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Abstract Graphs have provided a powerful methodology to solve a lot of real-world problems, and
therefore there have been many proposals on the graph representations and algorithms. But, because
most of them considered only memory-based graphs, there are still difficulties to apply them to
large-scale problems. To cope with the difficulties, this paper proposes a graph representation and
graph algorithms based on the well-developed relational database theory. Graphs are represented in
the form of relations which can be visualized as relational tables. Each vertex and edge of a graph
is represented as a tuple in the tables. Graph algorithms are also defined in terms of relational
algebraic operations such as projection, selection, and join. They can be implemented with the database
language such as SQL. We also developed a library of basic graph operations for the management of
graphs and the development of graph applications. This database approach provides an efficient
methodology to deal with very large-scale graphs, and the graph library supports the development of
graph applications. Furthermore, it has many advantages such as the concurrent graph sharing among
users by virtue of the capability of database.
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7]5— S o83t HF 4 gloh(13].
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2) 739 ' « coun E

3) A4 voll 9 (adjacent) 3 B 7w 6 via-o(E))
U @ vidi( 6 vig-o(E))

4) B JAF Soll A-HF BH: 7viwe( 0 viares(E))
U vidi( 0 vizes(E))

5) B Z(digraph)) A F4 vel A3 (adjacent
to v AR midi( 0 viee=o(E))

6) Wz Z(digraph)dlA BA vE2RE
213 (adjacent from v)¥ HH! 7 vige( 6 vidi=o(E))

7) B3 voll $-4(incident)® M 6 vidi-ovvidz-o(E)

8) B v A(degree): T coun) & vidzovviez-u(E))

A2 aHZrt 4943 P45 2dE Aidel B
ARH2], 1 FolA 8% F /1A g BAUSFE
o]g-3lq AHolstd g3} Lt

9) 2E GV, E) complement G(V' ,EY= A
Aol Aoz VIGIE R F HFol Gl AAH3A
Fe A% GolA Az aEZEA TS go] F

1€

T Ao
Vo=V
=(VXV) —E

10y 2= GUVI, EDF G2AVZ, E29 union
GV, E) - GIUGZ2E &7] - & g% o] 78
=g

V=Vl UV2

E = El U E2

dag pAgEos He

ad= dndEs 2y 78 351

11) 2= GIKVI, EN® G2(V2, E2)9 join GV,
E) - GI+G2E2 ®7] - & GIUG2s B VIH V2
& A2 ddste g E3ete 2 zolrt

V=Vl UV2

E =El U E2 U (V1 X V2)

12) 289= GIVI, EDI G2(V2, E2)9 product
GV, B) - GIXG2E 7] - £ g3 Zo] #Hd
. Ao AY ve Vixvzeltt A9 Aje oS
7 o] Fogrk 999 T AH u=(uw, w9 v=(v,,
vl A [w=v; and we adj vzl ©1AY [we=v2 and
ur adj vl W ust ve GIXGZAA AR

Vvidl, vid2] = V1 X V2
/* where, a tuple (vidl, vid2) represents a
vertex */
Elvidll, vidl2, vid21, vid22] =V X V
/* where, a tuple (vidll, vidl2, vid2l,
vid22) represents an edge
connecting the vertex (vidll, vidl2) and
(vid21, vid22) */
E = ((6vian—vienE) Midizvid Aviazz—viaz E2)  /*
[u=v; and uz adi vzl */
U ({0 viaiz-viazE) Muidii-viai aviazi-viaz E1) /*
luz=vz and u; adj vi] =/

13) 28 GI(V1, EN3 G2(V2, E2S composition
GV, E) - GIIG2]12 87} - © g o] AHodrh
AR A Ve ViIxV2olth k49 HF{L e #
o] Feojgrt A9 F A u=(uy, u®t v=(v;, v [
ur adj vl 1AW [w=v; and uz adj vz] o1 AF3Th

