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Abstract of Bachelor’s Thesis Academic Year 2012

T-Ring:Sensor Data Oriented Decentralized
Multidimensional Indexing Focusing on Particularity of
Time

In recent years, sensor networks are being developed as an infrastructure to enrich our
lives such as environmental monitoring and smart grids. In addition, by the spread of sensor
equipped smartphones and downsizing of sensor nodes, sensor networks (or the sensor itself)
are being used in the scale of family or personal. In the future, sensor networks will become
the foundation of our life supporting.

This research assumes that sensor networks could become the foundation and that everyone
could get data from anywhere without being concerned about which sensor network they
belong to. In this environment, these published and shared sensor data are called ”public
sensor data” in this paper.

To manage this public sensor data, sensor data should be operated as Multidimensional
Indexing which has latitude, longitude, sensor type and so on. However, in general works of
Multidimensional Indexing, these researches were hardly intended on sensor data. No reserach
focused on particularity of sensor time.

This research proposes T-Ring which is Multidimensional Indexing system for public sensor
data. This is the first research focusing on particularity of sensor time. T-Ring doesn’t use
time attributtion in multidimensional data and use a criterion of deciding the place of storage.
T-Ring reduces amount of calculations on storing and retrieving of data and processing speed.

This paper evaluates this system and proves feasibility.

Keywords :
Public Sensor Data, Multidimensional Indexing, P2P, Decentralize Network, Struc-

tured Overlay Network
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47 ZRITTD 1 RITib:Z-order

AT, T-Ring KBV THEARNZ, X077 —% % 1 XIuflICEE§ 5082179 Z-order
WOWTHRS, ZOMNEEFTH 7 7 X Zorder.java TH D, TDT 7 ADA v A Y v A%
T2, av AL 778058 E L TERILT—F D&ME (double D) @ List #4463 & § %,
Z LT, getZorder() L WIPEEZTOMT L, £7, List TEINAMHDOEEEDL S, MRILD
f—&f%%#%%ﬁ?%.%LT,%%E@@%A%%U@@(WW@M%)Cﬁ%?% &
I, BRI OEFEHZHRHNSL, BEHDORD S CEINICERZLZ AbE 57012, holtslic
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TR TCORICDMEBWARE D 5725, EIDRDOBERICOWTHBEDEXZITH. Iz EBEEY
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KR 4.4 TH 3. Z-order D707 T Lk ZDOFEAGNILITICIBHET 5.

Listing 4.1 Z-order

-

public class Zorder implements ZorderInterface {

private ArraylList<Long> positions = new ArrayList<Long>();
private Arraylist<ArraylList<Byte>> binaryPositions = new ArraylList<ArrayList<Byte>>();

public Zorder (ArrayList<Long> positions) {
this.positions = positions;

}

public byte[] getZorder () {

convertPositionsToBinary () ;

int length = adjustPositions();

ArraylList<Byte> returnArray = new ArrayList<Byte>();

for (int i = 0; i < length; i++) {
for (int j = 0; j < this.positions.size(); j++) {

returnArray.add ((byte) (this.binaryPositions.get(j).get(i)));

}

}
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byte[] tmpByteArray = new bytel[adjustPositions()
* this.positions.size()];
for (int i = 0; i < tmpByteArray.length; i++) {
tmpByteArray[i] = returnArray.get(i);
}
return tmpByteArray;
}

private void convertPositionsToBinary () {
for (int i = 0; i < this.positions.size(); i++) {
this.binaryPositions.add(convertToBinary (this.positions.get(i)));
}
}

private int adjustPositions() {
int max = this.binaryPositions.get(0).size();
for (int i = 0; i < this.binaryPositions.size(); i++) {
if (max < this.binaryPositions.get(i).size()) {
max = this.binaryPositions.get(i).size();
}
}
int gap;
for (int i = 0; i < this.binaryPositions.size(); i++) {
gap = max - this.binaryPositions.get(i).size();
for (int j = 0; j < gap; j++) {
this.binaryPositions.get(i).add((byte) 0);
}
}
return max;

Y

private ArrayList<Byte> convertToBinary(long d) {
ArrayList<Byte> byteArray = new ArrayList<Byte>();
while (d >= 2) {
byteArray.add ((byte) (d % 2));
d /= 2;
}
byteArray.add ((byte) d);
return byteArray;
}
public void debug() {
getZorder () ;

System.out.println("number of dimensions : " + this.positions.size());
for (int i = 0; i < this.positions.size(); i++) {
System.out.println("position of dimension " + i + " :"
+ this.positions.get(i));
}
for (int i = 0; i < this.positions.size(); i++) {

System.out.println("converted position of dimension" + i + " : "
+ this.binaryPositions.get(i));

}
System.out.println("max binary length : " + adjustPositions());
System.out.print("zorder : [");

for (int i = 0; i < getZorder ().length; i++) {
System.out.print (getZorder () [il+",");
}

System.out.println("]1");

Listing 4.2 Z-order f#i il

~
public class ZorderTest {
public static void main(Stringl[] argv) {
ArraylList<Long> positions = new ArrayList<Long>();
positions.add((long) 10);
positions.add((long) 5);
positions.add((long) 20);
ZorderInterface zorder = new Zorder (positions);
zorder .getZorder () ;
zorder .debug () ;
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o J

Listing 4.3 TR

~
position of dimension 0 :10
position of dimension 1 :5
position of dimension 2 :20
converted position of dimensionO : [0, 1, O, 1, 0]
converted position of dimensionil : [1, 0, 1, 0, 0]
converted position of dimension2 : [0, O, 1, 0, 1]
max binary length : 5
zorder : [0,1,0,1,0,0,0,1,1,1,0,0,0,0,1]
- J

positions[0] positions[1] positions[2]

[09 19 09 19 07 07 07 17 17 19 09 09 09 09 1]

4.4 Z-order [XIfi#
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AN :Lﬂ-ﬁ; v ﬁ'l%*ﬁ’f%ﬁ key, value >
?%T?ETID :Eyl_}l/ *
1% iR \
\
= Y |f
E EVa-—I
—
J v R ER II7
% AN :L{IE} 7__“_ 9 1%7? key, value | | 7
= Swcr D t¥a— =
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ANV ¥ afE
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REETID

NEEnkoTY T—YDEDY R K
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\ .
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5.1 ¥ AT LREKIKX

511 XY I—=UFIa-l

oy P =Y a—VERFETZRLTHFL, 1D =7 AROLA—N—L A 2y b7 —7
EREROT =2 1T 2EEETIEY 2 — L ThHD. AEY 2 - T, OREETDT—
SHIFEY 2 — N5, T—FIHERD 7 2 ) 3L S NBEIC, NROT—% % 7 ) EEIDMR
FETISEET 5.

