF; and FinoBFF, perform
overall the best in all datasets producing subgraphs with large f,, values. FINDBFF
performs slightly worse than FINDBFF only in the Caida dataset. In the Caida dataset,
due probably to the large number of snapshots, FInDBFF, — which is based on
the average degree — returns a set with the smallest density. FinoBFFy and DCS
have comparable performance, since they both remove nodes with small degrees in
individual snapshots. They are both outperformed by FinoBFF, and FinoBFFg.

For the BFF-AM problem in Table 5.4, we observe that FINDBFF, outperforms
both FinoBFFy and FiNoBFFg. Our deeper analysis of the inferior performance of
FinoBFF for this problem revealed that FINDBFF often gets trapped in local maxima
after removing just a few nodes of the graph and it cannot find good solutions.

In Table 5.5 and Table 5.6, we report execution times. As expected, the response
time of FINDBFF algorithm is the slowest in all datasets, due to its quadratic com-
plexity. For the BFF-MA problem, FINDBFF, is in general faster than DCS. The
difference in execution times of FINDBFF); algorithms for the various problems are

due to differences in the computation of the density functions.

Scalability

We also test the scalability of the algorithms in terms of both the size of the graphs
and the number of snapshots using the synthetic datasets. For testing scalability with
size, we create 10 graph snapshots with N nodes (for N = 20,000 up to 100,000).
Then, in each one of the 10 snapshots we plant a dense random subgraph A with 100
nodes by inserting extra (different at each snapshot) edges with probability p4 = 0.5.
We consider subgraph A as our ground truth. In Figure 5.3(a), we report the average
execution time (and variance) of the different algorithms for the BFF-MA problem.
The corresponding algorithms have similar performance for the other BFF problems
as well. For testing scalability with the number of graph snapshots, we create T'
snapshots of a graph with 50,000 nodes as before, for 7" = 10 up to 50 snapshots.

We report the average execution time (and variance) in Figure 5.3(b). All algorithms,
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Figure 5.3: Synthetic dataset (p4 = 0.5): execution time (log scale) of the differ-
ent algorithms for the BFF-MA problem for varying number of (a) nodes, and (b)

snapshots.

except FINDBFF, scale well with both the size of the graph and the number of
snapshots. In terms of accuracy, all algorithms in both cases achieve a perfect F

measure.

Summary

In conclusion, our algorithms successfully discovered the planted dense subgraphs
even when their density is small, with BFF-MM being the most sensitive measure.
Minimum aggregation over densities (i.e., BFF-MM, BFF-MA) requires a dense sub-
graph to be present at all snapshots, whereas average aggregation over densities (i.e.,
BFF-AM, BFF-AA) asks that the nodes are sufficiently connected with each other
on average. For the BFF-MA and BFF-AM problems, FiINoBFF, returns in gen-
eral denser subgraphs than the alternatives (including DCS). Both FinoBFF, and
FinoBFFy scale well. They perform similarly for the different density functions with
the differences in running time attributed to the complexity of calculating the respec-

tive functions.

5.4.2 O2BFF evaluation

In this set of experiments, we evaluate the performance of the iterative and incremental

FinoO?BFF algorithms.
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Comparison of the algorithms in terms of solution quality

We start with an evaluation of the quality of the solution produced by the proposed
FinoO?BFF algorithms.

Synthetic datasets. Similar to before, we plant a dense random graph A in k£ snap-
shots. We then run the FinoO?BFF algorithms with the same value of k. In Figure

5.4, we report the average F measure (and standard deviation) for the different val-
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Figure 5.7: Oregon, dataset: aggregate density functions f.

ues of k£ expressed as a percentage of the total number of snapshots. For the iterative
FinoO?BFF algorithm, the at-least-k initialization (ITRx) outperforms the other two,
and it successfully locates A for all four density definitions, when A appears in a suf-
ficient number of snapshots. Non-surprisingly, all initializations work equally well for
average aggregation over time (i.e., O?BFF-AM and O?BFF-AA). For the incremental
FinoO?BFF algorithm, density (INCp) slightly outperforms overlap (INCy). Overall, the
incremental algorithms achieve highest /', when compared with the iterative ones.
We conduct a second experiment in which we plant a dense random graph A
with edge probability p4 = 0.5 in all snapshots and a dense random graph B with
the same number of nodes as A and edge probability pp = 0.9 in k snapshots. In
Figure 5.5, we report the average F' measure (and standard deviation) assuming that
B is the correct output for the O?BFF problem for different values of k expressed
as a percentage of the total number of snapshots. Again, by comparing the different
initializations for the iterative FinnO?BFF algorithm, we observe that among the it-
erative algorithms, ITRy successfully locates B for all four density definitions, when
B appears in a sufficient number of snapshots. As in the previous experiment, all
initializations work equally well for average aggregation over time. The incremental
algorithms outperform the iterative ones with INCp being the champion, achieving

high F' values even when B appears in a few snapshots.

Real datasets. We also apply the FinoO?BFF algorithms on all real datasets for var-
ious values of k. In Figures 5.6 and 5.7, we report the value of the aggregate density
for DBLP,, and Oregon, for different values of k, again expressed as a percentage
of the total number of snapshots of the input evolving graph. Results are qualita-

tively similar for the other datasets. Overall, we observed that, in contradistinction
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to the experiments with real datasets, the contiguous initialization (ITRy) of the it-
erative O?BFF-AA algorithm emerges as the best algorithm in many cases, slightly
outperforming INCp. This is indicative of temporal locality of dense subgraphs in these
datasets, i.e., in these datasets dense subgraphs are usually alive in a few contiguous
snapshots. This is especially evident in datasets from collaboration networks such as
the DBLP datasets. We also notice that the incremental algorithms find solutions with
density very close to that of the iterative algorithms. Finally, we also observe that as
k increases the aggregate density of the solutions decrease. This again is explained

by the fact that often dense subgraphs are only “alive” in a few snapshots.

Convergence and running time

In terms of convergence, the iterative algorithms required 2-6 iterations to converge in
all datasets. In Figure 5.8, we report the execution time of O?BFF algorithms for the
O?BFF-MA problem for the DBLP;,, and Oregon, datasets. Results are qualitatively
similar for the other datasets and O?BFF problems. Both the iterative and incremental
INCo algorithms scale well with k. Comparing between the incremental algorithms,
INCo is up to 6x and 3.5x faster than INCp in the synthetic and the Oregon, datasets

respectively due to the quadratic complexity of the latter.

Scalability

We also test the scalability of the algorithms in terms of both the size of the graphs and
the number of snapshots using the synthetic datasets. For testing scalability with size,
we create 10 graph snapshots with N nodes (for N = 20,000 up to 100,000). Then,
in each one of the 10 snapshots we plant at half of the snapshots a dense random
subgraph A with 100 nodes each by inserting extra edges with probability p4 = 0.9.
We consider subgraph A as our ground truth. We report the average execution time
(and variance) of the different algorithms for the O?BFF-MA problem with & = 50%
in Figure 5.9(a), when trying to recover A. For testing scalability with the number
of graph snapshots, we create 1" snapshots of a graph with 50,000 nodes for 7" = 10
up to 50 snapshots, as described previously. We report the average execution time
(and variance) in Figure 5.9(b). In terms of scalability, INCy scales well with both

the number of nodes and snapshots and clearly outperforms INCp.
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Figure 5.8: Execution time of O?BFF algorithms for the O?BFF-MA problem for (a)
the DBLP;, and (b) the Oregon, datasets.

Summary

In conclusion, all algorithms successfully discovered the planted dense subgraphs
that lasted a sufficient percentage (much less than half) of the snapshots with the
incremental ones being more sensitive. The incremental algorithms outperform the
iterative ones in most cases. Among the incremental algorithms, INC, is slightly better
than INCp. However, given the slow running time of INCp, INCy offers an attractive
alternative. Finally, in datasets consisting of dense subgraphs with temporal locality,

ITRc is a good choice for detecting such graphs.
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Figure 5.9: Synthetic dataset (p4 = 0.9): execution time (log scale) of O?BFF-MA

problem for varying number of (a) nodes, and (b) snapshots.
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5.4.3 Case studies

In this section, we report indicative results we obtained using the DBLP;, and the
Twitter datasets. These results identify lasting dense author collaborations and hashtag

CcO-occurrences respectively.

Lasting dense co-authorships in DBLP

In Table 5.7, we report the set of nodes output as solutions to the different BFF
problem variants, on the DBLP,, dataset.

First, observe that three authors “Wei Fan”, “Philip S. Yu”, and “Jiawei Han” are
part of all four solutions. These three authors have co-authored only two papers
together in our dataset, but pairs of them have collaborated very frequently over the
last decade. The solutions for BFF-AM and BFF-AA contain additional collaborators
of these authors. For BFF-AA we obtain a solution of 8 authors. Although, this
group has no paper in which they are all co-authors, subsets of the authors have
collaborated with each other in many snapshots, resulting in high value of f,. The
solutions for BFF-MM and BFF-MA contain the aforementioned three authors and
some of their collaborators, but also some new names. These are authors that have
scarce or no collaborations with the former group. Thus, in this case, the solutions
consist of more than one dense subgroups of authors (grouped in parentheses), that
are densely connected within themselves, but sparsely or not connected with others,

while this is not the case for BFF-AM and BFF-AA.

Lasting dense hashtag appearances in Twitter

In Table 5.8, we report results of the O?’BFF problem on the Twitter dataset. Note that
the results of the BFF problem on this dataset (as shown in Tables 5.2, 5.3, and 5.4)
are very small graphs, since very few hashtags appear together in all 15 days of the
dataset. As seen in Table 5.8, we were able to discover interesting dense subgraphs
of hashtags appearing in £ = 3, 6, and 9 of these days. These hashtags correspond to
actual events (including 1 races, the tpp agreement and wikileaks) that were trending
during that period.

Note also, that for large values of k, we do not get interesting results which is a
fact consistent with the ephemeral nature of Twitter, where hashtags are short-lived.

