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Introduction
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Plan of presentation

@ Historical Reachability Problem
@ Definitions

@ Version Graph (VG)
@ Historical Transitive Closure
@ Online Traversal of the Version Graph (INS and INT)

@ TimeReach (TR)
@ Strongly connected components (SCC)

@ Condensed TimeReach (TRC)
@ Interval 2Hop Labels

e Experimental Evaluation
@ Index Size
@ Index Construction Time
@ Query Processing
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Historical Reachability Problem
[ ]

Historical Reachability Query

e G=(V,E)
@ Directed graph
o Gt = (Vt, Et)
e Graph snapshot at time instant ¢
(] g[tl,tj] = {Gt/, ceey th}
e Evolving graph in time interval [t;, {]

@ Historical reachability query
("]

Evolving graph Gy, 1

Time interval Iq

Nodes u, v

. . I
Conjunctive — u <5 v ?

.. . I
Disjunctive — u < v ?
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Historical Reachability Problem
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Version Graph

o Lifespan of temporal elements
e Set of intervals
o [thfle Llu)<>Vmt<tn<t.
ue Vy,
o VGI = (Vh E/a ‘CU; Ee)
e Version graph
o V= Utme/\/, E = UtmelE
0£UZV/~>I, ,Ce:E/%I
@ 7 —set of intervals
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Historical Reachability Problem
(o] lele]ele]e]

Operations on lifespans

@ Minimum set of intervals @ L(p) = Le(61)® ... ® Lo(EM)
@ Contains no pairs of ° Lifespan of a path
overlapping or continous p=é.en
intervals

e P(u,v)={p1,....p1}
e Set of all paths from uto v
e T T @ L(u,v)=L(p1)D...®L(p))
o Lifespan of the reachability
between v and v

e Join
@ Set of time instants common

to both intervals Ion
@ U ~5 v=true

eZTaT
o Merge o {lo} ®L(u,v)dlq
o Mininjum set equivalent to o U V= true
e o {la}® L(u.v) #0
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Historical Reachability Problem
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Lifespan of the reachability

Example: £(u., ug) = [0, 3]

10,3]

[2,3]
[3,3]
[0,1]
[1,1]

[0,3] [0,3]

&
[0.3]

3.3 (10,0123}

[0,3] 0,3] 10,3] {101,133} 10,3]
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Historical Reachability Problem
000e000

Approaches to reachability queries

Basic approaches in static graphs:

Baseline
Approaches
Pre-computation Online
of graph transitive traversal
closure of the graph
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Historical Reachability Problem
0000800

Historical Transitive Closure

Algorithm 1 TransitiveClosure(V Gr) ° CL/
Input: Version graph VG (] S|ng|e transitive closure for

Output: The transitive closure C'L; .
: for all u, v € Vi x Vr do Version graph VG/

1 .

2:  if (u,v) € E; then e Contains E(U, V)

3: CLi(u,v) = Le((u,v)) .

4 else @ Construction

B ola(we) = 0 e Variation of Floyd-Warshall
;: ?nd for Lt il d algorithm

o I0or w = (e] (e]
9:  for allu, v E[ Vi x Vi do Path from u fo v through w @ Time - O(| V[|3 . T)
10: CLi(u,v) = CLr(u,v) ®|(CLi(u,w) ® CLi(w,v)) _ 2
n ond fi)r’u v rlu,v (uw, w 1w, v ° storage o(l \//l )
12: end for @ Transitive Closure (TC)

o

Transitive Closure computation
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Historical Reachability Problem
0O0000e0

Online Traversal of the Version Graph

@ Instant-based traversal (INS)
e Traverse only edges with L¢(e) O ¢
031 @ Onceforeacht e g
@ Interval-based traversal (INT)
e Avoid multiple traversals in
conjunctive queries
@ Pruning tests

e Not passing node or edge not living
during query interval

e ZN(w) — parts of query interval for

o3 which node w has been traversed

@ ZN(w) 3 | — traversal is pruned
Version graph @ Worst case complexity of INT and INS

o O(|Vi[+ [Ell) - llal)
o INT outperforms INS

{011,331}
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Historical Reachability Problem
O00000e