RKEY 2= NVDERIFF -7V —ATH % OpenChord D—ZZEIZ L T3, REETD
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Join, Retrieve s EDOMRFEETICE B2y 7 — 7 DWEEEOIH T ITE W THHAL TWw3,

512 EYHIEHREBEY 21—

KEY 2—0IE, VY ORBERRELR LY, v ¥ F— Y DEUNDERITGT—F L LTDE
TEREEY L GIRET A2 LT, T—FYOHEZARBICT2EY 22—V ThH 5,

VYT =Y ORREE BRI, RNETFEER, v/ —FO7 FLAZEEEL THERT
2735, T-Ring VUE L CWAEETIX, v ¥ T—%%7 FL ADANDOMMOEFED ST 5.
£oT, BB z2ITHIRICE, RSNy 7= DIERBNETH L, TD7dIT, T-Ring
Tk, RO VY — PO, &BE ¥y 47, vA¥—E7=0T—Xifl, Ny a
LU 7% S T2 HREE ISR LT, 2oy EREZSRT 5. EikidL v 57— Do
FEFBRIZATY . 2y TF =2 DBRIEFICOWTIE, RETTHEMICERS, REFEICBF2XF—L L
T, B, RE, kUYL, v R —ET7=0D 4 X0tfE% 1 Xouft, Ny 2 bl fiEk, N
Ja—¢L7T, ZOk YYD chunk & SP DD v F 2 EFET 5. F—F OHEFIZOWTI,
5.4 CTREMNCRR 228, 7 —% OHUR ORI, M, &, ¥4 4% 4 7, chunk, SP D%
MBELET D, E, RE, Yy 47, vRAY—E7=0 DY E 7ICHIHICHE L & v YR
BT B LIZL 5T, chunk & SP ORI Z A% Z £ DSU[EBIZ 7% 5,

RKEY 2=V TlX, B, £y HIBT 2 EHRBIEEI N T 5 SensorInfo.csv 05, & ¥4
IDEX—LLT, V¥ T—YORFECHIETH S, HE, BE ¥4 7, chunk, SP D
K2 5, B S NEW 6, BE, RE, vy 3489 47, v A9 —E7=0 D 4 XIifH
% Z-order BIEUC X o THBEEL, BRI NN, FVEZREE T RAEY 2 —VICET. REET
FHEY 2—)LE, HMOMEETOREFEET ID 2B L TL 2D T, ZOE PITR L THEARE
WaEEHT 2.

513 F—H9REFEEY 21—

KEZ 2= N3y T 2RETIRAETEES 22—V TH 5,

T-Ring T, €% 7 —% OWHEIHE > TR Z RO 270, R VY EBEY 2 -5, &
Y ID, WNRT—5 O, &E, £ %% 4 7, chunk, SP Ok, 7—% O], & 4Dk
ERE 2S5, AES2—0LTlE, 74— FELT, £YYIDZ2F—I12, RIHEETARE
BRAFEETDID Z23) 2 —¢ T2 Map ZHFfL T3, EonTEL ¥ ID & Map HD &~
Y ID ZHK L, EI T uald, 7— 2 ok, v oiERE, chunk 26, 7,
PAY—ETPDOHSERZRET S, ROT, ZOVAY —ET7H 5 Successor %l 2 [A3 % F5E¢
3. 2LC, fE RE xr¥IAL7, SRY—ETOHFZTD AR5y afbEL, 2D
fili & Successor ZW AR ZHEE THRAEY 2 — NIk, ZOFELE L THREE T ID 2%
M2, 7= EINL2E2 YD ID & Map HO+E >4 1D 28— L T &1E, 2O Map
DX v IDICHIET2RFE 7D ID 203 T 5. XRiZ, ZOID DRRFETICH LT, ¥—%2f#
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JE, R, vy A4 T 1XufbE Ny v afl, NV a—%T—5DfiL L THRET 5.

7o, REMTDbNS L, RIRET 2XREM/EETOENTONS, ZI256E32yHD
ID £ 7= DORHZ T ZERT 2. COFREEZTI DI, 2vyHIDEXF—L LT, BHDLY
VT = BRESINIREFEETDID, AP —ET7OHRFZNZEN%2NY 2— L LTRFT S 2
DDT 4 —IVEDBFELET S, RIESNTET—FDEIAIO T —% L K L T chunk 288 7% -
Twrgs, REETHRRBEY 2 - LT, RIOWRET — ¥ BRESN B EE T ID &
Successor ZAMEAESLNS, NI LT, NROMEEL 7D ID BBRINS, ZOHREYE
7D ID ZRIRHETREMAFE 7 ID & LTHBTT 5, R, chunk 23F—TdH > 7286, &HD
T — I DPRESINIREE T ID ZRICRETREREFE T ID 2L LTHEHT S, vRAY—
ET7 MR- TOREA, v 3 ID BERINTOARVEEFAROLIEZT», HEETHRALE
a6 RINEFEET ID ZRICEHFETXRERGETID L LTHEBIT S,

INSDMIEPEDIRZIND LIk, T—FDRENTbNS., DRI E 7
a—F ¥ —bhTRT,

5.1.4 F—HREBEY1—-I

PPV =2 aVEY 2= Ao RELNEI—Fo0lED 7 )13, #HifEEE-~-2712) T
HBHDOT, KEL2—MT kD, 72 OMEE, FIE, B0 3HET). JHUTOWTEN 5.2
BPIERETH B, 2L T, TEIZITo>RZNETNDMIEICOWT, ME, BE 2vydsA 7L
7 L) THESNHERR?» S, 7—2RELFRICTFHICK D, BE BE w4547, <
A —ETDHFD 4 KIGICK BNy > 2, Successor il 3 % RAFE 7THREY 2 — LI
#ED, ZOMBRELTZIWN-AEET7 ID IS LT, BE, &% rv¥4 7 TcERINS
F=oNY 2—%ZIFNE, 20T 2—Dy M2, HEINANEHL 77
Vr—2avEYa— VR IRY, e ARcBEL T, 77V r—varEYa—LoD
RS DB FHI T 5.