This is especially true for f,,, and f,, that impose strict density constraints and as a
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Table 5.7: The BFF solutions for DBLP;, (in parenthesis dense author subgroups).

BFF-MM

(Wei Fan, Philip S. Yu, Jiawei Han, Charu C. Aggarwal), (Lu Qin, Jeffrey Xu Yu, Xuemin Lin),
(Guoliang Li, Jianhua Feng), (Craig Macdonald, Tadh Ounis)

BFF-MA

(Wei Fan, Jing Gao, Philip S. Yu, Jiawei Han, Charu C. Aggarwal), (Jeffrey Xu Yu, Xuemin
Lin, Ying Zhang)

BFF-AM

(Wei Fan, Jing Gao, Philip S. Yu, Jiawei Han)

BFF-AA

(Wei Fan, Jing Gao, Philip S. Yu, Jiawei Han, Charu C. Aggarwal, Mohammad M. Masud,
Latifur Khan, Bhavani M. Thuraisingham)

result the solutions consist of disconnected edges.

For each solution, we also report the selected snapshot dates. As expected there
is time-contiguity in the selected dates, but our approach also captures the interest
fluctuation over time. For example, for the wikileaks topic that is captured in the
dense hashtag set {“wikileaks”, “snowden”, “nsa”, “prism”}, the best snapshots are
collections of contiguous intervals, rather than a single contiguous interval.

When comparing the results of the different variants of the O?BFF problem, we
see that the variants that consider average density over time (i.e., O?’BFF-AA and
O?BFF-AM) return much larger solutions than the variants that impose strict density
requirement at each and every snapshot (i.e., O’BFF-MM and O?BFF-MA). For
large k, the returned subgraphs refer to the “wikileaks” topic, while for small £, all
variants, but O?BFF-AM, return subgraphs that refer to the “f1” topic, indicating that
“wikileaks” was loosely trending for a longer period, as opposed to “f1” for which
we get dense subgraphs for smaller periods. O?’BFF-AM poses a requirement on the
average minimum density and returns, for k = 6, a “wikileaks” subgraph consistent
with the longer trending of this topic. For k£ = 3, it finds a large “tpp” subgraph whose
average density may be smaller than the large “f1” subgraph found by O?*BFF-AA

but all of its nodes are sufficiently connected with every other node in this “tpp”
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subgraph.

Table 5.8: The hashtags and the chosen snapshot dates output as solutions to the
O?BFF problem on Tuwitter.

k=3 0’BFF-MM, O?BFF-MA O’BFF-AM O’BFF-AA
kimi, abudhabigp, f1, allowin | ozpol, nz, mexico, malaysia, | abudhabigp, fp1, abudhabi,
signapore, vietnam, chile, | guti, f1, pushpush, skyfi,
peru, tpp, japan, canada hulk, allowin, bottas, kimi,
fp3, fp2
Dates: Oct 31-Nov 2 Oct 27-28, Nov 7 Oct 31-Nov 2
Density: | foum = 3.0, frna = 3.25 Jam = 3.33 faa =415
k = 6 | O’BFF-MM, O?BFF-MA O’BFF-AM O?BFF-AA
abudhabigp, f1, skyf1 wikileaks, snowden, nsa, | abudhabigp, fp1, abudhabi,
prism guti, {1, pushpush, skyf1,
hulk, allowin, bottas, kimi,
fp3, fp2
Dates: Oct 28-Nov 2 Oct 27-28, Nov 3,5,7 Oct 28, Oct 30-Nov 1, Nov 9
Density: | fom = 1.0, fina = 1.33 fam = 2.0 Jaa =2.35
k=9 O?BFF-MM, O?BFF-MA O?’BFF-AM O?BFF-AA
(No lasting graph found) wikileaks, snowden, nsa, | assange, wikileaks, snowden,
prism nsa, prism
Dates: Oct 27-31, Nov 3,5-7 Oct 27-29,31, Nov 3,5-7,10
Density: fam = 1.33 faa = 2.13
k = 12 | O’BFF-MM, O?BFF-MA O’BFF-AM O’BFF-AA
(No lasting graph found) wikileaks, snowden, nsa assange, wikileaks, snowden,
nsa, prism
Dates: Oct 27-Nov 1, Nov 3-7,10 Oct 27-31, Nov 2-7, 10
Density: fam = 1.33 faa = 1.76
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5.5 Related work

To the best of our knowledge, we are the first to systematically study all the variants
of the BFF, and O?BFF problems.

The research most related to ours is the recent work of Jethava and Beeren-
winkel [74] and Rozenshtein et al. [77, 78]. To the best of our understanding, the
authors of [74] introduce one of the four variants of the BFF problem we studied
here, namely, BFF-MA. In their paper, the authors conjecture that the problem is
NP-hard and they propose a heuristic algorithm. Our work performs a rigorous and
systematic study of the general BFF problem for multiple variants of the aggregate
density function. We have also compared experimentally their DCS algorithm for the
BFF-MA problem with our algorithms and shown that DCS is outperformed by the
much faster FINoBFF, algorithm. Additionally, we introduce and study the O?BFF
problem, which is not studied in [74]. The authors of [77] study a problem that can
be considered as a special case of the O?BFF problem. In particular, their goal is to
identify a subset of nodes that are dense in the graph consisting of the union of edges
appearing in the selected snapshots, which is a weak definition of aggregate density.
Furthermore, they focus on finding collections of contiguous intervals, rather than
arbitrary snapshots. They propose an algorithm similar to the iterative algorithm we
consider, which we have shown to be outperformed by the incremental algorithms.

There is a huge literature on extracting “dense” subgraphs from a single graph
snapshot. Most formulations for finding subgraphs that define near-cliques are often
NP-hard and often hard to approximate due to their connection to the maximum-
clique problem [79, 80, 81, 82, 83]. As a result, the problem of finding the subgraph
with the maximum average or minimum degree has become particularly popular, due
to its computational tractability. Specifically, the problem of finding a subgraph with
the maximum average degree can be solved optimally in polynomial time [70, 73, 8],
and there exists a practical greedy algorithm that gives a 2-approximation guarantee in
time linear to the number of edges and nodes of the input graph [70]. The problem of
identifying a subgraph with the maximum minimum degree, can be solved optimally
in polynomial time [72], using again the greedy algorithm proposed by Charikar [70].
In our work, we use the average and minimum degree to quantify the density of
the subgraph in a single graph snapshot, and we extend these definitions to sets of

snapshots. The algorithmic techniques we use for the BFF problem are inspired by
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the techniques proposed by Charikar [70], and by Sozio and Gionis [72]; however,
adapting them to handle multiple snapshots is non-trivial.

Existing work also studies the problem of identifying a dense subgraph on dy-
namic time-evolving graphs [84, 85, 86]; these are graphs where new nodes and
edges may appear over time and existing ones may disappear. The goal in this line
of work is to devise a streaming algorithm that at any point in time it reports the dens-
est subgraph for the current version of the graph. In our work, we are not interested
in the dynamic version of the problem and thus the algorithmic challenges that our
problem raises are orthogonal to those faced by the work on streaming algorithms.

Other related work focuses on detecting heavy, or dense, subgraphs in a special
class of temporal weighted graphs with fixed nodes and edges, where only edge
weights change over time and may take both positive and negative values [87, 88]. A
filter-and-verify approach was proposed in [87], while a more scalable data —driven
approach was recently introduced in [88]. The problem addressed in this work is
different, since the set of edges is fixed, while we consider graphs with changing
edge sets. Furthermore, density in the presence of edges with negative weights has
different semantics.

Discovering evolving communities in graphs has also received a lot of attention
(e.g., see [89] survey). In this paper, we are interested in a more specific problem, that
of identifying the densest subgraph over time, which in some sense can be viewed as
a special type of a tightly-knit evolving community. Various approaches have been
proposed for discovering communities in time-evolving graphs including incremental
tensor analysis (e.g., [90]).

An interesting line of work casts the problem of finding dense subgraphs as a
problem of frequent closed set discovery in ternary relations, or boolean tensors [91,
92, 93]. In this setting an “itemset” is defined in the node space, and the support is
defined over time. The goal is to find itemsets that appear frequently in time. This
can be used to find dense subgraphs over multiple snapshots (similar to the O?BFF
problem), but it requires that the edges of the discovered subgraph appear in all

snapshots, which is not necessarily the case in our setting.
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5.6 Summary

In this chapter, we introduced and systematically studied the problem of identifying
dense subgraphs in a collection of graph snapshots defining an evolving graph. We
showed that for many definitions of aggregate density functions the problem of iden-
tifying a subset of nodes that are densely-connected in all snapshots (i.e., the BFF
problem) can be solved in linear time. We also demonstrated that other versions of
the BFF problem (i.e., BFF-MA and BFF-AM) cannot be solved with the same al-
gorithm. To identify dense subgraphs that occur in £, yet not all, the snapshots of an
evolving graph we also defined the O?BFF problem. For all variants of this problem
we showed that they are NP-hard and we devised an iterative and an incremental
algorithm for solving them. Our extensive experimental evaluation with datasets from

diverse domains demonstrated the effectiveness and the efficiency of our algorithms.
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CHAPTER O

HistoricAL TRAVERSALS IN NATIVE GRAPH

DATABASES

6.1 Storing Evolving Graphs

6.2 Processing Historical Traversal Queries
6.3 Experimental Evaluation

6.4 Related Work

6.5 Summary

N the previous chapters, we described various historical queries that one can

pose to an evolving graph and we presented algorithms that can handle these

queries maintaining the evolving graph along with time indexes in-memory.
Here, given the history of an evolving graph, our focus is on efficiently storing and
querying these snapshots using a native graph database. Native graph databases offer
an attractive means for storing and processing big graph datasets.

To store the sequence of graph snapshots in a graph database, we propose three
models based on associating with each node and edge, its lifespan, i.e, the time
intervals, during which the node and edge is valid. The multi-edge approach (ME)
uses a different edge type for each of the time instances during which the edge was
valid. The single-edge approaches use a single edge annotated with a complex type

for representing the lifespan of the edge. We consider two single-edge approaches,
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one that models the lifespan as an ordered list of time instances (setp), and one that
uses an interval representation (SETI).