Vividl, vid2] = V1 X V2

Elvidll, vidl2, vid21, vid22] = V X V

E = (EMviau-vidi vieaiviez E1) /*(ur adf vil*/

U (6 viat-vieetE)  Myidiz-vidi avidzz-viaz E2)
w=v; and uz adj vz} %/

022 A4 2z gagEezA #AAYs A
A3 CEele] T2y 722 Foldth

14) L‘/'H/o‘"%f’i’{’(breadth first search) ¥iATZL
2% 22 AYTE o] &3t Fodrh

Algorithm breadth _first_search(v)

{

Slvid] = {v}; /* starting vertex */

print S; Visited[vid] = S;

while (V — Visited 1= @) { /* exists not
visited vertices */

/L
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S = v 0viaies(E)) U mya (6 yiges(E))/*
next vertices */

S — Visited; /* vertices not yet
visited */

print S; Visited = Visited U S;

}

w
it

}
15) WPz shrte] 2uHgor nE E2xA
A2 HGF Zshortest path) £ Tl o] Reg
%t 471M & Dijkstra e Z[3] o] &&% )
Algorithm shortest_path(v)
{ /* Dlvid, cost] contains the shortest distance to every
vertex */
N = Zeom(V) /% number of vertices +/
Dlvid, cost] = {<v, 0>} /* starting vertex %/
Flvidl = {} /* found vertices */
for (1=0;1<n -1 i++) {
<MiNcost> = 7 minteosy(D —
not yet found */
<minvid> = 7 via( & costemincost(D

(D M F)) /4 smallest

— (D M F)
Dnew{vid, cost] = # vidzecostemincost (& vidi=minvid E) /%
new distances */
D = vid Ghintces(D U Dnew) /* select lower distarice
*/
F = F U {<minvid>}

}

16) FH=28]g 3= minimum cost spanning tree)
T 3 o] ¥k o9r7|ME Kruskal ¢neZ|
3]0t AHE-E ALY

Algorithm minimum _cost_spanning_tree()

{ /* Emstlvidl, vid2, ecost] contains the edges of the

minimum spanning tree */
n = Tome(V) S number of vertices */
Emst{vidl, vid2, ecost] = {}
Group[gid, vidl = mvigwidV /* each vertex is in different
group, group is used for cycle-test */
while (7 coummEmst < n - 1) && 7 eoum=E > 0) {
<v1, V2, mincost™ = ( Z minecosuEl) M E /* least cost edge
*/
E-=E-
table +/
<gl> = g 6 vie-nGroup) /* group of vl %/
<g2> = g 6 vie-2Group) /4 group of v2 %/

{<vl, v2, mincost>) /+ delete it from the edge

Holetd o] 2 A 29 A A 5 Z(2002.10)

if (<gl> 1= <g2>) { /4 if the least cost edge does
not create a cycle */
Emst = Emst U {<vl, v2, mincost>}
/* change the group g2 with the group gl
*/
Group = 7 gig—<g1>id{ 0 gis=<g2>Group) U
(0 giar-<g2>Group)

}
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4.1, 22 H|O|S AMl MAH|

aHZE A7) % gojeho]2 Holde 17
Lo o wEl HEE Agste aHTHE HolE
(graph_info), AR #F JRE APsh= Y4 go)
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BRE AR A HolBledge)® HIEA Holk
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1) 2 ad=ze] ve HRE AZs)E gHolRe
graph_infoolth. Ztztel adlz s wgshAl AYsle 2
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[graph_infol

g4= 2 3
g_id L2 (7187])

g_name o R E =

key_word HE A=

start_day agx FAAAEY

update_day 2HE HEFRY
ect 7E R

2) B3 BF FRE AT =B FFHY V)
EARE ARSIT vertex HolET P R7td &
Z &£AE3 a1 gg ARASE vertex_att HOJEE 7
dEch olFEA TR HolE2 RAUF olfrE T A
of A} Ao A% 4 U7 WHEC|Th vertex
Hol&2 AL uF3A Adsls FYAEAL v_id,
Aol a&d 1dZE veplle gidE TAHEY A
2 OE 1Yz 593 AT EAT £ e
oz o] AHEL NE I 98 (gid, v.id)7}
718719 &8 o) vertex_att HlOlES £A9 o]
2 Jehie Ao e AFse