Interval-based traversal of the Version Graph

Algorithm 2 E:)isjunctivr}BFSkVG,, u, v, {Ig}) Algorithm 3 @onjunctivr}BFS[VG,, u, v, {Ig})

Input: Version graph VG, nodes u, v, interval Ig C I Input: Version graph VG, nodes u, v, interval Ig C I

Output: True if v is reachable from u in any time instant Output: True if v is reachable from u in all time instants
in I and false otherwise in Ig and false otherwise

1: create a queue N, create a queue INT 1: create a queue N, create a queue INT

2: enqueue u onto N, enqueue Ig onto INT 2: enqueue u onto N, enqueue I onto INT
3: while N # () do 3: while N # () do

4:  n < N.dequeue() 4:  n < N.dequeue()

5: i< INT.dequeue() 5 i < INT.dequeue()

6:  for all ws.t. (n, w)in VG and[{Io} ® Le((n,w)) 6:  for all ws.t. (n, w) in VG and [{Io} ® Le((n,w))
# 0 do # 0 do
7 if w == v then 7 I'={Io} ® Le(n,w)
8: Return(true) 8: if w == v then
9: end if 9: Part of L(u,v)®l,already covered
10: 7' ={lq} ® Le(u, w) 10: en
11: if[ZN (w) 2 T'Jthen 11: Return(true)
12: IN(w) =IN(w) e T 12: end if
13: enqueue w onto N 13: continue
14: enqueue Z’ onto INT 14: end if
15: end if 15: if ZN (w) 2 T'|then
16:  end for 16: IN (w) = IN(w) & T’
17: end while 17: enqueue w onto N
18: Return(false) 18: enqueue Z' onto INT
19: end if
20:  end for

21: end while
22: Return(false)
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Historical Reachability Problem
@00

Strongly connected components (SCC)

@ Social graphs characterized by
large SCC
@ Every node in SCC reachable from
any other node in this SCC
o |dentified by Tarjan’s algorithm
@ Time complexity —
o(IVil + [Eil) - 1)
-. o Different SCCs at each snapshot
© e P(u) ={(C, 1)}
e Posting list for node u
e C—component, t —time instant
@ Storage complexity — Q(| V|- |/])

Strong connected
components (SCC) in an o
evolving graph °
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Historical Reachability Problem
(o] le}

Strongly connected components (SCC)

SCC evolution over time
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Historical Reachability Problem
[o]e] ]

TimeReach (TR)

® Gs, =(Vs,,Es,)
@ SCC graph snapshot

@ Nodes — SCCin Gy,
o Edges - edges between any
nodes of SCC in G;,

o gsl = {Gst,»’ ceny Gstj}
e Evolving SCC graph in a time
interval | = [f;, t]
' @ TimeReach (TR) approach

I I
o U v, uHv?

@ Foreacht e Ig:
Strong connected @ uand v belong to the same
components (SCC) in an scc?
evolving graph @ Their SCC are reachable in
corresponding Gs,?
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Historical Reachability Problem

@000

Condensed TimeReach (TRC)

@ Optimal SCC-ID assignment

Nodes

Posting List

@ Minimum number of postings for

1-50

(Cuto)(Coty) (Caty)

time interval / and a set of SCC

51-80

(C,t0),(Coty) (Coty)

@ Re-assign IDs of postings

81-100

(C5,t0),(Coty) (Corty)

@ Gc = (Ve,Ec, V)

101-200

(Coto) (Coty) (Caty)

o Weighted graph

201-230

(Costo) (Cty) (Caty)

@ Nodes — SCC at any time

231-350

(C5t9), (Ct1), (Cio )

instant

351-450

(Cs,to), (Ca 1), (Ciota)

(] (U,V)EEcHEUE VG, .