We exploit the variants of two types of historical traversals, reachability and short-
est paths which was introduced in Section 2.4.3. Historical reachability queries ask
whether two nodes are connected in some time instance, in all time instances, or
in a sufficient number of time instances. Historical shortest path queries ask for the
shortest path between two nodes posing requirements on the lifespan of such paths.
We present algorithms for processing historical queries for both the multi-edge and
the single-edge approaches.

We have implemented our approach in two graph databases, namely Sparksee
[18] and Neo4j [19] and present experimental results using both real and synthetic
datasets. For very short-lived edges, using multiple edges to represent lifespans, seems
to work well by taking advantage of the built-in traversal methods of the native graph
database. However, for all other cases, using the interval-based approach to represent
lifespans (seT1) proves more efficient both in terms of processing time and storage.
We also present a case study regarding connectivity among authors of different con-
ferences through time.

To summarize, we make the following contributions which are also discussed in
[94, 95]:

e We introduce models for storing an evolving graph in the graph database

¢ We propose algorithms for supporting various types of historical reachability

and shortest path queries (introduced in Section 2.4.3).

¢ Finally, we experimentally evaluate and compare the various models and algo-

rithms using both real and synthetic datasets in two native graph databases.

The rest of this chapter is structured as follows. We introduce three approaches
for storing the graph snapshots in graph databases in Section 6.1 and algorithms for
processing historical traversal queries in Section 6.2. In Section 6.3, we experimentally

evaluate the different approaches. Section 6.5 concludes the chapter.
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6.1 Storing Evolving Graphs

In this section, we present different approaches for representing an evolving graph
in a native graph database. The basic idea is to augment each graph element with its
lifespan. For edges and nodes, lifespans are stored as labels (i.e., property, attribute)
of the corresponding edge and node. Based on the type of labels used, we have two

different approaches.

6.1.1 Multi-edge Representation

The multi-edge approach (mg) utilizes a different edge type between two nodes u and v
for each time instance of the lifespan of the edge (u, v). The multi-edge representation
of the evolving graph Gy, 5 of Figure 2.1 is depicted in Figure 6.1. For instance, to
represent a relationship between nodes u,, uz with lifespan {[1, 1], [3, 4]}, we use three
edges with different labels to connect u; and us. Since all native graph databases
provide efficient traversal of edges having a specific label, the me approach provides
an efficient way of retrieving the graph snapshot G; corresponding to time instance

t. Similarly, multiple labels are associated with each node.

Time Instances

[1] [2] [3] [4] [5]

Figure 6.1: ME representation of the evolving graph of Figure 2.1 (nodes labels are

not shown for clarity).

6.1.2 Single-edge Representation

The single-edge approach uses a single edge between any two nodes appropriately

labeled with the lifespan of the edge. To represent the lifespan of an edge or node,
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we consider two different approaches. In the single-edge with time points approach (seTp),
the lifespan of a node or edge is modeled using a label that is a sorted list of the
time instances in their lifespan. The seTp representation of the evolving graph G, 5
of Figure 2.1 is shown in Figure 6.2(a). For example, the lifespan of edge (u;, u3) is
now represented by a single edge having as label [1, 3, 4]. In the single-edge with time
intervals approach (seti), we use Ls and Le, each one an ordered list of m elements,
where m is the number of time intervals in the lifespan of the edge or node. In
particular, Ls[i], 1 < i < m, denotes the start of the i-th interval in the lifespan, while
Lsli] the end of the interval. An example is shown in Figure 6.2(b). With the single-
edge approaches, retrieving the graph snapshot G, at time instance ¢ requires further

processing of the related labels.

[1,3,4] Ls: [1, 3] | Le: [1, 4]

Ls: [1] | Le: [5] m Ls: [4] | Le: [5]

Ls:[1,3,5] |

13,5 2,3,4,5
[ 1 [ 1 Le: [1, 3, 5]

(a) seTP representation (b) sETI representation

Figure 6.2: Single-edge representations of the evolving graph of Figure 2.1 (nodes

labels are not shown for clarity).

6.1.3 Indexing

For faster retrieval of specific graph snapshots, we build an index within the graph
database by creating a new node type 17" where each node of the given type has a
unique value that corresponds to a specific time instance. A 7" node that denotes a
time instance ¢ is connected with all nodes that existed at time instance t. To retrieve
the nodes that exist in a time interval, we get the neighbors of the 7" nodes that
correspond to this interval. Figure 6.3(a) shows the index of the evolving graph in

Figure 2.1.
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6.1.4 Time-varying labels

Finally, we discuss how to store labels that change over time. Current graph databases
do not support versioning on labels and thus we need to create for each unique label
value [, a new node of type [. We connect all nodes or edges that have value [ at some
time instance with the node representing [ using one of the three edge approaches
presented previously. Doing so, we only store each label once and to retrieve the labels
of a node u in a time interval, we retrieve all the nodes type of [ that are connected to
u by edges that refer to the time instances in the interval. In Figure 6.3(b), we depict

an example of storing the time-varying labels of two nodes u;, us using setp.

[1,3,5] [2,4]

(a) Time Index (b) Time-varying labels

Figure 6.3: (a) Time index of the evolving graph of Figure 2.1 and (b) an example

of time-varying labels.

6.2 Processing Historical Traversal Queries

In this section, we focus on processing historical traversal queries in native graph
databases. For simplicity, we consider a single interval /, but the algorithms easily
extend to sets of time intervals.

A basic functionality provided by all native graph databases is a TRAVERSALBFS
method that implements a BFS traversal of all edges of a specific type (i.e., with a
specific label) starting from a source node. Thus, TRAVERSALBFS is compatible with
our multi-edge representation. At each step, TRAVERSALBF'S returns either the current
traversed node or all the previously traversed nodes in a form of a path. One approach
for retrieving the paths that exist between two nodes u and v during a time interval
I is to invoke TRAVERSALBFS starting from u« once for each time instance ¢ in / and

then combine these results. Another approach is to process paths an edge-at-a-time.
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Starting from u for each time instance ¢ in I we traverse only the edges of type ¢ until
we reach v. Which of the two approaches is more efficient depends on the type of
the traversal query under consideration.

Let us now discuss in more detail how to process the different types of historical
reachability queries that ask for a path from u to v in interval I. A Conj query returns
true, when there is no ¢; in / where v is not reachable from u. A Disj query returns
true, when the first ¢; in / is found in which v is reachable. Finally, for a LEasT query,
we keep a counter c of the time points in I that v is reachable. If the counter reaches
the given r, the query returns a positive answer, otherwise it stops when the sum of
the counter and the remaining time instants is less than r.

Historical time reachability queries return time points or time intervals. For a
FirsT query, we return the first ¢, when v is reachable. For a INTv query, we keep
a counter c for the consecutive times that v is reachable and a max variable of the
current maximum c. For each ¢;, that v is not reachable, c is reset and max is updated
if ¢ > max. The query stops and returns the interval corresponding to the max value,
when ¢ and the remaining time instants are less than max. Finally, for a TotaL query,
we return all time points in I where v is reachable.

For the top-k historical reachability queries, we use the time index to obtain the
top-k (active) nodes uy,,, that is the k£ nodes that exist for the longest period in I. In
particular, for each node u we found in a time instance of / we increase a counter that
denotes the number of instances that u is active. We also use a Min Heap structure
to keep the top-k pairs of nodes that were connected for the longest interval (Toprk_1
query) or for the largest number of time points (tork_t query). The Min Heap stores
each pair as a triple (u,v,value) where value is a counter that keeps the longest
interval or the largest number of times that v and v were connected.

For a Topk_1 query, we start traversing from each top active node u,, for each time
instant in /. Intuitively, top active nodes have more active paths to other nodes. For
each node v reachable from w,,, we increase a counter C'(v), each time v is reachable.
We also keep a maz(v) variable for the maximum C'(v). Each time v is not reachable
from wy.p, C'(v) is reset and max(v) is updated if C'(v) > maz(v). In the end of the
traversal from wy,,, we insert in the Min Heap the triple (uyyp, v, max(v)) if maxz(v)
is larger than the smallest element of the Min Heap. The query stops when the Min
Heap has size k and its minimum element is larger or equal to the lifetime in / of

the remaining top active nodes. Processing of a Topk_T query is similar. The only
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difference is that in the Min Heap, we store the number of time points instead of the
duration of the interval.

For historical path queries that require that the paths exist in at least £ > 1 time
instances, using the TRavErRsALBFS method is in general expensive, since we retrieve
all paths at each time instance, even those paths that appear only in a single time
instance. Thus, TRAVERSALBFS is used only for the earliest shortest path (ESP) queries,
where it returns the shortest path that connects « to v in the first time instance. For
stable (SSP) and at least-k (KSP) shortest path queries, we use the edge-at-a-time
approach. We traverse the edge type that refers to the first time instance in / and
we continue the traversal only if for each edge (w, ) there are all (SSP) or at least k

(KSP) type of edges (w, r) that refer to other time instances in I.