515 REEFZEREY 21—

REY 2—01E, Ly PHEREBEY 22—, T—¥REEY 2 -, T—FRBEY 2 -1
5RZITH > 7eNy & 26X Successor Zill 5 A5, WNROMEFE T ZFHEL, ZOTFL A%
FEY 2 —LITKDIRT,

T-Ring Tld 2 FHOREE 7T OREDITENEET 5, 1 DHIE, Finger Table Z 7z FE A,
TH 5. Finger Table DFFHEMEUE O(log2N) TH 5. ZOFHRIEFT—FVREEY 22—, T—
FHUFEY 2 — Ao 6R o N, BE, 29947, SRAY—ETORFTD 4 XL XS
Ny Yl PEIT =7 LB LA, SAY—ET7EERTLDIfTbNS, 72, Synapse
ICB T B0, HUGTIE, Y ¥ T—FBICZOFEN R I NG,

2OHDEER, T—IREFEY 12—, T—INREY 2 - oo N, BE v
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(5,5) 2D & T BHFE2LUAIC
FEI S EVUNSEE

9
. @
7 (5.7) —_
6 (4.6)
3 s (5.6)
£ 4 (6.6)
= (3,5)
3 (4,5)
2 (5,5) — 13D T ICHZ
1 (6.5)
(7,5)
(4,4)
0 1 2 3 4 . 5 6 7 8 9 (5.4)
longitude (6.4)
(5,3)

\

5.2 27X D53l

YIAT, RRY—ETDHERITD 4RITIT L BNy ¥ 2 fHPHTT— 2 LAKTH > G HIiTH
N5, 2084, BiT—F THELZT7 FLA®D Successor D7 FL AZH{ET %, Finger Table
WX BERIHT T — 8 DB I T 7o 720, GHENBIEIL O(1) TH 5.

INSDHEICEDREINLET FLAZ T =S RFEY 2 -, T—FHREY 2 — VI
RY

Listing 5.1 7 — ¥ {R{EERFORIFE 7 75 FL

(" )

public class NextStorePeer {
private TRingImpl tring;
private HashMap<String, Node> nextNode;
private HashMap<String, Long> restTime;
private HashMap<String, Long> prevSP;
private HashMap<String, Long> prevTime;
ArrayList<Long> positions;

public NextStorePeer (JoinData joinData) {
this.positions = new ArrayList<Long>();
this.nextNode = new HashMap<String, Node>();
this.restTime = new HashMap<String, Long>();
this.prevSP = new HashMap<String, Long>();
this.prevTime = new HashMap<String, Long>();
this.tring = joinData.tring;

}

public synchronized Node getNextStorePeer (Node node, DataForStore data,
Key key) throws CommunicationException {
setNextStorePeer (node, data, key);
return nextNode.get (Arrays.toString(key.getBytes()));
}

private synchronized void setNextStorePeer (Node currentPeer,
DataForStore data, Key key) throws CommunicationException {
long SP = (data.time - data.configTime) / data.startPoint;

if (nextNode.get (Arrays.toString(key.getBytes())) == null) {
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this.nextNode
.put (Arrays.toString (key.getBytes()), currentPeer
.findSuccessor (currentPeer.getNodeAddingOneID()));
this.prevSP.put (Arrays.toString(key.getBytes()), SP);

this.restTime.put (Arrays.toString(key.getBytes()), data.startPoint

- data.chunk);
} else {
if (this.prevSP.get(Arrays.toString(key.getBytes())) != SP) {
this.positions.add(data.latitude);
positions.add(data.longitude);
positions.add(data.type);
this.positions.add(SP);
ZorderInterface zorder = new Zorder (positions);
byte[] SPKey = zorder.getZorder();
Key masterPeerKey = new ByteArrayKey (SPKey);
nextNode.put (Arrays.toString(key.getBytes()),
tring.getResponsiblePeer (masterPeerKey));
this.prevSP.put (Arrays.toString(key.getBytes()), SP);
} else if (restTime.get(Arrays.toString(key.getBytes()))
- data.chunk > 0) {
this.nextNode.put (Arrays.toString(key.getBytes()), currentPeer
.findSuccessor (currentPeer.getNodeAddingOneID ()));
}

this.restTime.put (Arrays.toString(key.getBytes()), data.startPoint

- data.chunk);

Listing 5.2 7 — % B RO E 7 78 H,

s

public class NextRetrievePeer {
private TRingImpl tring;
private HashMap<String, Node> nextNode;
private HashMap<String, Long> restTime;
private HashMap<String, Long> prevSP;
ArrayList<Long> retrievedData;
ArrayList<Long> positions;

public NextRetrievePeer (TRingImpl tring) {

}

this.positions = new ArrayList<Long>();
this.nextNode = new HashMap<String, Node>();
this.restTime = new HashMap<String, Long>();
this.prevSP = new HashMap<String, Long>();
this.retrievedData = new ArrayList<Long>();
this.tring = tring;

public synchronized ArraylList<Long> getNextRetrievePeer(

}

DataForRetrieve data, long latitude, long longitude,
HashMap<String, Long> sensorInfo, Key key)
setNextRetrievePeer (data, latitude, longitude, sensorInfo, key);
return this.retrievedData;

private synchronized void setNextRetrievePeer (DataForRetrieve data,

long latitude, long longitude, HashMap<String, Long> sensorInfo,
Key key) throws CommunicationException {