S

vatt_narne,

& Yeli= dirg A" A2 e 1
Ag A EAE EAE § Joerng o] LA
2 a7 A8 (guid, e_id)7t 7187]9] 9¢
th edge_att ElolE2 £49 ol JehE
eatt_name, %49 & ARSE eatt_value, £/
a&E 7HAdF o] zhde]l A4%d IHEZE YEE
e_id% g_id2 TAET AZ o ZHfzet R
Y 4ol EAY F JoRE o] HHEES MZ
T 98 (g id, e_id, eatt_name)7} 712719 4
s g

[edge)
Her
gid |{HA e_id7t A% el Ze] oz AERL (7]27)
e_id |ZHda)dz}, (7]187))

vx_id

ot 4o
Bl

A

i

tlo M |k o2
flo & ox

e

A 3

ZHdo] QAIE T Als) FHAEA

vy_id

el wErd f5
dir - true(y) @ x — vy, directed edge
- false(n) © x — v, undirected edge

vatt_value, £430] A&E FH o] HHo] 2%H 2 [edge_att]

AEE Yepe v idst g idE TFAERY AME YE g=9 A 3

g Ze} Ao FU &40 EAF § genz o ¢ id (Z_;ﬁ_;_)idﬂ' &9 Oz a=Adx)
HEAEL A 371 9s ; i =

&4 1= ff“éo!- 1 918k (g_id, v_id, vatt_name) ‘ P TS —— o PRy
7t 718719 948& g e_id 12

{vertex] eatt_name |44 2] °©|&, (71¥7))

o ] ™ eatt_value | %439 3%

g_id |84 v id’} 248 Tz ad=AEA, (7187])
vid |ARAEA, (71879])

[vertex_att]
gc=y A =

g |3A v_id7} A%8 Tz azjzaga)
49 (7129))

%4 vatt_name?} 257 AW FPAda),
(71871)°

vatt_name |49 ©lE, (71&7))

vatt_value |£739) %k

v_id

3) el B3 HRE AFE7] T HoEe T
9] NBAHE AR edge ElolEF 7HHo) Ryl
Z 459 2 %e AL edge_art HolER T
Ak o1Z2A FAY HolBE EaF olft I A
& 7Y &A4el EAT F A7l Wtk edge
L A& DFFA AFshe AR eid,
o] &&H 2ITE Yehle gid o] AZ3}
A9 HHe JehiE vx id® vy_id, 749 W

r

it

X 2
e

4 5

0o o2 o N
2

Z+ HolBo Ax WAe ¥ 26M RAEC
vertex, vertex_att, edge, edge_att H|°}E9 g ide
graph_info €189 g id& 3}, vertex_att El°]
B9l v_idet edge HI°|E9 uvx_id, vy_id= vertex Hl
olB9] y_idE TAE8lW, edge_att EH|o|EY e_ide
edge Ho189] e_idE IF2S & F Uk

4.2 Oz H2|E st &= =lol=2{2] TR

A9 Hol2E2 HiojgholA MAAle} THE]AA
Ho, 7} gz B JEE o] HlolEE AR
g £ de 71 FE ANLEt geolres) 3
Aot golEEaley AL aHI, A, M, AFE
A, S BE B disted A4, 74, A, 3
A Ax Bow AL,

1) o= woletwiol2 AA/FA ¥4 connect()/
disconnect()= ERES] W AL FAsHY] A
dojeluo] 2o FAE HAsIL AY 483 F dFS
A ste golrejgeld.
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lvertex} |vertex_att)
. g id 2 id
Lgraph_info) vid < v id
. _ vait name
2.4d vatt_value
key_ward
staxt_daé;y
- ledgel ledge_att]
- g id ~—t-g_id
vx_id —— eatt pame
vy_id eatt,_value
dir

<—— Toreign key reference

a3 2 = Holegte 4E uEd

2) 2= A FEE AYs] A% JeezA,
Y= WA F5E create_graph()elty. BHo| B3
FAEE A7l 3l Y AAE A g+
insert_vertex(), Ao H718 EAEE AYsie
4 insert_vertex_attr()= g Fol 9t} 1Mo #g
BEE Adstr S3ld 7 AAE AYste 4
insert_edge(), 7t H71" H£AES Adsle g
insert_edge_attr() ¥4 To] it