6.2.1 Single-edge Representation

For the single-edge approaches, we cannot use the TRAVERSALBFS, since we need to
post-process the lifespan label of each edge to determine the time instances where
the edges were active. Thus, we implemented our own TRAVERSALBFS algorithm which
traverses edges that are alive in the given interval. We present in Algorithm 6.1, the
algorithm for processing conjunctive reachability queries. Algorithm 6.1 can be used
for processing all other types of historical queries with only small modifications.
Since a node v may be reachable from u through different paths at different graph
snapshots, we maintain an interval set R with the part of £(u,v) & I. covered so far
(line 13), where I, is the intersection of the lifespan of an edge with a given interval.
The traversal ends when R covers the whole query time interval I (lines 14 — 16).
To retrieve I., we use the method Tmme_Join (line 7) and getOtherNode(n) which
given a node n that is attached to an edge, returns the other node (line 11). In skrp,
TiME_JoiN retrieves the lifespan label from the edge and using an intersection algorithm
for sorted lists it returns the intersection of edge lifespan with I. In seti, TIME_JoIN
retrieves the edge lifespan labels L, and L. and for each [¢,€'] € I s.t. 3 s.t max(Lg]],
s") > min(L.[i], €') it returns the overlapping time instances {[s', '] ® [L[i], Le[d]]}
To speed-up traversal, we perform a number of pruning tests. The traversal stops
when we traverse an edge that is not alive in the query interval (lines 7 — 10). Still an
edge may be traversed multiple times, if it participates in multiple paths from source

to target. To reduce the number of such traversals, we provide additional pruning by
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Algorithm 6.1 (setp — set1) Conjunctive-BFS(u, v, I)

Input: nodes u, v, interval

Output: True if v is reachable from u in all time instances in I and false otherwise

1: create a queue /N, create a queue INT
2: enqueue u onto NN, enqueue [ onto INT
3: while N # () do

4:  n < N.dequeue()

5: i< INT.dequeue()

6: for each e € n.getEdges() do

7: I, < TmEe_Join(e, 7)
8: if I. = () then
9: continue
10: end if
11: w < r.getOther Node(n)
12: if w = v then
13: R+ R®I,
14: if R O I then
15: return true
16: end if
17: continue
18: end if
19: if ZNV(w) 2 I, then
20: IN(w) < IN W) @ 1,
21: enqueue w onto N
22: enqueue [, onto INT
23: end if

24:  end for
25: end while

26: return false

recording for each node w, an interval set ZN (w) with the parts of the query interval
for which it has already been traversed. If the query reaches w again looking for
interval I, such that ZN (w) 3 I, the traversal is pruned (lines 19 — 23).

Indexing. The time index can be used similarly in all approaches to prune some
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computations. For example, for the least-k reachability query that asks whether nodes
u and v are reachable in at least k£ time instances, we can first check using the index
whether both nodes were active in at least £ common time instances. If they were not
active, we do not need to traverse the graph. Otherwise, we traverse the graph using

a subinterval of / that contains only the instances when both nodes were active.

6.3 Experimental Evaluation

In this section, we evaluate the storage approaches experimentally for various types
of historical traversal queries using Sparksee [18] and Neo4j [19] graph databases.
Our goal is to show the difference in terms of performances of the various stor-
age representations and not to perform a comparison between the two native graph
databases. We show experimental results for reachability queries using Sparksee in
Section 6.3.1. Section 6.3.2 evaluates the performance for answering historical reach-
ability and path queries including a deeper analysis about size and load time of the

various representations.

6.3.1 Evaluation with Sparksee

In this set of experiments we use Sparksee as our graph database, which supports
fast loading of the graph data and efficient operations that scan all edges in the
graph. Sparksee is based on a compact representation that uses bitmaps and highly
compressible data structures [96]. As our dataset, we used the whole DBLP dataset
[23] for the interval [1958, 2015]. Each graph snapshot corresponds to a year in this

interval.

Table 6.1: Sparksee graph database characteristics.

GDB # Nodes  # Edges # Index Nodes # Index Edges # Edge Types Size (MB)
serr 1,013,762 3,849,319 58 2,542,405 2 538
ve 1,013,762 5,186,596 58 2,542,405 59 660

We ran all queries on a system with a quad-core Intel Core i7-4770 3.4 GHz

processor and 32 GB memory. We only use one core for all experiments.
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Storage

We created two different graph database instances (GDBs). The first graph database
instance stores our dataset following the single-edge approach, whereas the second
follows the multi-edge approach.

Table 6.1 shows the characteristics of each graph database instance. Single-edge
differs from multi-edge in the number of edge types, since the second one uses a
different edge type for each time point, which leads to a larger size. The index nodes
size states the number of time points which in our case is 58 years. The edge types
for single-edge are two, one type represents the PUBLISH edge and the other one
the index edge. Multi-edge has 59 types, one type for the index edge and 58 types
for each year in [1958, 2015].

Historical Query Processing

To evaluate the performance of both true and false queries, we generated for each
query type 250 true and 250 false queries.

For Conj, Disj, Least, First, Tork_1, and Topk_t1, the query interval is I =
[2005,2014], for Stas, the time point is a random year within /, for INTv, ToPk_1
the interval is I = [1958,2015]. For Least, r was randomly chosen from [2, 9], while
in Topk_1, and Topk_T, k is equal to 10.

Table 6.2 reports the average time of true and false queries, on both graph in-
stances. Also, we report the query time when the time index is used, as well the
average execution time of Topk_1, and ToPk_T on the multi-edge GDB instance.

Queries that ask for events that have the longest duration, either continuously or
in total require the most time to be processed, (since we need to check long time
intervals) followed by queries that seek for the largest number of time points that
something holds or the longest continuous interval that something holds.

Comparing the GDB instances, we notice that queries are faster when using mul-
tiple types of edges to represent the time points. This can be explained by the fact
that using a single edge type requires the processing of the edge to find if a time
point is contained in the lifespan label.

A general remark is that false conjunctive queries are faster than true conjunctive
queries, since processing stops as soon as a time point is found at which the two

nodes are not reachable. Analogously, true disjunctive queries are faster than false
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Table 6.2: Queries average time (ms).

GDB SETP ME
With Index Without Index With Index || Without Index
true false true false true | false true false
StaB 1.23 1,162 3.23 4,955 0.43 8 0.18 45
Cony 5,790 0.24 9,481 6,464 433 | 0.25 424 21
Da1sy 269 633,413 268 543,881 || 9.52 | 227 9.32 492

LEAsT 54,038 13,777 55,454 | 285,467 || 113 18 114 397

FirsT 68,764 42,476 251,728 | 375,220 | 65 61 178 457

INTV 763,283 | 434,196 || 763,828 | 440,672 | 827 72 1,619 | 570

ToraL | 1,352,035 | 542,213 || 1,364,020 | 632,630 || 966 | 65.56 || 1,691 | 500

Tork_1 13,020 (Mg with Index)

TOPK_T 12,650 (Me with index)

disjunctive queries, since processing stops as soon as a time point is found at which
the two nodes are reachable. Also an observation that holds independently of the
graph GDB used to evaluate queries is that the time index boosts query processing.
We gain more speed in false queries than true ones, since we can prune traversals
from nodes that are not active in a given time point or in the whole interval. For
example, if we seek to find the longest interval during which A and B were connected
and there is not any time point that both authors were active, then a false answer is
returned without executing any traversal.

Table 6.3 shows the top 10 authors pairs returned from Tork_i1, and Tork_1. Both
queries return the same pairs because the authors of each pair were reachable in
the whole interval (10 years). Thus, the authors that were connected for the longest
interval are the same with the authors that are connected the most time in the past.
We clarify that the top-k processing steps that were followed in Topk_1, and ToPk_T
stop when they find the first £ pairs that meet the requirement. Hence, ties, i.e., pairs

that have the same property may not be reported.

Comparison with the Time-Varying Approach

Finally, we implemented the data model introduced in [97] and tested its performance

for the StaB query. The approach in [97] introduces a specific node to model the
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Table 6.3: Top 10 pairs of authors from Topk_1 and Tork_t on ME and [ = [2005, 2014].

Pairs

[N

Ravishankar K. Iyer — Zbigniew Kalbarczyk
Wesley De Neve — Rik Van de Walle
M. Brian Blake — Walter Binder

Juan A. Rodriguez Aguilar — Axel Polleres
S. V. N. Vishwanathan — Zbigniew Kalbarczyk

Hans-Peter Kriegel — Fabio Gadducci

Kenneth R. Koedinger — Jie Xu
Bernhard Steffen — Frank Seide

© [0 | 3| O ||+ | W N

Stefania Gnesi — Maurice H. ter Beek

—_
(=

Mariangiola Dezani-Ciancaglini — Luca Padovani

interaction between two nodes at a specific time point. They also use a hierarchical
index to support different time granularities, which is an issue that we do not address
here, thus, we do not implement such an index.

We created a new type of node PAPER which denotes the interaction of publishing
a paper and an AUTHOR node type for the authors. We connect with each PAPER its
authors using an edge type PUBLISH. For the time index, we connect each AUTHOR
and PAPER node to the time index nodes to which they belong. For example, if
authors A and B wrote a paper P together in ¢ then from the time index node that
corresponds to t, we create edges that connect the time index node with the A, B
and P nodes. To find if two authors A and B are reachable, we have to obtain the
authors from each PAPER node that A is connected and from them to obtain their
co-authors. We repeat this process until we find B. This process is costly for finding
PAPER nodes that were active at a specific time point, since we check the time index
for each PAPER node to see if it was active in that time.

Running a StaB query using this approach requires 67.8 seconds for true queries
and 58.5 seconds for false queries (shown in Figure 6.4), while our best approach
requires only 0.43 and 8 milliseconds for answering true and false queries respec-
tively. This can be explained by the fact that their model has not been designed for
answering historical reachability queries but for querying the presence of objects in

a number of given time points.
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Figure 6.4: Stas time (log scale) on different approaches.

6.3.2 Evaluation with Neo4;j

In this set of experiments, we implement all algorithms using the Neo4j Java APIL.

We use two real and one synthetic dataset. In particular, we use DBLP [23] in
time interval [1959, 2016]. We also use a FB [31] dataset which consists of 871 daily
snapshots where at each snapshot a node represents a user and an edge represents a
relation between two users. The synthetic dataset was generated using a preferential
attachment graph generator [60], where a new snapshot is created after 10,000 nodes.
The dataset characteristics are summarized in Table 6.4. The FB dataset and the
default synthetic dataset are insert-only, i.e., contain no node/edge deletions.

We ran our experiments on a system with a quad-core Intel Core i7-3820 3.6 GHz

processor, with 64GB memory. We only used one core in all experiments.

Table 6.4: Dataset characteristics.

Dataset # Nodes # Edges # Snapshots

DBLP 1,167,854 5,364,298 58
FB 61,967 905,565 871
Synthetic 1,000,000 1,999,325 100

Size and Load Time

We stored all datasets in three different database instances (GDBs) using the three

different representations, namely, ME, seTP, and seTI introduced in Section 6.1. Also,
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Table 6.5: Graph database size and creation time.