String tag = Arrays.toString(key.getBytes());

long currentTime = data.timeFrom;

long SPTime = sensorInfo.get("SP");

long chunk = sensorInfo.get("chunk");

long configTime = sensorInfo.get("configTime");

long SP = (currentTime - configTime) / SPTime;

long pastTime = currentTime - configTime - (SP * SPTime);

long leftChangeTime = SPTime - pastTime;

long leftTime = data.timeTo - currentTime;

ArraylList<Long> positions = new ArrayList<Long>();
positions.add(latitude);
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positions.add(longitude);
positions.add(data.type);

positions.add (SP);

ZorderInterface zorder = new Zorder (positions);
byte[] SPKey = zorder.getZorder ();

Key masterPeerKey = new ByteArrayKey (SPKey);

nextNode.put (tag, tring.getResponsiblePeer (masterPeerKey));
Node currentNode = nextNode.get(tag);

while (leftTime > 0) {
leftTime -= chunk;
leftChangeTime -= chunk;

if (leftChangeTime > 0) {
this.retrievedData.addAll(tring.retrieveData (key,
this.nextNode.get(tag)));
this.nextNode.put(
tag,
this.nextNode.get(tag).findSuccessor (
this.nextNode.get (tag).getNodeAddingOneID()));

} else {

leftChangeTime += SPTime;

positions.set (3, positions.get(3) + 1);

zorder = new Zorder (positions);

SPKey = zorder.getZorder ();

masterPeerKey = newByteArrayKey (SPKey);

this.nextNode.put (tag,this.nextNode.get(tag).findSuccessor (this.nextNode.get(tag).
getNodeAddingOneID ()));

this.retrievedData.addAll(tring.retrieveData(key,this.nextNode.get(tag)));

516 EYYEEEIa-I

KEY2—NEderH Ry b= NOX VY HOME, FE, rH54 7, hE2EM2T
IETa—NTHL, Yy IPEEICREINLERIC, 20y Y OEREZIET 2R/ E 7 &
W95, £, vV OBENCKD, ME REOLENIA LRI, ZOEREZERT 5.

Y DBRBEICRELZITIE, DToL) ey 3 ERER 7 ADL v A Y v A2
T SensorInfo.csv I2& Gk % 1T 9. Sensorlnfo.csv ICEFHEINBZ TV PV I, Loy T LI,
sensorld, latitude, longitude, sensorType, chunkTime, startPointTime TH %, £ ¥ ¥ DFLE
BRI BRI, sensorld 225 RO MY EZFAL, BHEZ{TH. I Sensorlnfo.csv
DERIE, 2y HHERRGFEY 2 -V, T—IREFEY 2 — LTSNS, DTH% v HERD
ek, BHDORAAL VI TATH S,

51.7 PZ7VIr—3rvEJa—-l

RKED 2= NIEZ2—F 77V 75— a i LTOTF—FHEDA vy —7 2 — A2 4L,
I—FF7 SV r—2avid 511l THRREIZVEZRES 2 —VICEET 2, AEY 2 — LI
TCP CT#fgZfT\v, 77T HRA—F2FHT 2, 2= 77V r—rarvtdky s ardffEr

33



L, 7ZVDZENZETTEE, F—FRBEL 22— M0V %2747 —FL, Z0OfHR%
L=F7 7V =y a vPREL A TEDRT, CONRDEEIE 4 DDTENH Y, 16E
FRNOLT =5 O A b, A, FME, THIETH 5.

52 F&oH

RETIE, F7, V72 b7 27O OWTIHR, ZLTC, HLDEY 22— )VDOflH 2 HE
LI OVWTIRR, BIcEELZ 7L TY ZLICO0WTIE, RO RBICEBEDO 70 75 L%

L 7.
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i

AT, T-Ring ¥ AT LDFHIi %179 .
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6.1 EF@AE

AWZETIE, vy T—F2LRILT—F & LT BIC, Wiz MoEE & FkIci->Tw b
Synapse &, & ¥¥ 7 —% ORHNFHKEZ%5E L 72 T-Ring OHUHFRH O L2479 . Synapse
DFETIE, B, BEBOBRIC, 77— Z &1 Finger Table I2 X 2R E 7 DR Z{Tb R T
Baokwv, XoT, KFHIETIE, 2y P —2LSMT2E7HZEEL, 7—5% O0{E, HES
WCHET 5, RAFE 7R OGHE 2 X 2GR 5. RIS, PR, HUSIRHIC T THRRICET %
IRl DEHI 2479

6.2 FHEERIE

AW, B & LT, BIDEARTFMRBEIRY v VX ZANORHIBENICRE I LT W»
% 124 B8® iMac DWW, TEOEE <> v ZHOTT) . Bl ARy 7 ElZOo0LTIEBL N0k
6.1 TR,

6.1 SEERENT

T A4 zmac000-159
ZINZS iMac 21.5 A »F
CPU 3.06 GHz Intel Core 2 Duo
AEY 4GB (2 GB X 2)
N—=FT4R7 499.76 GB
OS Mac OS X 10.6.5

6.2.1 EBREBEEBEAICEITIZRYNI—ILITVY

AT, 77— 5 ORECHERICET 2R 25T 2 720, SREFEE7HOMBEFEIIE TS5 L

47//ﬁ$% %, 22T, AEBREICEBT > YEDOLA T vy 3FEERICEDRED
/@%5x5®#%ﬁﬁ?5k@ HiiFEBE LT, £V —Ya vl RIT 23HIL 72, &Y —
TavPEIIKHFET L, K618 TRYT., ZNZNICMP 281} % Echo Message %
S =A ,0774#L§m5if®%ﬁ®ﬁﬂ%umﬁﬁw,%®$wﬁ,mmﬁ,mﬁﬁ,%ﬁ
%% 6.2, 6.3, 6.4, 6.5 TRT. RERICE VT, EBBEETTIE RTT 280.400ms L FTH
2LV HEMES N, R AT LMV S N EEREICET 5 RTT X 0.400ms £ O 4712k
o, AT, EBREBRENICBIZ 2y b7 =2 LA T U 2T 5,
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Region A Region B Region C Region D

