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Design and Implementation of a Main—-Memory Database System
for Real-time Mobile GIS Application

Eun-Ho Kang'- Suk-Woo Yun'- Kyung-Chang Kim'*

ABSTRACT

As random access memory chip gets cheaper, it becomes affordable to realize main memory-based database systems. Consequently, reducing
cache misses emerges as the most important issue in current main memory databases, in which CPU speeds have been increasing at 60% per
year, compared to the memory speeds at 10% per year. In this paper, we design and implement a main-memory database system for real-time
mobile GIS. Our system is composed of 5 modules : the interface manager provides the interface for PDA users ; the memory data manager
controls spatial and non-spatial data in main-memory using virtual memory techniques ; the query manager processes spatial and non-spatial
query ; the index manager manages the MR-tree index for spatial data and the T-tree index for non-spatial index ; the GIS server interface
provides the interface with disk-based GIS. The MR-tree proposed propagates node splits upward only if one of the internal nodes on the
insertion path has empty space. Thus, the internal nodes of the MR-tree are almost 100% full. Our experimental study shows that the
two-dimensional MR-tree performs search up to 2.4 times faster than the ordinary R-tree. To use virtual memory techniques, the memory data
manager uses page tables for spatial data, non-spatial data, T-tree and MR-tree. And, it uses indirect addressing techniques for fast reloading
from disk. .

FINE : FNAFA HOIE{H0[A(Main-memory Database), 2IE{H0|A E|Xl(Interface Manager), #7|9] HOlE| #2|XH(Memory
Data Manager), 82 X2|7|(Query Processor), 218|A T2|7l(Index Manager), B¢t QI8 A(Spatial Index), B2zt QlEA
(Non-Spatial Index), 74 W=22|, gt M (Spatial Query), HIEZt W2 (Non-Spatial Query)
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e Aol #e)7]= ZetoldE @52 (Client Handler)
o 47 =2 (Connection listener)® A4 ¥t} Felolol
E e AgAL 99 %S s 54 @849
PCH #HiFEet Agjdu 14 482 35+ PDAE
sl zhzt =R gAdEe fAEY dd FAAE B
Aol Ael7)ek F71 FA we)r|ek dA€

d 879 SetelddE AFEE A Axo g o
B dojele} sjF AW Fo AXAHH I AuE: ¢
ol MM g AFsta, FEo|dE FELE o] F ol o
A FARE T3l #7019 diold #er|2 A3 28
Agg A 28ez f4 8749 Feo|dE PCE
A ZetoldlE AERE F71Y dolg Hel7e} ged
a4 7)eute Fad

PDAS} & 7477 ZoJEE 9§ ZgEor=
j2me(Java2 Platform, Micro Edition)& AF&%c} 2mes=
Al 7E Fo slyEM j2se(Java? Platform, Standard
Edition)®] &= 2=9& 29187 ghizd), ol 7]7] A9
g Ao R Q13 FPFo] 47 UAHo]7] ufFol
ot kA j2me EYEFNAM L GUI 7152 @o| FHa5 o]
AolA 718 AHEAY P E BE F e PR ¢
=0} glem, 53] Graphics WA= j2seo] Hl3] Wol A
@Eo] gk ¥ AlAagldA s ol2ld PDASH e Felo)
AEQ AFAHE st My %o Felo]dE L7}
il dHeoleE PAdtn we] AFsle] AP vlwg e
drawdjA] o|n|A]& ZFelolAEd Hpdl= WHom 47
gk 2222 PDAE $% Zo|dE dss zHzte



Zt ZHIY GIS S8 =S 21T FI7IUTK| CIOIEHHOIA AL A R 73 17

diole v g A

2 77| ool 2|7

F719 delg #Helvle M viRe 71gE AR A
B AR g diojefe} AdA FRES vEE e 4
FAZ o]F 8 B =89 F79 dHolH #HYYrE 4
el HolA Holgss Hsted, o ¥ dHeolHE
AjE #Holz HelE, WE dolge i Ao HFe=
HAE gejo] 2 ARE AT HolA Held, M dlo
Eol dig gldx 722 MR-E2E 1% #Hol# Hol&,
agla HAE ARE 97 T-EE 90§ Heolx| Heolk
2 gt