Dataset GDB Size (MB) Index Size (MB) Time (sec)

ME 353 39
DBLP SETP 528.84 131.37 22
SETI 546.55 23
ME 6,000 631
FB SETP 400 830 65
SETI 31.98 33
ME 4500 1,620
Synthetic  seTp 513 1,700 145
SETI 253 86
ME SETP SETI ME SETP SETI
5000 4500
4000 . 3600
g 3000 g 2700
g 2000 & 1800
7 1000 900
0 0
200000 400000 600000 800000 1000000 10 20 30 40 50
# of nodes % of deletions
(a) (b)

Figure 6.5: Size (a) for varying number of nodes and (b) percentage of deletions.

in each GDB we stored a time index on the lifespan of the nodes. Table 6.5 shows
the size and construction time of each graph database instance. Multi-edge approach
uses a different edge type for each time instance, which leads to larger sizes. This
difference in size is more evident in the FB dataset, since most edges in the DBLP
dataset have short lifespans, because many co-authorships appear only once or span
very few years. To load the datasets into the graph databases we used the CSV
importing system of Neo4j. Again, ME requires more time to be loaded since it has to
create more edges than the other models.

In Figure 6.5(a), we report graph database sizes for varying number of nodes (and
thus snapshot) using the synthetic dataset. As shown, the single-edge approaches
are much smaller than the multi-edge in all cases, as expected. We also vary the
percentage of edge deletes. For each edge, we randomly remove 10% to 50% of the

time instances in its lifespan. Figure 6.5(b) presents the results. We observe that
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the size of ME decreases; since removing a time instance leads to less edges types.
The number of removals in the lifespan (stored as lists) in setp leads to slower
size reduction. SETI size is increasing since removing time instances leads to more
subintervals and thus to larger L, and L. lifespan structures. Overall, that single-
edges are the best choice in terms of size efficiency for storing large graphs. Among
them, seTI is more space-efficient, especially, when there are few subintervals in the

lifespan.

Query Processing

We now focus on query processing. We report the average execution time of 200
historical traversal queries where the source and target nodes are chosen uniformly at
random with the restriction that both nodes are present in the graph at the beginning
and the end of the query interval. For the FB and the synthetic dataset, the query
interval is chosen randomly. However, in DBLP dataset which is more active in the last
two decades, we use / = [2011,2016] as default query interval. For larger intervals we
increase it by using earlier years for starting time instances. For the at least-k queries

we set k to be equal to |I|/2.

Reachability Queries

In Figures 6.6 and 6.7, we depict the average query times for DBLP and FB. A
general remark that holds independently of the graph representation model and the
dataset is that disjunctive queries are faster than conjunctive queries, since they stop
once an instance where the nodes are reachable is found. Conjunctive queries are in
turn faster than at least-k queries, since they stop once an instance where the nodes
are not reachable is found.

The main difference between the two datasets is that in DBLP edges represent
co-authorships, consequently, in general, their lifespans include very few years, in
most cases, just 1 or 2. In FB, lifespans are larger, and since we have no deletions,
include just one interval. The ME approach is very fast for short-lived edges and is a
clear winner for reachability queries in DBLP. For FB which contains a large number
of multiple edge types, the response time of ME increases linearly with the size of the
query interval. An exception is disjunctive reachability queries, where traversal stops

once an instance where a path exists is found and thus ME remains competitive.
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Among the single edge approaches, seTp outperforms seT1 only when the lifespan
includes very few time instances (as in DBLP). In this case, the time join between
the lifespan and any interval is fast. Furthermore, in this case, seT1 includes many
small intervals. When lifespans become larger and more continuous (as in FB), seti
outperforms seTp.

To study further the effect of lifespans on query performance, we experimented
using the synthetic dataset with different percentage of deletions and with a query
interval of length 10 in Figure 6.8. We observe that ME and seTI are competitive in
conjunctive and disjunctive queries whereas in at least-k queries sgtI is the winner.
ME takes advantage of the use of the native TRAVERsALBFS method. set1 performs well
in all type of queries and it is starting to slow down when the percentage of deletions

is getting higher and the number of intervals in the lifespan gets large.
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Figure 6.6: Query time for historical reachability queries in DBLP.
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Figure 6.7: Query time for historical reachability queries in FB.

Path Queries

We also evaluated the performance of historical shortest path queries. ESP queries
perform similar to disjunctive reachability queries, since we seek for the shortest path

in the first instance when the two nodes are connected. However, in case of SSP
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Figure 6.8: Query time for historical reachability queries in the synthetic dataset.
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Figure 6.9: Query time for historical shortest path queries in FB.

and KSP we need to locate the shortest among paths that exist in all or in at least-
k instances. We experimented with a large number of random pair of nodes and
observed that in DBLP no paths that connect these pairs exist in more than 6 time
instances. Furthermore, in most cases, these paths existed in just a single instance. In
Figure 6.9, we report the average time for shortest path queries in FFB. The processing
in ME is costly since for each traversed edge that connects u to v the traversal algorithm
has to check if there are also other type of edges that refer to all (or k) time instances
that v is connected to v. Thus, we set a limit of 120 secs for each path query type.
KSP queries in ME exceed the time limit for computing a solution. In general, seT1 is
the fastest one and setp comes second in SSP and KSP queries, since they traverse a
small number of edges compared to multi-edge and the edge lifespan verification in
the given interval is performed fast.

Time Index. Finally, we ran the same historical traversal queries in DBLP and FB
datasets without using the time index and we observed that in general the time index
improves query performance. We depict the change in performance for conjunctive
queries in Figure 6.10(a)(b). Similar observations can be found for the other two type
of queries. In particular, in DBLP dataset we observe high performance as long as
the query interval is increasing since there are not many connected pairs in all time

instances and thus indexing returns the negative answers very fast. However, in FB
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dataset where there are nodes that are connected in whole interval even for larger
ones, we notice that indexing is more helpful in ME and seTp since we do not pay the
cost for traversing the graph for pairs that are not connected. seT1 performance in
FB does not increase very much since traversal algorithms run very fast by pruning
edges that are not active in the interval. The same trend is observed in historical path

queries and thus results are omitted.
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Figure 6.10: (a)(b) Time index performance boost for conjunctive queries and (c)(d)

percentage of connected pair of nodes in various conferences.

Case Study

In this study, we use historical queries to study connectivity between authors at
difference conferences in DBLP. We selected 4 database (ADBIS, SIGMOD, VLDB,
ICDE) and 2 theory (SODA, STOC) conferences. For each conference, we randomly
selected 500 pair of nodes representing authors that have at least one publication
in the conference and examined whether they are reachable in at least £ years in
the interval [1959, 2016]. We depict the results in Figure 6.10(c) where we observe
that theory conferences have the most reachable pairs of nodes which indicates that
they consist of more well-connected communities compared to database conferences.

As expected, the percentage of nodes that are reachable decreases as k increases. We
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also conducted a second study to show connectivity between ADBIS authors and
authors in the other 5 conferences. As show in Figure 6.10(d), somehow surprisingly
ADBIS authors are more connected with authors in the theory conferences than with
authors in the database conferences. Not surprisingly, connectivity between authors of

the same conference is larger than connectivity among ADBIS and other conferences.

6.4 Related Work

There has been recent interest on analytical processing and mining of evolving graphs,
including among others developing models [98], discovering communities [99], and
computing measures such as PageRank [100]. There has been also research on build-
ing graph engines tailored to supporting analytical processing in dynamic graphs
[101, 102]. However, our focus here is on query processing.

There has been some work on historical query processing. The common assump-
tion is that the graph is either kept in main memory or is stored in disk, but not in
a native graph database. Most research assumes as a first step the reconstruction of
the relevant snapshots. Then, queries are processed through an online traversal on
each of the snapshots. Various optimizations for reducing the storage and snapshot
reconstruction overheads have been proposed. Optimizations include the reduction
of the number of snapshots that need to be reconstructed by minimizing the num-
ber of deltas applied [1], using a hierarchical index of deltas and a memory pool
[25], avoiding the reconstruction of all snapshots [3], and improving performance
by parallel query execution and proper snapshot placement and distribution [4].
Other research considers in-memory processing of specific types of historical queries
[11, 12, 57, 97, 28].

Very few works [97, 95, 103, 104] are built on top of a native graph database. In
particular [97] proposes an approach for storing time-varying networks in the Neo4j
graph database using a hierarchical time index to support snapshots with different
granularity (e.g., months and days). They do not discuss historical traversal queries,
but, instead consider retrieving specific snapshots.

In [104] the authors focus on graph data with structural changes, and present
time logs that capture when an event has occurred (i.e add/remove of edge/node) in

the history of the graph. Although, their indexes are used to retrieve fast a state of
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the graph in a given period they are not designed for supporting historical traversal
queries. A short discussion of the storage models ME and setp is made in position
paper [95]. Finally, the work in [103] targets specific types of graphs with static
structure but frequent changes in node and edges properties. Our focus here is on

structural updates and reachability and path queries.

6.5 Summary

In this chapter, we studied the problem of storing and querying the history of an
evolving graph in a native graph database. We have proposed different approaches
for storing such graphs based on associating with each node and edge a lifespan,
i.e, a set of time intervals indicating when they were valid. We have also proposed
algorithms for processing various types of traversal queries using the proposed stor-
age models. For very short-lived edges, using multiple edges to represent lifespans,
one for each time instance, seems to work well by taking advantage of the built-in
traversal methods of the native graph databases. However, for all other cases, using an
interval-based approach to represent lifespans proves more efficient both processing

and storage wise.
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CHAPTER 7

ReELATED WoORK oON Evorving GRAPHS

71 An Overview of Evolving Graph Systems

7.2 Approaches for Specific Evolving Queries

osT systems are designed to analyze static graphs [105, 106, 107, 108].

However, real world graphs often evolve over time, as new nodes and

edges continually added or deleted, and their associated labels are be-
ing frequently updated. Consider for example, graphs generated by collaborating or
social networking sites, telecommunication service provides, biological networks, and
computer networks. The historical traces of these graphs, often called time evolving
graphs or historical graphs. Analyzing these evolving graphs is crucial for a large
spectrum of applications, since we can gain insights relevant to real-time decision
making.