KEE EEE )2 OfF

6.1 V—3 a v DpHRM:

#£62 V—YaryA»r5DRIT

P fE fre/IME KfE | PR 2

J—>a v A 0234 ms | 0.193 ms | 0.271 ms 0.022
Y—2 a3 v B | 0.324 ms | 0.287 ms | 0.349 ms 0.015
V=2 v C | 0.321 ms | 0.285 ms | 0.347 ms 0.016
Y—2av D || 0315 ms | 0.277 ms | 0.339 ms 0.016

6.3 FRIFEFZHRROFHEIAK

7 — % OLREE, HUFREIC, Synapse TIEWNRD T — & DIRFRIICIRIFE 7 DRE %2179 —) T,
T-Ring IFN R DL v —d chunk, SP Ofiic & b, EROEBEIELT 2. 2T, 1000 fEHD
Mt L 77— 2R E, BHUST5 2 L2 /EL, Synapse, T-Ring DMiFiEICEWT, 1 7—%
DD E TEFR Yy 78%Zi T %, £ T-Ring IZBWTIE, &7 — 7 DR DREZ 5, SP %
100, chunk % 10, 30, 50, 70, 90 D 52& 7 %, 6.2 12 ZDFERTH 5.

6.4 T —4H{RTFEFD A

T — % DEREIRFIC Synapse TlE, 7 — ¥ BIREGTOGE 21T . 2D—JiT, T-Ring T
&, 5 —EDORMEBFORT 2 T, REBTOEELBFREL LW, 22T, bERHFEETIC
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#6.3

V—2aryB2»6dRTT

Y E e/ IME e AAE FEEER 22
V—=Yav A |l 0327 ms | 0.288 ms | 0.347 ms 0.015
Yy—a v B || 0.238 ms | 0.203 ms | 0.270 ms 0.019
V= av C | 0.319 ms | 0.274 ms | 0.349 ms 0.018
V—=2aryD || 0.317ms | 0.282 ms | 0.347 ms 0.015
#64 V—=avyChrro60RIT
Y fE e/ IME e AAE FEER 22
V—=Yarv Al 0.325ms | 0.277 ms | 0.359 ms 0.016
Yy—av B || 0.312ms | 0.279 ms | 0.342 ms 0.015
V=Y arv C | 0.252ms | 0.192 ms | 0.379 ms 0.022
Y=Y a2y D || 0.319 ms | 0.283 ms | 0.343 ms 0.015
265 V—avyDrooRIT
Y fE e/ IME e NAE FRER 22
U—av A || 0.296 ms | 0.240 ms | 0.727 ms 0.047
J)—Yarv B 0.295 ms | 0.259 ms | 0.374 ms 0.014
V—2ary C |l 0.252 ms | 0.192 ms | 0.379 ms 0.022
Y= a2v D || 0.291 ms | 0.239 ms | 0.335 ms 0.013

100 DT =2 2B ET 22 V) 2ED, 200 DHENET T2 £ CORMZFHIT 2. Al
T, REIND T =% OFE% chunk=30, SP=100, &7 —% OWfloOMkE% 5 & L CHbk%
fiote, 7, 2y FY—=27OBBEICOWTE, 2y F7—2RSIML T IREFEE 7O (%
F7—2% 4 X=NS) % 10, 50, 100 ® 3L, %L 7HD RTT %2 5, 10, 50, 1000 D 4 FHEE
ELl7%, XM6.3, 6.4, 6.5, 6.6 F RTT Z &2 &DEEHHERETH S,

6.5 FT—4BUSHEFD

PRI & kRIS, 7 — % OBUSKRFIC Synapse T, BT 2k v 47— 2 L ITRAFSGHT O
RKZ2ITV, T-Ring Tldd 2 —EDRRIREME T 2 £T, HRLEOLHIIHBEL 2w, 22T, &
ZRPEDFEIEICHN LT, 500 BAIRFE D7 — & OHS %2179 7 ) 2%k D, TN TRIND
£ CTORMZFS 5, AFHECTIX, 77— 2139 X T 5 BRI O L ITRAFES LT 2B 2 HE
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2500

Nanber of Hops I_

2000 —

1500 - —

1000

500 -

. | I 0 N

chunk=0 chunk=10 chunk=30 chunk=50 chunk=70 chunk=90 Synapse

6.2 Fv 78

T5. £oT, 500 RO 7T —41%, 1007 =208 T52 L %%, 7)) OHil
HIPHIZ PR 10 DIRS 2 ff-o72bD e T 5, £, v b7 —271BL TiE, RFER L FIRRIC,
Fy P 7= IZBMLTOIREE 7O (Fv P 7 =294 X=NS) % 10, 50, 100 & 3 fH%H,
#E 7O RTT % 5, 10, 50, 1000 ® 4 L L7, X 6.7, 6.8, 6.9, 6.10 (3 RTT Z &IcF
EOTFBERTH 5.

6.6 EE

AHICIE, REETRROFIA L, 17, IF2 N NOIBOMIUM L < DEEHET .

6.6.1 FREECZEROHAEIANMIETZIER

Synapse TI, REFESNZETOT—FICN L TUREE 7 ORHEMfTbNLS, D%D, Zv b
T—7¥ARX=N, F=5OH=D, v 7Hh=H T 5 LMHETE,

H =D -log2N (6.1)

&% %, (6.1) 12815 log2N 13, Chord DR F vy 78 TH 5. ZHITH L T T-Ring T
lZ, Synapse TOFTG-DZEBITIMA, chunk D= C, SP ORf=S, fR{FFI N2 7 —% DIl
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4000

TRing -
3500 - Synapse -

3000
2500

2000

Time(ms)

1500

1000

500 -

10 50
Network Size

NS=10 | NS=50 | NS=100
T-Ring | 944 ms | 1708 ms | 3625 ms
Synapse || 1458 ms | 2506 ms | 3315 ms

6.3 f#fF: RTT=5

100

MFE=IT, f/fF SN2 T —% DRKHE=AT &, KENAZEZMATEZS L, Bhwidl,

AT

D=7

AT AT AT
=" —"g t g le2N

L, (6.2)(6.3) 205, AT ZiET 2 &,

IT-D{S —C(1—1og2N)}

H:
c-S

(6.4)