3) zHzd B FRE A A% 7)1Fo2A,
a#Z AA] 34 del_graph() € graph_info Hlo]E-d]
A A 2 =2 AASka, vertex ElolE, vertex_att
HolE, edge H|°|E, edge_att EH|o}EA AtAld 1
L) &3le BE FEEE AT A 44 g5
del_vertex()= vertex Ho|EoA 3AF HFHL AA3}
3, vertex_att H|olE, edge EH]o)EoA 2}Al"E HH&
Fx3le BE FEEZ AR 48 A g9
del_edge()< edge HIo)Bo|A 3T HAS AAela,
edge_att HO|BA AAg 1S AZde= FE F
ZEE AAE

4) o] B FRE AAUSY] A% V5o FA,
J= BN &4 update_graph_info)= 1 Z2E =}
€ V1R ARE anzAad, J#Zolg, 7)9E,
ZAAANRY, Y, VEHRE AT ok 2
HEAEAE NGBS, vertex HIO1E, edge Elo]
B vertex_att H|°lE, edge_att Hlo]Eo] AA=o] )
= 7€ adEAEge ER A2 adzZAdxs
A 4H 734 8 update_vertex_info()= AR

FAAERL, £4018, SA%SE BIE 4 gk
HAAEAE AT A$ vertex Blo)E3 vertex_att
ElolE, edge HoJBolM ALE-F 7189 H4dx

A Ho oL

© E5F AR APAEAE A" 4l AN e
update_edge_info()= A2 7HdWAl 74 A2H
H, B, SA0lE, FAULE AAE 5 Yot A
HEAE BAE A edge HOIETH edge att HolE
o EAsts 71T FAqEAE BT 2L 7HH4
2 g

5) 2= AR uiF A4 AE dlo|etu|o] 2o
EAshe HolEd tate] &2 o dikE 53l o
Folch z} AAAFAE A HolBd AR ALg
29 877 A& W F P4 YolA oA "ok AME
e AME Zdte) tist ok oz dueEs
Hgst] & o 23F AYE Y9 ¢ ok aI=
AN W4 get_graph_info)= AWZAIAE o) &3}
o graph_info HolE AH v A HRwg
ozl zt &Agd i FEAHRE A & ok 2
21 " 2ejzel 2450 e AAH LA uig
JEHE ZA% 4 9rh

B AN 35 get_vertex_ infol )& L ZAHA9}
AR AHAE o) 831 vertex HolEH vertex_att H)
olEo AFE e MY AF g vlolg} Ao
7bedttt. e £44RE FNY As aHEAE
A, BRAIA, 40158 ol&std Y &A% A4
o] 7}g3lth v AM J get edge_info()v= =
AEAe} TAAEAE o8-8t edge HlolET edge_
att glolEd] ARl gl 7 HHel W& ulole}
Aol 7hsith. 7+9 £4ARE ANY BF§ 18
TR AR, SA40]ES o83l AT &4
& Aol siwsith. awtd Ay AHE Alel, A
T 2 Alole] BREAEE AME] A A golHg
27t itk F, AHE AbelY 43 ARE AMshke
ARAE A g dd" e Ags AHuse
A A Fol

6) EHAA Az Folrojee J¥9 aHz= At
ot ¥xuEF FYyL st EdNHoR MY &
V=S Ad@ch B #49 rollback()& FE 53
T AAE A oW dHE Bt AR XA
T4 save_point()E A3 (save point)E AFSH 1
olF A disiA FRE AYS FIL YL AS
ET7AA A2 FA4E 578 4 ok g2 @49
commit()e ZFFHEE FE(commit)ZHch Holeh o]
2 A4E AT o EAFHeR g8 A4S FYA
T gAFHeR 248 = Uth

ojgellq MEg T g olBEet o]F o
&% T & T AAAHA F4L 29 33 2k
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( Graph Applications N
(

basic operations -) ( construction operations \ ( basic algorithms
= vertex, edge count - compleroent ~ breadth first search
- adiscency = union - shortest path
- dogree = composition - roinimum SpAnning tree

!