We present related work along two axes, the storage and processing of evolving
graphs. Table 7.1 summarizes studies on these two axes. Processing tasks on evolving
graphs include network evolution, historical queries, and many others. Although, the
processing typically only includes the latest snapshot or the snapshots from a recent
window, nowadays there is also a need to do realtime processing on the streaming
data as it is being generated. These topics started to be the focus in the recent years
and thus we present an overview of the relative work in this chapter. In addition we

The rest of this chapter is structured as follows. In Section 7.1, we review existing
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evolving graph systems In Section 7.2, we review various indexing approaches for

supporting historical queries.

7.1 An Overview of Evolving Graph Systems

We assume that the evolution of a graph consists of additions or deletions of a node or
edge, or an update of a label attribute associated with a node or an edge [25, 101, 109,
110]. The contiguous evolution of graphs raises new significant challenges to graph
processing, since the majority of graph algorithms assume static graph structures.
Thus, new algorithms should be designed which consider the dynamic aspects of
the graph and support general purpose computations in evolving graphs. In order
to process evolving graphs, the majority of evolving graph systems separate graph
updates from graph processing. In particular, all graph processing is performed on
a collection of static graph views corresponding to the state of the evolving graph at
different time instances. For clarity, most of systems discretize the time so that there is
a set of natural numbers i.e, ¢ € N which constitutes the time domain. Assuming that
G, is the static graph view of an evolving graph G at time ¢, an analytic function is
applied to the evolving graph G at time ¢ is actually applied to G; with the result F/(G;).
Now, for any result that refers to a time ¢’ > ¢, ['(Gy) is updated either by computing
it on Gy from scratch [25, 102, 109] or by incrementally updating the result from
F(Gy) [101, 110]. Various analytic operations can be performed on evolving graphs,
such as the evolution static graph properties (i.e., centrality measures, density), or
mining patterns that are formed during the graph evolution, or aggregating graph
statistics over time. In general, all these operations require to access past states of
the graphs and thus we need techniques for storing the evolving information in a
compact manner, while allowing the retrieval of graph states of any time point in the
past or the evolution of a specific node or neighborhood. Furthermore, the data must
be stored and queried in a distributed manner to handle the increasing scale of data.

The various systems for processing graphs can be divided in two categories, the
graph systems and graph database management systems [111]. In what follows, we
present studies on storing and processing evolving graphs using graph systems and

graph databases.
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Table 7.1: Summary of studies on storage and processing of evolving graphs.

Graph Systems Graph Databases Graph Indexing for Query Processing

C. Sommer [6] — Shortest path

H. V. Jagadish [34] — Reachability
H. Wang et al. [37] — Reachability

Graphchi [105] E. Cohen et al. [39] — Reachability, distance
Sparksee [18]

Graphlab [106] J. Cheng et al. [41] — Reachability
Neo4j [19]

Pregel [107] H. Tong et al. [7] — Pattern
System G [117]

. PowerGraph [112] S. Khuller and B. Saha [8] — Pattern
Static Blazegraph [118]

GraphX [113] GADDI [51] — Pattern
TinkerPop [119]

Arabesque [114] SPath [52] — Pattern
Titan [120]

Trinity Graph Engine [115] Z. Sun et al. [53] — Pattern
Digree [121]

Grace [116] Grapes [59] — Pattern

SUMMA [66] — Pattern
M. Charikar [70] — Density

Cocktail [72] — Community search

G. Koloniari et al. [1] — Graph structure
FVF [3] — Shortest path

W. Huo and V.J. Tsotras [11] — Shortest path
T. Akiba et al. [12] — Shortest path

Y. Yano et al. [15] — Reachability

g* [4, 124] Grail [44] — Reachability

Time-varying [97] | Dagger [47] — Reachability

GraphPool [2]
DeltaGraph [25]
Kineograph [101]
Evolving | Immortalgraph [102]
LLAMA [109]

J. Gao et al. [122]
Portal [123]

Tgraph [103] P. Rozenshtein et al. [77, 78] — Community detection
Backlogs [104] D. Greene et al. [125] — Community detection

C. Wang and L. Chen [27] — Pattern

S. Choudhury et al. [55] — Pattern

Y. Yang et al [126] — Pattern

Jethava and Beerenwinkel [74] — Density

A. Epasto et al. [84] — Density

7.1.1 Graph Systems

In this section, we focus on distributed graph processing systems such as Pregel [107]
and its derivatives. Pregel has first introduced vertex-centric processing model which
is used by a variety of graph systems [101, 102, 106, 110]. The different programming
models are based on a general architecture of a distributed graph processing frame-
work where a master node is used for coordination and a set of worker nodes for

the actual distributed processing. The input graph is partitioned among all worker
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nodes, typically using hash or range-based partitioning on graph nodes labels.

In the vertex-centric model, a worker node stores for each of its vertices the ver-
tex value, all outgoing edges including their values and vertex identifiers (ids) of all
incoming edges. To write a program in a Pregel-like model, a function called ver-
tex compute has to be implemented. This function consists of three steps: read all
incoming messages, update the internal vertex state (i.e. its value) and send informa-
tion (messages) to its neighbors. Note that each vertex only has a local view of itself
and its immediate neighbors and any other information about the graph necessary
for computation has to be sent along the edges. Vertex functions are executed in
synchronized supersteps. In each superstep each worker node executes the compute
function for all of its active vertices, marks them inactive if the voteToHalt() function
is called and gathers their output messages. When all workers have finished, the
gathered messages are delivered synchronously. Vertices that receive messages are
then marked active. This is repeated until there is no active vertex at the end of a
superstep. Note that the synchronization barrier between supersteps ensures that each
vertex will only receive messages produced in the previous superstep. This execution
model is called the bulk synchronous parallel (BSP) model [127].

BSP execution model has further extended to Gather-Apply-Scatter (GAS) [112]
model. In GAS model instead of a single vertex compute function, the user has
to provide a gather, apply and scatter function. The gather function has the same
functionality as the combiner: it aggregates messages addressing the same vertex on
the sending worker nodes. The apply function has the incoming messages as input
and updates the vertex state. The scatter function has the vertex state as input and
produces the outgoing messages. Similar to the gather function, the scatter function
can be executed on the worker nodes. Instead of sending multiple messages from one
vertex to vertices on the same worker node, only the vertex value is send and the
messages are then created locally. The GAS model is especially effective on graphs
with highly skewed degree distributions. It not only reduces the amount of network
traffic, but also helps balancing the workload between worker nodes by spreading out
the computation.

The vertex-centric model is also imployed by various systems such as GraphLab
[106]. However, different from the BSP model in Pregel, GraphLab allows asyn-
chronous iterative computation. As another point of distinction, Pregel supports mu-

tation of the graph structure during the computation, whereas GraphLab requires the
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graph structure to be static. Another system, called Trinity Graph Engine [115] sup-
ports efficient online query processing and offline analytics on large graphs with just
a few commodity machines. For online processing, it keeps the graph topology in a
distributed in-memory key/value store. For offline processing, it employs the similar
vertex-based BSP model as in Pregel. Finally, Grace [116] is a single-machine parallel
graph processing platform. It employs the similar vertex-centric programming model
as in Pregel, but allows customization of vertex scheduling and message selection to
support asynchronous computation.

In the following, we present various systems that use the vertex-centric model to

process evolving graph data.

Processing of Evolving Graphs

ImmortalGraph (former Chronos) system [102] targets time-range graph analytics,
requiring computation on the sequence of static graph snapshots of an evolving graph
within a time range. Since the straightforward approach of applying computation
on each snapshot separately is too expensive, ImmortalGraph offers efficiency by
exploiting two kinds of locality of evolving graphs, namely time and structure locality.
Time locality stores all states of a node or edge in consecutive snapshots together,
whereas the structure lays out all states of neighboring nodes in the same snapshots
close to each other. However, structure locality is very hard to achieve due to complex
structure of a graph, and thus ImmortalGraph favors time locality for graph layout.
To leverage the time-locality graph layout, ImmortalGraph employs the locality-aware
batch scheduling (LABS) of graph computation. More specifically, LABS batches the
processing of a node across all the snapshots, as well as the information propagation
to a neighboring node for all the snapshots. As it is shown,with a simple partition-by-
vertex strategy, LABS significantly improves the performance of graph computation

in a multi-core parallel setting.

Another system called DeltaGraph [25] allows retrieval of different temporal graph
primitives including neighborhood versions, node histories, and graph snapshots, and
that features an evolving graph analysis framework built on top of Apache Spark. In
DeltaGraph the evolving graph is organized in a hierarchical data structure, whose
lowest level corresponds to the snapshots of the network over time, and whose interior

nodes correspond to graphs constructed by combining the lower level snapshots in
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some fashion. In particular, the interior nodes contain statistics, deltas and events
(nodes and edges insertions or deletions), but not the actual data. Neither the lowest-
level graph snapshots nor the graphs corresponding to the interior nodes are actually
stored explicitly. Instead, for each edge, a delta, i.e., the difference between the two
graphs corresponding to its endpoints, is computed, and these deltas are explicitly
stored. In addition, the graph corresponding to the root is explicitly stored. Given
those, any specific snapshot can be constructed by traversing any path from the
root to the node corresponding to the snapshot in the index, and by appropriately
combining the information present in the deltas. This index structure especially shines
with multi-snapshot retrieval queries which are expected to be common in temporal
analysis, as it can share the computation and retrieval of deltas across the multiple
snapshots. DeltaGraph also allows additional indexes creation in order to support
specific queries such as subgraph pattern matching and reachability over the evolving

graph data.

One more evolving graph system is the Kineograph [101] which is designed to
continuously deliver analytics results on static snapshots of an evolving graph peri-
odically. The system consists of two layers: a storage layer that continuously applies
updates to an evolving graph and a computation layer that performs graph com-
putation on a graph snapshot. In the storage layer, an evolving graph is stored in
a distributed key/value store among a set of graph nodes using an epoch commit
protocol for snapshot retrieval. Once a snapshot is generated, it is passed to the com-
putation layer for processing. Kineograph uses the GAS computation model which

supports both push and pull models for inter-vertex communication.