(6.4) £ 5. (6.1)(6.4) » 5, Synapse & T-Ring I8} %+ v 74 (2N Z# SynapseH, T-

RingH) O#l& 255 T 5 &,

SynapseH 1 S-C-log2N

TRingH ~ IT S+ C(log2N —1)
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4500

TRing -
4000 [ synapse -

3500
3000

2500 +

Time(ms)

2000

1500

1000

500

50 100
Network Size

NS=10 | NS=50 | NS=100
T-Ring | 1049 ms | 2300 ms | 3101 ms
Synapse || 2029 ms | 3989 ms | 4414 ms
6.4 &7 : RTT=10
2 I%6, chunk & SP DBIRIEICOVWTER 3 &,
C-S-log2N — S+ C(log2N —1)=C -log2N - (S+1) = (S+O) (6.6)

EC >8>0, N>0»5, SP O K E 72 2854, chunk DA SP OfEISED K BE,
(6.5) DEMKE B, T, FARKICIT OEAVNECHB1ZE, (6.5) OENSKE L KB,
5, EEEEREEET S L, FERERIEZ, HREEIZEHER I EBTr S, ko T,
4 nli3 chunk, SP, 7 —% OMAEMIEZ DL L THRR 78 D 127> 728, chunk=999, SP=1000,
7 — % ORFERIFE=1 12 L 72854, Synapse D h v 7HUCR D & {Eo <.
CORGETHROGE A ML, 77— O, BUFICKRECBIRT 2. Xfin 5 Z BRIk
WZDOWTEET 2,
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18000

TRing -
16000 | Synapse -
14000 |
12000
@ 10000
£
(O]
IS
F 8000 F
6000
4000
2000
0
10 50 100
Network Size
NS=10 NS=50 | NS=100
T-Ring 1049 ms | 2300 ms | 3101 ms
Synapse || 2029 ms | 3989 ms | 4414 ms
6.5 PR RTT=50
6.6.2 T—IRFILEITIZIER

HIffilcB VT, MEET7THERDFHE I A MOV TDELZEIT> 705, Synapse & T-Ring ®
7= DR DR OEG1X, Ry PV =2 LA 7>y (RTT) =RIT £¥5¢&,
SynapseH
TRingH
&7 %, Synapse & T-Ring % K L 72F%, RTT & D IZ[FA—DBREETHE % L 2856, HDEW
0T, Sapsed iz gn T, IEHIIEIET 5. 2205, ERREHREEET S &, T-Ring
BT BHUSRIEHEERMEL L Th 2 2 EMZ 5., ZiUE, YT —F ORERIT ) HIEED
U EHRONFIC L 2WETHL LEZOND. AV AT LT, vy ¥ 7T =8By /—F
DORIFE TIE S NIBE, 202y T —F DI L Z DX v ¥/ — FORERMD» S, WRO

RTT-D (6.7)
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45000

T
rrng [
40000 I synapse -

35000 [
30000 -

25000 |

Time(ms)

20000 -

15000 -

10000

5000

10 50 100
Network Size

NS=10 | NS=50 | NS=100

T-Ring || 1049 ms | 2300 ms | 3101 ms
Synapse || 2029 ms | 3989 ms | 4414 ms

6.6 17 : RTT=100

F— 8 DRAFRDRDBAFE T IBATT 2 0%, BITT 28, BhkzeX5—/ —FICBITT20
HEFET 5. ZOFMEICH A BT 54y, T-Ring 2L B> Tw2 EEALNS,

6.6.3 T—YDOMBICHITEIEER

T =8 ODHFFIIB W T, RER EFAKRICE Z, 72 OMEKHIFHOFE=R &£ T 5 &, Synapse
& T-Ring D7 — % OIRIEIZ DD B K H D EI 412,
SynapseH
TRingH
L%, BRI T 2 &, WNREHNOETOREEEFRT 2720, mr? fGoEsHET S C
i, ZOZED, EEEEICEWT, Synapse & T-Ring DR DZEDFEAE L 725wl TH %
EEZo6ND,

-RTT - D - r? (6.8)

43



900000

TRing -

800000 - synapse - s

700000 [ -

600000 [ —
@ 500000 | -
E
(&)
1S
= 400000 - —

300000 —

200000 [ -

100000 [ —

0 | | |
10 50 100
Network Size
NS=10 NS=50 NS=100
T-Ring 3884 ms 8098 ms 9823 ms
Synapse || 322615 ms | 599557 ms | 855187 ms
6.7 % : RTT=5
6.7 F&H

RETIX, T, AWFEICHHIITE, FEREE 272, Rz, EBEREINICE T 5 ERAF
BrRET 0, 20D =Y ar»6 ICMP 1B} %, Message Request Z35fEL, Y
77 ADRI NS ETORR (RTT) Z5HAIL 7. Zo#5%, RTT X 0.400ms AN TH Y, 5
ICHERICE 5 2 L2, ROT, MEFETHRICKBIT 23R IR, 7—F DRFICET 21
M, 7—% ORI T 2R OBND S il 21T > 7. Z DF5H 5, BELEIT», Hfd L #
BROMEICEHEESEAET 2 2 2SI L, ZDEWWIE, T-Ring IZBWT, HEPCIIEONR &
% %7 — 5 ORREIEROBS 217 ) BIC T 2REEIC K D AEL T2 2 LIt AL 7.