Page Table
0 {1 il e e 3 4

1 —

2 —

Number of free slots
Starting offset number

N-I—

(2g 8) Holx| go|&

Ztzte] #HolA] Hlola (18 8)3} Zo] YA =279
= wdR FAEY, 7 HeolA W= ¥l HIR=EE
of g ANE delAue] ¥l ¥AE= AlF e ZAH ¥l
dase 7lF Hel2 o|Folx ¢FAE Y2E e I
23t ghep Q=& dlolEu ddA AR oz
¥ zert 98 A5, 3719 dolg #Elrle #HelA
HolZoA ul Hz=7 ol dolA Hus i HolA
o] gz g Fets =M HYRE ol fd A
dolgE A} njng He AH7|E Fa AR

A 49 ' deoled dig F4 g (Fe]A] A
AF2+QZA gl FAoz Foprte WHHFLE ZIEE A
g3t ol M dixeld AMgEa, A HE AR
i U 2 A 298 98] mets Ak weof A Fa
71Me ALgETHE taag WYk HolHE A =Y ¥
A%, 2 dolEd A vz s FHoR FHE
gdats FGAA o8 AFHDRE A 2 A dlo]g el
gk el x An oA A 2YA] v} FF o] Hasj=
FAldo] s Ag, B =83 2L 1 F4 7HE A
f4353 viEelz A 2YAuick se]x]e] Al FA:ho]
FHor WARDR QY2 AHHel AyAe] o gk
4ol Adrk

wE] dolele] Agel: shhel AAHE AAE E@E}
71 A E o] e HasEe] 4ad F e, o&
g8 72+ HIE=ES MH gzt o FA4 ge 4

mlﬂl Ho

F2 P2 pHegm o2 HEF

MR-Eg| ¢} T-Eg|o] 44, shte] = A7 999 o
R E FPo}l Adx dERES ARsE 7ML R
2] AHEEdo o E&Holgta & F AA, 7MY vR
g8 AFstn, dd2 A88 Uy 3 A 2dsied g
Alte]l 28€de #Ado] gt 2¥E2E MR-E %
T-Eg] 92 T2 4A 99 HE dlo|gle] 359 vp3t
7t 2 FelA] wg 7 shda] vhe] gk

33 e Xa|7|

A9 Aerle A 3 dolHE AT A9 A ¥
Zteh v F 3 wlolHE A% Ao A A ax, ¥
dibztz FAEn. F3 diolg e A dAe g
o|IEZ PDA°] &7 GPSE T3 UL AHEAe]
AAHEE AeHo| 2 #eVE Faf 9Y T2 o, 9
& olgd dA A& Al 2HF WY vlolHE A
ghot 837t diole Fe] A gelAe Zdo|dE '
7125 dYEe Fi, AP Fe 24 A= F
7t dlojEls} v F T dlolHE ANy, ¥ A= &
A g fxz2FE JHE 2HE 54 E]le AAE
A,

34 GIS Mt 2lE{mo]A &2|7|

GIS MY Qg o] A7l F7]9 dold #27|2
e A ARe] i@ WH dolHgt % HAE dolE
@ 283 olEel Wi Adx HRE vz HFAT)
3, 29A71 dEdHol: QS FPH

35 ele A& 2|7|

£ %5*5’:—1 F719%4A dolguelx Axge 239
18|25 geldich JJeE AAd daf o fxAHRe] o
g 9 dolgE AdME 719 R-E2E A4 3l
WAAIZI MR-E&E Aldatar ALY, A4
AH el d2E e FEE e V& dFEddA F
719 Q94 71Pog AMAE T-Ee[4]E AHE-Rich

3.5.1 MR-E#|

MR-E#¢] edx =52 (1Y 9)8} #o] 5 »E=
(internal node)s, 8= xZ(leaf node)S, 18|31 ¥k =
E(half-leaf node)E 2 ¥HETH 7|4 - =g}
e 2lZ =537 doly HAd dg dESE BT
AUE =28 ougc, MR-Eg9 = F32E R-Ed
o] w= Tz FEEE F kA Fr71HQ =L EA)
g} b =2 Eol(Height of node)d Wehlis &
ER A xEEY FolE F 7ME & Eold #d 1&
HE ge Yo, MR-Eg|e 878 AeE& F4s=d
AREEG W2 E eEo old] AR o]y dE )
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Z Height of node

\ [ | | EntryOlEnfryl I

[ Entry M

# of data entries
#of entries

2 11 11

Internal W'—L‘?I\\

[ ] [ I [ | I

~ 1 1
[ ] L ]