Another distributed system is the TIDE [110], and it is specially designed for
analyzing evolving interaction graphs in which new interactions, represented by edges,
are continually added. One of the key features that sets TIDE apart from the other
evolving or streaming graph systems is a novel and unique way of generating a
static view of an evolving graph, which is called the probabilistic edge decay (PED)
model. All other evolving or streaming graph systems use the snapshot model to
generate a static view of a dynamic graph. A key drawback of the snapshot model is
the contiguous increase of size of the snapshots, especially for insertion-heavy graph
updates. Graph analysis is usually much more complex than maintenance of simple

aggregates over a stream of data, and the memory usage of virtually all available
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graph algorithms increases with increasing graph size. As a result, computation and
memory resources quickly run out as new nodes or edges are added to the evolving
graph. Another drawback of the snapshot model is the recency problem: as time
progresses, the proportion of stale data in the snapshot becomes ever larger and

analysis results increasingly reflect out-of-date characteristics of the evolving graph.

One simple approach to reducing the size of the snapshots and enforcing recency
requirements is to use a sliding-window model, where only recent graph updates
that happen within a small fixed-size time window are considered in the analysis.
This simplistic cut-off approach completely forgets historical interactions and thus
loses the continuity of the analytic results with time. Historical interactions may be
less relevant to today’s decision making, but do not completely lack value, especially
in the aggregate. To address the drawbacks of both the snapshot and the sliding-
window models, TIDE proposes a probabilistic-edge-decay (PED) model, which takes
one or more samples of the snapshot at a given time. The probability that a given
edge of the snapshot graph is included in a sample decays over time according to a
user specified decay function. The PED model allows a controlled trade-off between
recency and continuity. When applying analytics algorithms, TIDE takes advantage
of the similarities among sample graphs, and employs a bulk execution model on

multiple sample graphs to improve efficiency.

In a recent work, Gao et al. [122] propose a vertex-centric approach for continuous
pattern matching for dynamic graphs using Apache Giraph. Their approach focuses
on decomposing the query graph into a DAG and then using the DAG to define
message transition rules for each of the nodes in the Giraph framework. The DAGs
could be seen as exploration plans, to be traversed by Giraph [128], one edge at a
time. While their approach is a nice fit for Giraph’s programming model, such a
framework might not be usable when there exist strict latency requirements. Their
approach is more suitable for tree patterns, and may require a very large number of

steps to detect structures like cliques and bicliques.

Moffitt and Stoyanovich [123] introduce a distributed processing framework for
evolving graphs. They present a declarative query language Portal for querying eolv-
ing graphs, which is based on temporal relational aglebra and is implemented on
GraphX [113].

Apart of distributed evolving systems, there also exist some single-machine sys-
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tems that support graph analytics on evolving graphs. A system like this is LLAMA
[109] for storing and analyzing evolving graphs. LLAMA is a single machine system
that stores and incrementally updates an evolving graph in multi-version represen-
tation, and it supports both in-memory and out-of-core graph analysis on graph
snapshots. In addition, LLAMA provides a general-purpose programming model,
though node-centric or edge-centric computations can be implemented on top of it.
An evolving graph in LLAMA is modeled as a time series of graph snapshots, where
each batch of incremental updates produces a new graph snapshot. Specifically, a
graph is represented by a single node table, and multiple edge tables, one per snap-
shot. The node table is organized as a large multi-versioned array (LAMA) that uses
a software copy-on-write technique for snapshotting, and the record of each node u
in the node table maintains the necessary information to track u’s adjacency list from

the edge tables across snapshots.

7.1.2 Graph Databases

Graph database systems are based on a graph data model representing data by graph
structures and providing graph-based operators such as traversals and pattern match-
ing [129]. Most graph databases focus on online transaction processing (OLTP) work-
load including operations such as create, read, update, delete for nodes and edges as
well as transaction and query processing. Some of the considered graph databases
already provide built-in support for graph analytics, i.e., the execution of graph al-
gorithms that may involve processing the whole graph, for example to calculate the
pagerank of nodes [107] or to detect frequent substructures [114]. Thus, these systems
try to include the typical functionality of graph processing systems by different strate-
gies, for example, IBM System G [117] provides built-in algorithms for graph analytics
i.e., pagerank, connected components and k-neighborhood. Blazegraph [118] is the
only system that supports custom graph processing algorithms within the database.
Additionally, the TinkerPop [119] includes the virtual integration of graph process-
ing systems in graph databases, i.e., from the user perspective graph processing is
part of the database system but data is actually moved to an external system. In
terms of storage, the majority of the considered graph databases is using a so-called
native storage approach, which enables efficient graph operations such as traversals.

However, some systems such as IBM System G and Titan [120] are offering multiple

142



storage options. Furthermore, a system prototype that enables distributed execution
of graph pattern matching queries in a cloud of interconnected graph databases is
introduced in [121].

Nowadays, a small increase of database systems that model evolving graphs has
been observed [97, 104]. In particular, the authors in [97] propose a general approach
for storing an evolving graph in a native graph database, specifically Neo4j [19],
and experimentally tests a number of general graph queries that include past time
instances. A new node type within the graph database is introduced to model the
interaction between two nodes. In addition, they build a hierarchical index to support
different time granularities (i.e., days, months, years) and provides fast lookups of
the presence of objects in a number of given time points. For example, nodes that are
active at a given time point ¢ are pointed by the specific type node that corresponds
to t.

In [104] the authors focus on graph data with structural changes, and present
time logs within Titan [120] database to capture when an event has occurred (i.e.,
add/remove of edge/node) in the evolution of the graph. Although, their indexes are
used to retrieve fast a state of the graph in a given period they are not designed for

supporting historical traversal queries.

Regarding graph database systems, the G* [124] is a distributed graph system that
manages graphs that correspond to periodic snapshots, with the focus on efficient data
layout. It takes advantage of the similarity between successive snapshots by storing
shared vertices only once and maintaining per-graph indexes. Each server of G* is
assigned a set of nodes along with all the outgoing edges of each vertex in the set.
This achieves significant data locality since obtaining all of a node’s edges can be

accomplished without the need to contact any of the other servers.

7.2 Approaches for Specific Evolving Queries

The work presented so far mostly focuses on efficiently storing, maintaining and
retrieving the snapshots of an evolving graph in various distributed and database
graph systems. There have been methods proposed in literature that instead aiming
at index the evolving graph sequence in a manner that permits the effective evaluation

of specific queries and perform stream graph analytics.
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In particular, indexes for supporting shortest paths in evolving graphs have been
studied in [3, 11, 12]. The authors in [3] describe a method that consists of two phases,
a preprocessing phase and a query-processing phase. In the preprocessing phase the
initial snapshots of the sequence are grouped into smaller clusters of similar snap-
shots. This is performed by defining a graph similarity measure and by incrementally
adding snapshots in a cluster (starting from the first snapshot in the sequence) until
a graph similarity threshold has been surpassed. At that point, a new empty cluster is
created and the above procedure is repeated until all the snapshots have been exam-
ined. For each cluster, two representative graphs G, and G, are extracted which are
the largest common subgraph and the smallest common supergraph of all snapshots
in the cluster respectively. In the query-processing phase the authors use the clusters
and their representative graphs to answer shortest path queries. At first they evaluate
the solution to a query for the representative graphs of the cluster ("FIND” step) on
the basis that the solution will readily apply to a number of the snapshots in the
cluster. In the "VERIFY” step, the evaluated solution is tested with each snapshot in
the cluster in conjunction with a set of intuitive lemmas. For each snapshot that the
evaluated solution does not apply, the framework attempts to "FIX” the solution so

that it also applies to the aforementioned snapshot.

The approach in [12] which considers only insertions, describes dynamic indexing
schemes to support shortest path queries on either the current snapshot or in any
previous snapshot in the evolving graph sequence. Their indexing scheme is based on
2-hop cover and for each node v a label L(v) is maintained, with the only difference
that each entry of the label stores a triplet (u,t,d,,), where u is a destination node,
t describes the time point, and J,, the distance between u and v. Triplets with the
same destination node are sorted in ascending order of distance. In order to answer
a distance query in the current or in a previous snapshot between a pair of nodes
u and v at time point ¢, the entries of the labels L(u) and L(v) are checked and the
entries that share the same destination node but they have time different than ¢ are

ignored.

Another method that focus on answering shortest path queries is the work in [11].
The authors keep the evolution of a graph in one simple, temporal graph, named
TEG instead of a sequence of snapshots or clusters and their deltas. In a TEG, there

are two temporal attributes: start time ¢, and end time ¢, which represent the time
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interval that a node or an edge was alive. For example, an edge from node u to
node v with weight w during the time interval [t;(e), t.(e)] in a TEG is represented as
< u,v,w,ts(e),t.(e) >. For the computation of the different shortest paths between two
nodes in a given interval they make use of preprocessing indexes namely Contraction
Hierarchies (CH) [130] and a modified Dijkstra algorithm [131] which runs on the
TEG graph. The CH creates shortcut edges, by “contracting” one node at a time in
increasing order and adds all necessary shortcuts to the TE'G, which allow Dijkstra’s
search to effectively bypass irrelevant nodes during the search, without invalidating

correctness.

Yang et al. [126] propose an algorithm that discovers most frequently changing
components in an evolving graph sequence. They begin by defining measures of
change between vertices and the general problem of extracting the most frequently

changing component and proceed to present their solutions.

Choudhury et al. [55] investigate a selectivity-driven approach for continuous
pattern detection on streaming graphs. Their approach is to do continuous pattern
mining by decomposing the main query based on the selectivity of the node attributes,

matching the individual components, and finally performing a multi-way join.