44



Time(ms)

1.6e+06

1.4e+06

1.2e+06

1e+06

800000

600000

400000

200000

TRing -
Synapse -

10 50
Network Size
NS=10 NS=50 NS=100
T-Ring 6247 ms 12683 ms 16249 ms
Synapse || 519541 ms | 1155219 ms | 1498550 ms

6.8 S : RTT=10

45

100




Time(ms)

6e+06

5e+06

4e+06

3e+06

2e+06

1le+06

TRing -
Synapse -

10 50 100
Network Size
NS=10 NS=50 NS=100
T-Ring 25730 ms 46740 ms 45068 ms
Synapse || 2392797 ms | 4477108 ms | 5406327 ms

6.9 S : RTT=50

46




Time(ms)

1.2e+07

1e+07

8e+06

6e+06

4e+06

2e+06

TRing -
Synapse -

10 50 100
Network Size
NS=10 NS=50 NS=100
T-Ring 51478 ms 90249 ms 104476 ms
Synapse || 4691619 ms | 8816386 ms | 10322459 ms

6.10 HU% : RTT=100

47




3
ik

Hb

AETIX, T-Ring ¥ AT LDFEIE RS,

48



7.1 SEOFEEIEE

AT, T — 5 ORRINERRIEICERH T2 2 Lk D, (REFETHRRICE T 551HE 2
AL, TYRIAICHET 2, 7 HHCET 2R HICOWT, BFOFIEL KL, 2hE
NRVHEERMEs N, LaL, 77— ORHICE T 2RRIICBIL T, AL LT, EDE 2.
WEATFE L o<k, RIS L 7223, 2B 10 #5100 fH D 57— & WS %179
WBEL, RERIET ms ORI ZZE L Cw 5, BET LS F IV FIB T L)L, =A< —F
7 AVPOEREIIFL, VT7AIAL LT 7TV r—a VICRRIE 2L 2BNT5E, 20
FrERMCRIFEHETE R, koT, 281, ZOF—FOREICEH L ESLELE &
%, ZHUCBEHTBIEEFE LT, kv T EHOCLF LA Y{La3H B, BlfTD T-Ring ¥ A 7
LE, BTOF—F%2EF—FDEFHEL TS, LaLl, BHECHEENSF—41Z, 10:00,
11:00 % EU) ) 0 BRI S B S 2 WHEESE W E B 2GS, £, HOFEPRA, R
BREPHHAINE T —ABFHET S, ZOLHIE, Hroe Y7 =200 TORIIFEL 72
WEPLY, HEEDT—IPENINDEZ LICXD, FEDE®RZET 1207 =%k 5
LR aIcEZONS, InH6D, TIDOENICEIZFHI LIS, L F LAY TERTSZ
Tk, 2=HFDIZVIINT Z2NRT— S BDOHHICHFLE T2 LEEASNS,

T, KFRDAA v 7 4 —Ah AL LTEF IR0, T4, Cyber-Physical Systems &
BREN S, FEEMERZEREMICID AL I LIk D, Hirtkilifizigdtd s 2 &2 HETH
Zeor B EH T\ %, Cyber-Physical Systems Tl, ARSYIOITEICH & 2 B XG5l T %
TEBHVONDE I ERHE, ZoiskT—21, ¥ 7 —2 LFEBRICEMICHES THAT 3,
T-Ring 3D L) BT —FZ2EMIT2FEE L TOHOE I ENHEETH 5.

72 FWXDFEED

AWEZEIE, TECRDERICT — Y EHFIEN 2 v T =7 ICBITSRED X I %, X7 X =71k
MDD 2F =7 2WNRE LETERFELZVI EICEHLE, R0T, 47— ORI
BREICEH L7z T-Ring > A T L DREZRITo 7, TOY AT LDl % 1T > 7 kEH, MHFEDT R
ThEHN, TSR, BB WT, gdbzEE L2, LarLl, T—FoHdFIcBIL T,
VTPNEIALT TV — a AT ISt Z ) TR T2 WOT, REEICBWT, 4
BOBFELE L MO MHERETHL Z LITE ML,

49



) B

KX DHEIZH 7Y, BEHIC o TTEICTHREL THE £ L7, BIERARFEREEEHRAT
BAEH IR L 3. £, ¥/, BELSIUHSL2IEE £ L L ERARFBRES
WA HER IR o, BOCSEA BRI A LA A R, BOD SNBSS
WATRRFEAR BRHER 2, BEIGEFARSBOR « X 7« 7WFERHONE A I 2R C B L £ 9.

BEERFR ARSI E DFRERE T 13T IC M EEH R TS 2HE, 7% < Dok 2
FOTHE L, KIS, BOK - X7 ¢ 7HERHE R AE R HEREKIE, AR L, %<
DORfHEZECTIHE E L, JIICERAEIEHETHOELRL £

Fo, B CREYEL LT, WIFERENCUIRERE L 72, PHERBLR, NERRRER, For v
Y YIK, KMSF, Link fif%827 )V — 71k \WC, BIEREIZ T CTldk <, AL S S, BIL<
BL T B OBIPNIRR, SAREREK, EIA TR, SAENK, FHEEEZNK, &2
AR, KXY v I R2Mh0 & LREkd, RIT, IR TEEL Tuath, wobimsIcf
WTDY v =7 —LICFE>TNT, FENZHIES %0035 b RFMEIA 2 8 25000 T <z
RIS, PSRRI L, #REEEL £,

201341 H22H

ST

50



8

1]

2]

=~
. . /A L .

[10]

[11]

[12]

[13]

% 3R

Yin Chen Andreas Terzis Andong Zhan, Marcus Chang. Accurate caloric expenditure of
bicyclists using cellphones. November 2012.

Matthew Kay, Eun Kyoung Choe, Jesse Shepherd, Benjamin Greenstein, Nathaniel Wat-
son, Sunny Consolvo, and Julie A. Kientz. Lullaby: a capture &#38; access system for
understanding the sleep environment. In Proceedings of the 2012 ACM Conference on
Ubiquitous Computing, UbiComp ’12, pp. 226234, New York, NY, USA, 2012. ACM.
Cosm Ltd. https://cosm.com/.

Apple Inc. http://www.apple.com/.

SAMSUNG ELECTRONICS CO. LTD. http://www.samsung. com/.

B4 MM #WF. http://www.m2ri. jp/.

Haowen Chan and Adrian Perrig. Security and privacy in sensor networks. Vol. 36, pp.
103-105, Los Alamitos, CA, USA, October 2003. IEEE Computer Society Press.

Wenbo He, Xue Liu, Hoang Nguyen, Klara Nahrstedt, and Tarek Abdelzaher. Pda:
privacypreserving data aggregation in wireless sensor networks. In in: Proceedings of the
IEEE Infocom2007, pp. 2045-2053, 2007.