(U, t) e P(U)A(V,t+1) € P(u)
@ W(U, V) — number of nodes

@ , t that belong tobothUand V

120 100 o

GC[fk t41]

@ . e Subgraph of G¢

150
100

\ 100 @ Only SCC having existed at

@ @ @ ‘ @ interval [, txi1]

o Bipartite graph
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Historical Reachability Problem
[e] Jele]

Condensed TimeReach (TRC)

@ Optimal SCC-ID assignment
o Minimum number of postings for

Nod Posting List . :
;ZS = "tS]'“(gc 'Et — time interval / and a set of SCC
1,140, 1M Ar L 2 | [*] Re-aSSIQH IDS Of pos“ngs

>0 |Gl ME LN o Maximize the weight of edges

81-100 | (Cs[to, to])fCy [ty 1 D) Car[15,15])] 9 o

e T between node with the same 1D
2 a2 o Maximum weight bipartite

201-300 (Cs)[to tol)(Ca [t 1 ]) matching M of each Gg, , |

231-350 | (Co, [to,to])(Ca [ty t DI Cs, [5,1,]) e Approximation greed);%1

351-450 (Csltoty]) algorithm - O(|E|)

@ Condensed TimeReach (TRC)

100 30 @ "’ e Evolving SCC graph
~ t ° VGS/ = (VS/7 ESU EU7 »Ce)
Q @ e Condensed version graph

100 0. 100 . .
o Version graph of evolving SCC

50 30 20 10
@ @ @ Ok graph
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Historical Reachability Problem
[e]e] o]

Condensed TimeReach (TRC)

@ Tarjan’s algorithm for

Algorithm 4 ConstructSccPostings(Gy, Pi—1, (;s[t72‘t7”)

Input: Snapshot G, SCC postings P;_1
Output: SCC postings P,

1:
2:
3:

: if ¢ > 0 then

Ssce, =0, M =10

Run Tarjan’s algorithm on G,

Ssce, s the set of the detected SCCs where each
SCC; € Ssce, is assigned a unique id C;

Weighted graph
[Construct Gs,, , , from Sscc, and Gs, ,, ;| |

: Jompute maximum weight matching MV

: | for all edges e = (U, V) € M do

: Cy,=0Cy

: lend for MWM

: end if
: |for all nodes u € V; do

computation

find SCC; € Ssce, s.t. u e SCC;
if P,_1(u) # () then
if Pi—1(u)lend].C’' # Ci then

Pi1(u)[end].] = [ts,t —1]
Pi—1(u).add(Ci, [t, curr])
end if
else
P,_1(uw).add(Cy, [t, curr])
end if
:|end for
P, =Py

computing SCC

]
@ Weighted bipartite graph
construction
i O(|EC[I—1.{D
@ MWM computation and new
SCC IDs assignment
o Greedy algorithm
° O(Es, ,.l)
@ Update SCC postings for
nodes
"]
("]
@ Algorithm complexity —
O(| V4| + |Edl)
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Historical Reachability Problem
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Query Processing in Condensed TimeReach (TRC)

@ Query Processing (u < fay v, u oy y ?)

e uand v belong to the same SCC during the whole interval
e Otherwise check reachability between SCC in other subintervals

la, A la, A lag A
1 2 3
e u ~ G, Ce., Cs ~

o Combine results using A or v
@ Time cost at worst case

e Traverse condensed version graph for all time instants t
o O(llal - (IVs |+ |Es|))
@ Size od condensed version graph < Optimal CSS assignment

n 1
lo2 11 las 1

1 1
1 ]
l———p ! - —p
: : =1 i
H H C ! H C H C
— s > + - === P(y)
. S . —C . P(V)
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Historical Reachability Problem
[ ]

Interval 2Hop Labels

Lin:{;

}
Lout: C,[0,3]

Lout:{C,,[1,2]

Lin: [C,,10,3])(C,,[2,3]
Lout: [C,,[0,1]]

(1,2]

Lin:

Lout:{C,,[0,3]]

Interval 2Hop Labels

@ Labels for each node u
o Lin(u), Lowt(u)
e For each node
w € Lip(u) U Loyt(U)
@ Reachability
lifespan L(u, w)
or L(w,u)

Lin: |C,,[0,3])|C5,[0,3]) o
Lout.