There has also been a flurry of work on evolving and stream graph analytics.
For example, the evolution of community structures is studied in [132], where a
new mathematical and computational framework is proposed that enables analysis
of dynamic social networks and that explicitly makes use of information about the
time that social interactions occur. They present several algorithms for obtaining
information about the structure of evolving social networks in this framework and
demonstrate the utility of these algorithms on real data. The work in [125] describes
a model for tracking the evolution and structure of communities over multiple time
steps in an evolving network, where the life-cycle of each community is characterised
by a series of significant events. Based on this model, we propose a simple but effective
method for efficiently identifying and tracking these dynamic communities, which
involves matching communities found at consecutive time steps in the individual

snapshot graphs.

Change in page rank with evolving graphs is studied in [100]. Techniques for ma-
terializing snaphots using graph deltas presented in [1]. Several works have looked

at the problem of continuous detection of subgraph pattern matching queries over
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streaming graph data. Song et al. [26] study the problem of event pattern matching
over graph streams; they consider queries that have additional timing order con-
straints (i.e., happened before relationships in events) along with the graph structure.

Another work in [27] used an index-based technique for continuous subgraph
pattern matching. For each node in the graph, the index, named node-neighbor tree,

encodes all the simple paths of length [ rooted at the node.
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CHAPTER 8

ConcLusioNs AND FuTurRe WoORK

8.1 Summary of Contributions

8.2 Directions for Future Work

N the current chapter. we summarize our findings and our major contributions
and describe directions for future work. Section 8.1 summarizes the contribu-

tions of this thesis, and ideas for future work discussed in Section 8.2.

8.1 Summary of Contributions

In this dissertation, we mainly focused on managing and querying the full history
of a graph as it evolves. Over the years, the evolution of graphs has attracted much
more attention to effectively store and retrieve the graph snapshots, while exploration
of the history of evolving graphs remained very limited. Here, we first proposed
a new model for storing the evolving graphs with a concise set of operations on
lifespans of graph elements. We then formalized traversal and pattern queries that
one can pose on evolving graphs and we provided efficient algorithms along with
time indexes which exploit our proposed model in order to produce query solutions
efficiently. Finally, we have proposed different approaches for storing and retrieving an
evolving graph in a native graph database by either using a single-edge with a lifespan

attribute or multiple-edge types where each type corresponds to a different time
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point. Finally, we introduced algorithms for evaluating historical traversal queries and
evaluated our approaches in two native graph databases. Next, we briefly summarize
the contributions of this dissertation.

We studied historical reachability queries on evolving graphs in Chapter 3 where
we show that our work is different from previous approaches since we propose an
index-based approach which is able to answer online these queries without recon-
structing the relevant snapshots. In particular, our main contributions concerning

historical reachability queries can be outlined as follows:

e We proposed an indexing approach namely TimeReach that exploits the fact that
most graphs consist of strongly connected components to answer queries that

ask whether two nodes were reachable during a time interval in the past.

e We presented a suite of algorithms that exploit a compact representation of
the evolving graph and along with TimeReach index provide a solution for

historical reachability queries.

* We extended the TimeReach index by make it smaller and we improved the

performance of our algorithms by introducing an interval-2hop approach.

We also addressed the problem of finding the top-k£ most durable matches of an
input graph pattern query, that is, the matches that persist over time in Chapter 4. We
showed that applying a state-of-the-art graph pattern algorithm in each snapshot and
then aggregate the results incurs large computational costs, since all matching patterns
in each snapshot must be identified, even patterns that appear only once. We proposed
an efficient algorithm and appropriate time indexes to prune the search space and
strategies to determine the duration of the seeking matches. We exploited various
strategies that uses the time-based indexes to efficiently determine an appropriate
value for the duration of the seeking matches. Concerning durable pattern matching

queries, our main contributions can be outlined as follows:

¢ We proposed a new DUrABLEPATTERN algorithm that exploits the version graph,
J-threshold graph exploration search and appropriate Bloom-filter based time

indexes to process durable graph pattern queries efficiently.

* We presented various strategies which can determine the duration value of the

seeking matches.
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* We performed extensive experiments on various datasets that show both the
efficiency of our algorithm and the effectiveness of durable graph pattern queries

in locating interesting matches.

In Chapter 5 we raised the question of which interactions, or relationships are the
most lasting ones? and we formalized the problem of identifying dense subgraphs in
a collection of graph snapshots defining an evolving graph. We considered many
definitions of density over evolving graphs and we show that for many of them the
problem of identitying a subset of nodes that are densely-connected in all snapshots
can be solved linearly. We also demonstrated that there are versions of the problem
cannot be solved with our proposed algorithm. Furthermore, we introduced the prob-
lem that relaxes the requirement of nodes being connected in all snapshots, and asks
for the densest set of nodes in at least k of a given set of graph snapshots. We showed
that this problem is NP-complete for all definitions of density and we proposed a set
of iterative and incremental algorithms for solving it.

Concerning finding lasting dense subgraphs in evolving graphs, our main contri-

butions can be outlined as follows:

¢ We introduced two novel problems of identifying a subset of nodes that define
dense subgraphs in a collection of graph snapshots. To this end, we extended
the notion of density for collection of graph snapshots, and provided definitions
that capture different semantics of density over time leading to four variants of

our problems.

* We studied the complexity of the variants of both problems and propose ap-
propriate algorithms. We proved the optimality, or the approximation factor of

our algorithms whenever possible.

e We performed experiments with both real and synthetic datasets and demon-
strate that our problem definitions are meaningful, and that our algorithms

work well in identifying dense subgraphs in practice.

Finally, in Chapter 6 we followed an another line of research that aims at sup-
porting historical queries on native graph databases which offer an attractive means
for storing and processing big graph datasets. We performed a concrete study and
we proposed three models based on associating with each node and edge, its lifes-

pan, i.e., the time intervals, during which the node and edge is valid. We presented
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algorithms for processing all different types of historical traversals such as reacha-
bility and shortest path using these approaches and experimentally compare their
performance in two native graph databases.

Concerning storing and processing evolving graphs in a native graph database,

our main contributions can be outlined as follows:

e We presented three representations of graph snapshots that use either single

and multi-edge approaches.

e We presented algorithms for processing historical queries for both the multi-

edge and the single-edge approaches.

e We evaluated our approaches experimentally for various types of historical

traversal queries.

8.2 Directions for Future Work

In this section, we outline ideas for additional research. We make a distinction between
short term plans, that consist of extensions to work done during this thesis, and
long term plans, that outline ideas for future research related to the general topic of

evolving graphs.

8.2.1 Short Term Plans

In this section we present future work ideas of our work described in previous chap-

ters.

TimeReach Expansion for Supporting Other Type of Queries

A possible direction on our existing work is the enhancement of our in-memory time
index (TimeReach) for supporting historical shortest path queries. Assume that we
are given a shortest path query that asks for the distance between nodes (u,v) in a
time interval, we could exploit TimeReach index to retrieve reachability information to
prune any redundant shortest path computation or by maintaining information about
changes in distances in order to determine their distance. In that way, we will be able

to compute shortest path distances in graphs that also contain deletions, in contrast to
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[12]. Another possible direction could also be to support attributes on nodes or edges
that are time-varying. For example, given a time interval we could search for paths

that connect two nodes and consist of intermediate nodes with specific attributes.

Supporting New Queries

Similar to our work in [95] but for the in-memory system we could design new
algorithms that support queries that focus on the timing aspect i.e. when an event
happened. For example, depending on the type of query, we may ask when two
nodes become reachable, or when their shortest path distance was equal to a given
value, or what are the pair of nodes that remained reachable the longest, or what are

the nodes whose distance was below some given value for most of the time points.

Enhancement for Identifying Durable Pattern Matches

In this dissertation we provided a solution for durable graph pattern queries on
evolving graphs. An interesting future direction would be to maintain appropriate
graph statistics in order to give better approximations of the duration of the seeking
match(es), and enhance the pruning power of our algorithm. Another more general
direction is studying the streaming version of the problem where instead of a collec-
tion of graph snapshots, we are given a stream of graph updates and want to locate

the most durable matches inside a sliding time window.

8.2.2 Long Term Plans

In this section we present our long term plans.

Distribution of Evolving Graph

In our future work, we first plan to focus on processing historical queries in a dis-
tributed manner, where the evolving graph is not stored in a single component but
is rather distributed in a set of different components i.e. different networked com-
puters. Out motivation emanates from the lack of distributed approaches that handle
traversal and pattern queries on evolving graphs. Processing evolving graphs in a
single storage may not scale well when there is a massive volume of data. In order
to scale fast we must distribute the storage and process the massive data streams

across several machines. The great challenge here is the distribution of evolving data
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and how one can reduce the redundant information among different machines and
provide solutions to historical queries in an efficient manner. Thus, new partitioning
techniques of evolving graph data should be defined that take into account not only
the structural aspect but also the evolving. Then, all current algorithms that support
historical graph queries must be redesigned to be compatible with the distributed

systems.

Historical Query Language Integration

Another long term direction is extending an open source native graph database such
as Neo4j with a historical query language, that will enable users to succinctly express
complex traversal on (or queries of) a collection of graph snapshots that we described
in this dissertation.

We also plan to design a framework that instead of modifying the graph database
query engine we will include user query language and an intermediate level of com-
munication between the query language and a collection of graph databases. To
achieve this, we need to implement an intermediate API that will convert our user
query language into a form that could be executable by the given graph database.
Thus, devising such a framework would allow future developers to support any new
graph database by just updating our intermediate API to translate our user query

language to the underlying graph database language.

Locating Matches of Interaction Patterns in Temporal Graphs

Finally, we plan to focus on the problem of finding patterns of interactions in an
temporal graph that appear within a time period of § time units and consist of
chronologically sorted or partial time ordered edges. In a temporal graph [133], each
edge is a quadruple (u,v,t,), where u,v € V, t is the starting time, \ is the traversal
time to go from u to v starting at time ¢, and ¢+ X is the ending time. Identifying such
patterns will help us to explore the structure of several complex network systems
such as social networks, email services, and biological networks. In addition it can
be used as a tool of measurement of the frequency of patterns at different time scales

and identification of malicious behaviours in communication networks.
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