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Query & Update Times (in O)

2 Very Large Studies [FMNzo1, kzog]
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Conditional lower bounds exist.

static graph traversal -> Distinctly fastest on most instances:
[DI08, Rod08, San04] static graph traversal algorithms
[RZ08] .
—_— > Strongest competitors:
RZ08

two SCC-maintaining algorithms
[San04]
[San04] - > Few “real-world"” graphs

[RZ16] = All-pairs only

This Talk

Algorithms for

THEORY Single-Source Reachability

[BPWN19]
Algorithms for

Transitive Closure
("“All-Pairs Reachability”)

[San04]

[DHZ00, WW10, AW14, HKNS15, vdBNS19]
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Algorithm Engineering

Design
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Single-Source Reachability
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SSR Algorithms

Algorithms for Single-Source Reachability

Group | : “Dynamized” static algorithms
Group Il : Dynamic maintenance of a reachability tree
Group Il : Dynamic maintenance of a BFS tree

(= reachability tree with minimal vertex depths)

Features:
Reachability proof: Algorithms can return path (upon request)

Concentrate on deterministic or Las Vegas-style randomized
algorithms
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Algorithms: Dynamized Static Algorithms

BFS DFS

(Jj”. © @

Three flavors:
BFS Static: Pure static algorithm, called for each DFS
QUERY.

CBFS  Caching: Cache reachability of all vertices, recompute  CDFS
entirely upon QUERY if necessary.

LBFS Lazy: Cache only reachability of vertices LDFS
encountered during a QUERY, resume
traversal if cache is still valid.
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Algorithms: Maintenance of Reachability Tree T

Extended Simple Incremental algorithm (SI): QUERY(V)

Maintain for each vertex: @ treeEdge: <edge>/null /

INITIALIZE( ), EDGEINSERTED((u, v)): build/extend T via BFS
EDGEDELETED (e = (u, v)):

If v.treeEdge = e:
L too large? - recompute from scratch
Reconstruct > use backward BFS

Optional: additionally use forward BFS
reverse L ~ forward BFS

=> Algorithm: SI(R?/SF?/p)
A__ threshold: [£| < p-n
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Algorithms: Maintenance of BFS Tree

Extended Even-Shiloach trees (ES): QUERY(V)

level: depth(v)V oo <—J
Maintain for each vertex: @ inEdges: <list of in-edges>
treekEdge: <index in inEdges>

minimum level, minimum index

v.inEdges: '%Eéz(jezl e3| e4| es| 96‘
N —

tails’ levels > e3's X v.treeEdge
INITIALIZE( ), EDGEINSERTED((u, v)): build/update 7 via BFS

EDGEDELETED (e = (u, v)):
If e is tree edge: FIFO queue Q = (v); PROCESS(Q);
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Algorithms: Maintenance of BFS Tree T

PROCESS(Q = (v,...)):

v.inEdges: ||| |¢‘ LT S vever += 1
v.treeEdge - re-enqueue v and children

Thresholds:

#re-enqueuings per vertex > 3 S abort update and

total #tvertices processed > p-n 7 recompute 7 from scratch
= Algorithm: ES(5/p)

Variants:

Multi-Level: Scan v.inEdges completely, re-enqueue only children.
=> Algorithm: MES(5/p)

Simplified: Abandon v.inEdges, scan in-edges in arbitrary order.
— Algorithm: SES(3/p)
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Experiments

All algorithms implemented in C++17 as part
of the open-source algorithms library Algora. W W M

& libAlgora

Code available publicly on Gitlab & Github: © libAlgora

Algorithms

> BFS, CBFS, LBFS, DFS, CDFS, LDFS
» ST with (R?/SF?/p) = (R/SF/.25), (R/SF/.25)
» ES, MES, SES with (8/p) = (5/.5), (100/1), (oo, c0)
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Experiments: Instances

Random dynamic instances

ER graphs:
n =100k and n = 10m, myyy =d - n, d € [1.25...50]
o = 100k, different ratios of insertions/deletions/queries
Stochastic Kronecker graphs with random update sequences:
n~ 130k and n~30...130k, mayg =d-n, d =0.7...16.5
ot =1.6m...702m and o4 = 282k...82m (updates only)

Real-world dynamic instances

... with real-world update sequences:
n=100k...2.2m, myyg =d-n, d=54...78
o4+ = 1.6m...86.2m (updates only)

... with randomized update sequences:
n=31k...2.2m, myyg=d-n, d=47...104
o4+ = 1.4m...76.4m (updates only)
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Experiments: Random Instances, n = 100k
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Experiments: Random Instances, n = 100k
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Experiments: Random Instances, n = 10m
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answers

as-newman

as-routeviews

atp-gr-qc

bio-proteins

blog-nat05-6m
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Experiments: Kronecker Instances, n
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50% insertions among updates —

Z 71% of update time spent on deletions (except email-inside, 51%)
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Experiments: Real-World Instances, n = 31k..

0 s1(®R/SF/.25)
B s1(r/sF/.25)

0 MES(5/.5)
B ses(s/.5)

sgp urwy |

wwpt qr

urwpe uy [

sg ww T |
s6g wmry | g
unmge 1 ] S

uwog uy [17]

sTg wmyy |
urwze g [ g

upuigg qr f H
urmge qy [

uruz, qr ]
wrenet ug [ £1]
wrmog g [ A
unge
I
1og

urog y7 [
urwog gt [ o
wrwgg vy [ P

urwgT upT [

59'c [

s9'
62

se'g

AS-CAIDA

pow g
<
-

SHUF SIM_SHUF

STT ung |

2
&
k|

g
S
®

sgg wmoy | )
wwpt vz [ m

sgg urug | w
wrwgy ur [ QnﬁU
STT gz | )

urunz Ut M

sgT uwQp _ﬁUr
wnpg qr [ %
spg wmoy | 77

unwizz, vz [ H

s,z urmgg [ —.Ur
v v [

wn
wwgg yz [l )
wruog v [N £

seg wmLy | rUr

urmge vs [N m

51 — 85% insertions among updates

> 89% of update time spent on deletions
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Which algorithm is best?

CShortest paths?)

(Update structure?)

mndon/

Size?

real-world,
long-living
edges

small

(#Insertions‘?)

< 50\V Ym%
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SSR Algorithms: Overview and Time Complexities

Algorithm Insertion Deletion Query
BFS, DFS 0 0 O(n+ m)
CBFS, CDFS, LBFS, LDFS 0(1) 0(1) O(n+ m)
STGUSFY ) omem S o)
SR ) owem S0 o)
fES(ﬁﬁ/pG)O(l)vpzo Oln+m) SEZ;"LE) o@)
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