Graph Management Library \

graph creation ] (

(dalzbass connection | ( transaction

= comectQ = create_graph( - rollbackQ
- disconnectO - commitQ
- save_paint()

(Uaﬁh info insert W C@;auh info doletaw (graph info uodateW(graoh wfo retriav?

- dot_graphQ) - wdatw_graph_infoQ || - &ot. &rephnfo0
- del_vertexQ - wpdate_vertox_infoQ {| ~ get_vertex_ jnfoQ)

~ insert_pdgeQ)
- insert_vertex_atr()

l - insert_vertex(Q

= del_odge0 - update_sdgs_irfo0) || - get_edge_infoQ

/)

r
-

Graph Database

ay 3 o= g4 gelEdy A=

4.3 Oz 7| T Y A

oA AR 2P E HolEr JYPE 78 P4
AHEEtY] BAdSE BEY U= gndEe FE5)
3 2 A%E AFsdd. 78 #HeE SUN
Enterprise-450 ZFE9} Solaris-2.6 +FAAE A&
34} ololelwio] 2~ WA AL Oracle-8%, 7N
doE Co} ProxCE AHEsIEth A@olAe dEA
ad= gauEQd AVHEE sy HAE IR
EgE 13Ah

a% 4 Y FE g del g A7 FAR=A,
APE adze B adzZaA FP A& WY
A AAEAT. FA AU FARE o, 1Py
Aol wWE duEE AYAIY ABBAAE 4EERA
ok & AHo MrE 500M(2” 4(a) 9t 10007}}(1%
4l F 7HA A9l wiste] HAZe e Al
uHzbaA 2R3t 4 eI RE OE ZE 753‘
Hogo] 1Mol EAllsks &F LHAEZE 100%9 A
Mg 7R AeE B3 A2 g7t 50%, 25%,
10%, 5%7F H=E 2 2H=E A Wak a9
ZojA & adze FHol wld FE HY A
7} nx(n-1)°] €k zF 49 =7IE 100byte”t =HE
= 43Rt

ey 71 dueEdAde -9 Agrt FaA

A5 AgAITRo] 1H9 Aol HlEEGA T, 1Y 4(a)
°ﬂ’\'] & 4 %ol dolgpHlo]lx Nt GnFEME
HAlzro] 7Hde] Aol Wi AE S & F+ AU

Bg = dugEy 189 28 355

o g 89, Y A7 1250009 W LB
o] 109zl Aqt 7] Zl47F 2 20810 250,00070
o W 17720 B3t o= dlo|gtu|o] ] &
Hgsgel 7|A¥Tgn & £ vk o Ede I

g ab)ellA @ 5 Rl 2HEY Apolzrt FiF
o2 o AW FHEE AL ¢+ Ark =2, A
o At Edstdgts A AF gobAE AHA
ol Bol 2¥S ¢ & Atk AF Y, 28 4a)d
A e} ATt 250,00070 B¢ A3 AIZEe] 177x
o)At 1Y 4(b)ellXe 313x0lth ole & Aol
ated A2lstr] 98 71EAY e Er A4S @
4 Stk

200
180
160 [
140
120
100
80
60
40
20

run time (secs)

12,500(5%, 25,000(10%, 62,500(25%, 125,000{50% 250,000(100%,
1.25MB) 2.5MB) 6.25MB} 12.5MB} 25MB)

number of edges (edge ratio, graph size)

(a) ¥} Jlgeol whE AAIZE (A 50070)

run time {secs)

50.000(1 %, 5MB; 100.000(10%,  250.000(25%,

500.000(50%, 1.000.000(100%,
10M8} 25M8) 50MB) 100M8)

number of edges (edge ratio, graph size)

(b) 9] Ao wE AW (G748 1,0007H)
19 4 ARz dasis 49 29

a9 58 HaNE ARED duzEe U 484
H2A, 498 28zs 79 aHzZEs FFG P
e ADEA WASHL) o) FwEEFe 1 BT A
ol ATl ZaAFS ) A wgo] o= HR o
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fun time (secs)