@ ureaches v
o Lin(v)N Lout(u) #0
lan

o Lifespans satisfy ~%

I
or %

Pawet Borycki
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Experimental Evaluation
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Experimental Evaluation

Snapshot Granularity # nodes # edges # SCC Max SCC (# nodes)
first last first last first last first last

(daily) 871 117 61,096 128 1,139,081 10 374 3 51,286

(weekly) 125 1,429 61,096 2,365 1,139,081 138 374 18 51,286

(monthly) 29 4,239 61,096 12,224 1,139,081 279 374 96 51,286

(daily) 37 1,004,777 1,138,499 4,379,283 4,452,646 9,807 11,360 457,932 509,332

(weekly) 6 1,025,536 1,138,499 4,379,283 4,452,646 9,807 11,360 465,668 509,332
(monthly) 2 1,116,602 1,138,499 4,446,042 4,452,646 10,664 11,360 485,273 509,332

(daily) 134 1,487,058 2,302,925 17,022,083 33,140,018 42,163 58,636 1,004,426 1,605,184
(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 42459 58,636 1,081,499 1,605,184

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
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Experimental Evaluation

oce

Experimental Evaluation — Index Size

: % of deletes Size (MB)
o Graph Size VG TR TRC TRCH
e Larger SCC — higher TRC 0 1L 05 021 1493
H 10 11 058 0.22 1,528
CompreSSIOH 20 11 045 0.19 1,612
@ Percentage of deletes 30 11047 018 1664
[+] 09”***77——y7,,,,777
e 1 TRCH — additional nodes e~
must be included in labels to 83 M
ensure reachability tests 5 T

@ VG —size of labels remains

increase of the posting combinations

constant o ek =
1000000 Ve e e e TG TESTR eTRe TR 10000 e e e
10,000 !
1,00000
Lo0o 1,000
10000
2 100 Z 0 S
Lo _ — —a—a— /7*—;7_/_&—0—0—0—4—*—‘-
————— ’ 105 FL | 10
o0 g .
1 1
10,000 20,000 30,000 40,000 50,000 60,000 1,004 1,02 1,054 1,0 1108 112 1,48 87 2,087 2,287

#of nodes #ofnodesin
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Experimental Evaluation
L]

Experimental Evaluation — Construction Time

e VG — TR — TRC —
@ Greedy algorithm for TRC fast and precise enough

e
s -
ﬂ - T
-— 10 L4
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Experimental Evaluation
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Experimental Evaluation — Query Processing
@ Source and target chosen randomly
@ Interval-based faster than Instant-based

e Instant-based false conjunctive queries in FB (answer found
immediately)

UIQAV?

100,000

1000 WINTtue ®INStrue INTfalse & INS false 1000 wiNTue miNStue mINTfalse - INSfalse EINTtue EINStrue ®INTfalse  INS false
10000
100
00 _ ~
2 7 g v
T 3 100 1
3 3
LI £
o 10
FL
1 1
7 14 21 28 3 7 10 2 2 35
Queryintenva e yu QueryIntena
oy 2
000 wNTtrue mINStrue  m INTfalse INS false 0000 giNTtrue  mINStrue  m INTfalse INS false 00000 giNTtue W INStue  WINTfalse - INSfalse
1000
1000
_w _ _
H H g om
= $ o s
£ £ £ 100
10
10
1 1 1
7 14 2 2 3 7 14 21 28 3s 7 1 21 28 35
Query Interval Querylnterval Querynterva
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Experimental Evaluation
(o] J

Experimental Evaluation — Query Processing

I
uv?

——INT true INT false Rtrue TR false

‘ . .
Z k”_.—’—'—"—__”—’. LEH0]
T P ——— . "3 - —_— 1.E-01
£ o1 7 F LE-01
IS —— [
, g

000001 T oieos S leos

1E-09 1.E-09 1.E-09

/Q\/
u~sv?
——INTtrue ~—#—INT false TR true TR false —4—INTtrue —@—INTfalse TR true TR false —4—INTtrue —@—INTfalse TR true TR false
| < L . R .
1E+02 — - 16402 ® 1E+03

_ 1Es01 1E+01 we et

Z V— E 16w

T ———- s Y H *__’_*_,_—x—’—x—’*
g 3 £ 16400
ey " e o
1602 1602 e
1E-03 —_— T 1E-03 1E-03

7 14 21 28 3 7 1a 21 28 3 7 1 2 28 35

Queryinterval Queryinterval

Query interval
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Conclusion
[ ]

TimeReach: Historical Reachability Queries on

Evolving Graphs

Thank you.
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