Claude Castelluccia, Einar Mykletun, and Gene Tsudik. E.cient aggregation of encrypted
data in wireless sensor networks. In Proceedings of the The Second Annual International
Conference on Mobile and Ubiquitous Systems: Networking and Services, MOBIQUI-
TOUS 05, pp. 109-117, Washington, DC, USA, 2005. IEEE Computer Society.

Alastair R. Beresford and Frank Stajano. Location privacy in pervasive computing. Vol. 2,
pp- 46-55, Piscataway, NJ, USA, January 2003. IEEE Educational Activities Department.
Volker Gaede and Oliver Giinther. Multidimensional access methods. Vol. 30, pp. 170—
231, New York, NY, USA, June 1998. ACM.

Roger Weber, Hans-Jorg Schek, and Stephen Blott. A quantitative analysis and perfor-
mance study for similarity-search methods in high-dimensional spaces. In Proceedings of
the 24rd International Conference on Very Large Data Bases, VLDB ’98, pp. 194-205,
San Francisco, CA, USA, 1998. Morgan Kaufmann Publishers Inc.

Ibrahim Kamel and Christos Faloutsos. Hilbert r-tree: An improved r-tree using fractals.

o1



[14]

[15]

[16]

[17]

[18]

[19]
[20]

[23]
[24]
[25]

In Proceedings of the 20th International Conference on Very Large Data Bases, VLDB
'94, pp. 500-509, San Francisco, CA, USA, 1994. Morgan Kaufmann Publishers Inc.
Sylvia Ratnasamy, Brad Karp, Li Yin, Fang Yu, Deborah Estrin, Ramesh Govindan, and
Scott Shenker. Ght: a geographic hash table for data-centric storage. In Proceedings
of the 1st ACM international workshop on Wireless sensor networks and applications,
WSNA 02, pp. 78-87, New York, NY, USA, 2002. ACM.

Ton Stoica, Robert Morris, David Karger, M. Frans Kaashoek, and Hari Balakrishnan.
Chord: A scalable peer-to-peer lookup service for internet applications. In Proceedings of
the 2001 conference on Applications, technologies, architectures, and protocols for com-
puter communications, SIGCOMM ’01, pp. 149-160, New York, NY, USA, 2001. ACM.
Sylvia Ratnasamy, Paul Francis, Mark Handley, Richard Karp, and Scott Shenker. A scal-
able content-addressable network. In Proceedings of the 2001 conference on Applications,
technologies, architectures, and protocols for computer communications, SIGCOMM 01,
pp- 161-172, New York, NY, USA, 2001. ACM.

James Aspnes and Gauri Shah. Skip graphs. In Proceedings of the fourteenth annual
ACM-SIAM symposium on Discrete algorithms, SODA 03, pp. 384-393, Philadelphia,
PA, USA, 2003. Society for Industrial and Applied Mathematics.

Chong Zhang, Weidong Xiao, Daquan Tang, and Jiuyang Tang. P2p-based multidi-
mensional indexing methods: A survey. Vol. 84, pp. 2348-2362, New York, NY, USA,
December 2011. Elsevier Science Inc.

Akamai Technologies. http://www.akamai.co.jp/.

Meeyoung Cha, Alan Mislove, and Krishna P. Gummadi. A measurement-driven analysis
of information propagation in the flickr social network. In Proceedings of the 18th inter-
national conference on World wide web, WWW 09, pp. 721-730, New York, NY, USA,
2009. ACM.

Yahoo! Inc. http://www.flickr.com/.

Salvatore Scellato, Cecilia Mascolo, Mirco Musolesi, and Jon Crowcroft. Track globally,
deliver locally: improving content delivery networks by tracking geographic social cas-
cades. In Proceedings of the 20th international conference on World wide web, WWW
11, pp. 457-466, New York, NY, USA, 2011. ACM.

Twitter Inc. https://twitter.com/.

Facebook. http://www.facebook.com/.

Lu-An Tang, Xiao Yu, Sangkyum Kim, Jiawei Han, Wen-Chih Peng, Yizhou Sun, Hector
Gonzalez, and Sebastian Seith. Multidimensional analysis of atypical events in cyber-
physical data. In Proceedings of the 2012 IEEE 28th International Conference on Data
Engineering, ICDE 12, pp. 1025-1036, Washington, DC, USA, 2012. IEEE Computer
Society.

92



[26]

[27]

[29]

[30]

[31]

Craig Labovitz, Scott Iekel-Johnson, Danny McPherson, Jon Oberheide, and Farnam
Jahanian. Internet inter-domain traffic. In Proceedings of the ACM SIGCOMM 2010
conference, SIGCOMM ’10, pp. 7586, New York, NY, USA, 2010. ACM.

Gregor Maier, Anja Feldmann, Vern Paxson, and Mark Allman. On dominant character-
istics of residential broadband internet traffic. In Proceedings of the 9th ACM SIGCOMM
conference on Internet measurement conference, IMC ’09, pp. 90-102, New York, NY,
USA, 2009. ACM.

John S. Otto, Mario A. Sadnchez, David R. Choffnes, Fabian E. Bustamante, and Georgos
Siganos. On blind mice and the elephant: understanding the network impact of a large
distributed system. In Proceedings of the ACM SIGCOMM 2011 conference, SIGCOMM
11, pp. 110-121, New York, NY, USA, 2011. ACM.

Junki Terayama, Jin Nakazawa, and Hideyuki Tokuda. Dht-based sensor data man-
agement for geographical range query. In Proceedings of the 2012 ACM Conference on
Ubiquitous Computing, UbiComp ’12, pp. 623-624, New York, NY, USA, 2012. ACM.
Jonathan K. Lawder and Peter J. H. King. Using space-filling curves for multi-dimensional
indexing. In Proceedings of the 17th British National Conferenc on Databases: Advances
in Databases, BNCOD 17, pp. 20-35, London, UK, UK, 2000. Springer-Verlag.

Verena Kantere, Spiros Skiadopoulos, and Timos Sellis. Storing and indexing spatial
data in p2p systems. Vol. 21, pp. 287-300, Piscataway, NJ, USA, February 2009. IEEE

Educational Activities Department.

93