500(125,000°
12.5MB} 50MB)

1.000{500,000: 1,500(1,125,000:  2,000(2.000.000

112.5MB) 200MB)
number of vertices (number of edges, graph size)

(@) 34 2 2AY A%l g AT

dlojefMlo] 2 A 29 A A 5 Z(2002.10)

run time (secs)

400byte{200MB)

100byte{50MB) 200byte(100MB)

edge size (graph size)

300byte{150MB)

(b) 24 =7 & APA7H
(83 1,00070, 7H4: 500,0007H)

a9 5 Haelg AHED ¢dueE 4F A9

o)l 7hdel Aol wE AP "z dpRA
etk g, 2 AFdMe FHe A4E 5007000
A 2,0007074A Bl 7FEA A=) diste] Ayt
Rel (2™ 5(a)). =g, AHE M7 A S o 2
Bzl Avjo] WE AYPALE Yolrry] Y&, HH
o] F44=7F 1,000703 7+ A7 500,00070 &3
agsze] distd shte] HMe] =71E  100byteclA
400byte7HA| wlR7IEA AP3HTE (2B 5b). F3
B g oA A aHEE FFo] nAd AL A
9l A7t nx(n-1)/20] Aot

2% Sa)e AFAFRAA & = AR LA
Ao gl Aol HlEESE & 4 ik ol AR
716kE} vEdviA 2 Hiwg AFED] ¢aEEe] 4
H g9l B mal dPAjgle] GElxm HMe] WY
a7 AAER7] WFEolth =3 2 5b)dld & F
ARl A 2+ A4t TAY o), st zHae
aANF, agze A7))7F FUlEEEE APAe &
Zozgt ZUtste ASE ¥ & Utk wEA, dolE
ojzo] Zitgt dme)Fo] A THHel BL F40l
Bote U183 a2z E Agsied Hdudez 9 &
£49e ¢ 4 Ik

4.4 J1E H7Q9| Hjm Y AHE

glojelujoj2d] Z|WEle T ZE Ashs 71E9
Uya B =R Abele Wy 54 9 Adde
H20] Aslgt B =88 TSt g2 dFolA
HAE Ex AAAFE dHoleho|2E AP
ol AZS dHoleguo]la A2HS AuEls ART
olr] AZ =1 HA3E ulolgulo|~g AMR-dE Ao
IS o o itk

E 2 dlolepilo] 2] 7| dgi= A W Hlu

=5 kL Biskup[7) | Guting[8] | Kiesel[10] | #A1¢ 34
DBMS RDB OODB | Special DB RDB
Derive

XSQL(SQL
ERl extension) (Ssts%nﬁirét) PROGRES SQL

84, o]44 LR v e =
e 8

golneiz] 29 a7 A | A
. =0 2 o ) 2=
024 &3 ] &3 HESA

71E9 EFEL veleho)x Hejols FAsIEA
A2E Aogog Aldsted FAHe FAem o 2
ool Azl A% A FEE A Aok
oj¢t 72 Fo e adxd P s¥E S FLE
T QAAAL RE vlolebolx: AlLEHE R A
& 5 7wl TRt o4 ol FojAA Hrh
T ARt ARCM R MEZE T ¥E U
olu} Aejolg JFol sk REe AA Ak yiHe|
B =EdA AL ES doje o ddoje 8
F dojepiolz Al2ElN AFHE JE 7IsE Al
&3t7] W&ol o) FAHL dAsA ge

71&9] AFellMe aH=E gojdzld W nHE
32 A, E d7elMe IYZE dojeh o]z
st Aty A 718HA FeES golraE
5 A ole # =EelA AT dudFe 7EE
ok oopet &8 ZRIY ez ufe {88 ARS
g Aot

ozl ZiEe] A7 I dsE WUt Us
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g 4 Sle WEE AU ol o8dte =
dnFEE T} AFSIAT

°IEV’P vofetuolx Z[NE W e wixae] F85X

e 27E Ze 2= aFgez AP & e
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