1| 1 1~ 1 L 2
] [ | ]
Leaf Nodes Half-leaf Node

(32 9) MR-E2| 7=

T(# of data entries) WEE vt ¢ho] A A5tn = d
ole] AAE 7H7l= dES NFE Agdc FH,
Eal MF# of entries) BEE kB Sk} nEZ 712]7)

= AEZY Mg n o w-E ==y dEE
°] A2 ==F 4% dEQAA, diolg AHE g dE
ZgAAE F7HH ‘3‘: glo] AHatr] ¢lste], MR-E#]

dqAe dolg JEES A =28 A% JEE o
Lol vix A1), Jﬁi‘f’i dole AAES 9 3 WA

dEZ HE: AEe AF HIE 022 & o =9
AEZ 74 of entriet; ) o &gt}

AN dneFe R-EFT]Y A4 dxneFd v
w3 1F°l’§i°?t’—}“‘ WP E e=g HAE F de] Azt
HE A =E=E 9% MBRE ¥4 ofu} woly A&
1% MBRE#ME HugE $tte 4 & + ok

A daeFeA s FEAA 2 nErkA Y wA
MR-E#& ZF | =71 f1 dEZE AYER] o
AR wheF 1 3 sty o]de] w7 Yl QlERE A
el x5 B8 A olF AR W@l e nE
g =259 dE7} 715 AUy, £8E k== AF
A A48 =9 dojg AHNES T dEE AYs
y-EZ w27F gk MR-E2le A4Y] 40 o2} e
Fol7t AAL, T mEE9 ¥o| Ao|7t T = Uk
MR-E&+ R-Eg 8 22 Ee]ZA(AdjustTree) ¢are]sE

[71& Ab&3h=tl whe} MR-E2] oA ofd i wte
ME EE 7te] Fgolilelz} 271 HE AMH EflE 2A
sHd, Folvt 3 (HeightBalance) ¢alg]Feo] &&= a1, ol
FU =29 MH EdE 7 go] Fol7l FHo 1o H:
% MR-EgE #33} A1,

(19 1002 MR-Ezl9 #3¥3 #AHE F
& 8 MoED 94 (2" 10(a)=

74 o)
wol #43}
4] MR-E818 wolEth d714 P A4 wEse %
o Al 2k 7] Al MR-2dE ¥2Y S 3
T
e]

o |
2

gk (g 100(b)sh (28 10(c)= (19 10)a)&
T¥3 FH S 79 o, 7Med ¥WAHE EY TRE
th (2 109 Zfole e,] Eﬁ'%‘ FEAY =

Ci# #ol7b hel Pl A4 wE=5%F sl NwE wgshs
ol (219 10)(c)9) 7*%011 1=°l7} hgl P9 A4
eE 278 Ao Zhe YEE =S5(Nwew)E A48T,
ol <laf A7 P2 ¥ dEH G2 MY W Wi
& g3t}

Algorithm HeightBalance(P’, N)
/P #¥ Eg] = N& 0|7} Pheight-19] P8l 4 & // [
HI. Ec «—<entry in N,where E.child -> Height +1 == N.height> ;
H2. Create a temp enuy Er ., Copy Ec o Er Remove Ec from N ©
H3. N.height-- ; Pheight-- |
H4. for (each pair of enines <Ei, Ej>
from the entries in P including E+M

Height =h +3 Height=h + 2 Height=h + 2
ht2 / h~h+1 \ h h htl / h~h+l \h+I™ htl
N, N Ny N, I_N""' G
ht1 h h \_h h h h
el c: |].[c.] BN c: |- [ c. ] |C2| |N.,.|

(a) o] ¥} MR-E?|

(b) 30l #@3} AT T
MR-E2] %

(32 10) MR-E2|

(c) ol ¥ FYPF9 7t5d &
MR-E&| 7%

TEE I oflx|
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Ng: < Eichild ; Ng « Ej.child ;
if (Nm.height == Pheight - 2 &&
{Ng.height == Pheight -2 ! Ng; has empty rooms)) {
Make a rectangle J including FiMBR and Ej.MBR ;
Calculate d; = area(]) - area(Ei.MBR) - area(Ej.MBR) ;
}
}
H5. Choose the pair <Ei, Ej> with the smallest dj
H6. if (both Ni and Ng have same Heights) { // P.height-2
Create a node NNew // fig. 3(c)
Add entries for Ng and Ng to Nxew ;
Create an entry Enew for Nuew ;
Remove the entry Ej from P; Add Enew to P;
H7. } else { // NEiheight == NEj height-1
H8. Add Ei to Ng // fig 3(b)
Enlarge Ej.MBR so that it encloses EiMBR ;
)
H9. Remove Ei from P, Add Er to P ;

MR-Ez2|9 44 dxn&FE R-E¥ Ay 22 ¥x
&L AHgEAEL A A £8 0171 98 R-EF9 E
2 ¢t&(CondenseTree)[7]2 th& F2]& Agdh (29
1002 1 98 BoFt

oiof R-Elo] Eg¢E gndFo] (29 11)Xa)e &
Age whdod, == Ce 943 Q2 AYHy, oA
gAdA == DI D2& A A9 #3E AAA dd. 2
gy MR-Ezl9 E2|¢3 dngFdAe ¢4 == Pt
o ¥ AEI} YEX AFE HAR T ¥l AELI}
AthA, oA == Co A4 =ESE U HolE ZAG
k. (28 11Xa)olM D19l ¥oli= h-1o]x D29 ¥o|& h
o]7] W&o, == D2& ALY #lo] P A4 =2 4
Aol 7b53itt ol P9 D29 Fot Feolrt 20 Hsiy)

Fo|t}, 23ez EYF ¢3ngFe (2¥ 1DDBAA
s} o] = D2F P A4 =T AL, @A DIT
< QB Ayt o9 & UHog MR-EgE R-Ed
o ual A A=l & dEES FE HirYFoEH
A A17HE: 29

4 4

2 FAAE A299) 45 %7HE A4 AEA AN
st gd2x Fast 7z ddx F2EL FAs 2
4 % AN 45 vugd olg AdN B APINE

Helght h+2

8 5

(a) A4 433 MR-tree

Z719TK CIOIEHIOIL AlAY HAl = 78 19

R-E3d, PE R-EZ[1], CR-E8], PE CR-E&|[1] ¥ NE
Al AA &= MR-E@, CCMR-EZE 234 92 72
2 74 39tk CCMR(Cache Conscious MR)-E&l+ CR-
EgAN AM43E QRMBR 71€& #Z ktowh AEA
7l FZ2M, B F3F MBRY HAez g AE =
=¢] QRMBRE®] B3 ¥ 4%, QRMBRE H|o]g]H]o] 2
A74g AA MBRE ol&3f AALL €t o] XE JAdx
TZ2EL GNUY gecZE ARY HEE doH =9
$#74& 16GHze CPUSH 256K 9] L2 #A4], 1288t0]E9] A
H B2 37|18 AMse HEY 4 AFEHE AHESAT

Ao x= A7E 27 A, AN &9 A7
£ 128ulo|Eo A 10248t EZA] WAAAT ¥, R-E
Z¢9 MR-EdE 918 MBRY Z7|E 168I9|EE AME§
o5 CR-Ed ¢ PE CR-E& & $314+& QRMBRY 27]
E QulolER A& o) g9 (29 5)oA dEE A
I go] YF F& QRMBRY Z7|E 238 4% AHdE
yebd-g 2¢7] gl 18y CCMR-Eg 9 dslixe
CR-EZNA oA 7M53 ofd o) ddx BAsA &
7] W] 4ulo]ES] QRMBRE AHgdich 2 AYPeME
o] RE Qdx FRE e R-EdA AHEIA A
3 -H| &(linear-cost) £ 4n&E & A& A

E AgoE [1]3 2o] 2719 dold JAdS AHFe
2 A4 AAD ol 9l BAAY gl AAF Hw A
o e Aztgog FAHEG A WA ﬂl°151 Fae 99
AALzZHY St 7% BEXE uehin, § wuA: 43
(05, 05)8 BEFHUa 0268 2= 7142 EXE Yedit
Ztzte] diolg Aol Hi &9 ol 0.0012 A A3}
Ao B9, BE Qda Fx9 FFo] 4Y A 9%
S 27 gio, ¥ AP E dlojy HAESH wHolH 4
A MBRY 948 A& 5 58 A83 430

41 AY M5

2 4¥dMe 93 dds F2Ed 9 38 e
HlZ3l7] 9, 22k A4 E A ggo] U A ’\l
g vagrh ol & Ha) 2 dddAE st EXS F

Height =h +2

(b) AN MR-tree
(D1gto] A4 Qo F714)

(32 1) MR-E2| AHA| E2| L&Y o|H|
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