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Estimating Movement of Wireless Terminals
Using Ad hoc Communication History

SAE Fuui, ™ Akira Ucnryama,! Takaakr Umebpu, 2
HirozuMI YaMAGUcHI2 and TErRUO HicasHINOTLT2

In this paper, we design and implement an algorithm to estimate the move-
ment of wireless terminals. The proposed method relies on the history of ad hoc
wireless communication between those terminals and the landmark stations to
track the movement of each terminal. The principle of the algorithm design lies
in iterative refinement of their positions so that they finally settle in appropri-
ate positions that satisfy the constraints derived from the given communication
history. We have evaluated the performance of our algorithm by simulations
and confirmed that the average position estimation error was less than 40% of
the wireless range with realistic settings.

1. 0000

gobooooboooboooooooboooooooobooboooooooboooooooDooboo
boboobooboooocoboooobooobooooobOooboobOooooboOoooDo
000000000000o00oo0oooooo0oooUooO GPSOOOOOOOO
gdooooooooboooooooooooobooboOooooooObooOobooobooOoboDn
goo00o0oooooUoUoU0oOooUoUOU0O0OOO0DOoOoDOUOUDOUOUDUOO HO
oobooooboooooooobooooOoooboboobobOOooboooDbbOOoboboOoOoDooboo
goobooboooooooooboobooooocooooboOoboOoooooObocboOooooDoooDon
gooooobodooooboooooooooobooooboOobOoOOoOoboboObOooooDoo
obooooboooboocoooboooooo

goooooooooobooobooboobooooboooboooooobooboooooobooobOoo
gboooboooooooooboooooboobooooooooooobooboooooooDo
0000000000000 O0 TRACKIEOODOOOOOODODOOODOOOOOODOOOO
gbooooboooooooobooooboooobooooobooobooobooooDbo
goboooboooooboooooobooooboooboOobooooooDboobDOoDOo
0o00osA000goooooooooooooOoooOo0o0oooooooooogoog
00000000000 0000000000000 MobiREAL?® 000000000
O0Rnm.. DO0000O0DOO0O0OOO0ODOODOO0O0ODOO0 04Rm.. 000D00O00ODO
goooo

2. 0000

0000000000000000000000000000000000000000
00000000000%Y 000000000000000000000000000
0000000000000 0Y9Y00000000000000000 Centroid® O
00 MCL? 0000O00O00000000000000000000000OOO0O00O0

f10000000000000D
Graduate School of Information Science and Technology, Osaka University, Japan
f2000000000000000OCREST
Japan Science and Technology Agency, CREST
0000000 20070 700000000000000D0D00O0O000DICOMO2007000000000
gooooIrsooooOo000ooOooOo0o0oOooOo0oOo0ooooOOooooooooooOQ

(© 2008 Information Processing Society of Japan



3602 O0O0O0O0OO0OO0OCOOOOOOO0OOOOOOOOOOO0O0O0

Amorphous? 0000000000000 DODODO000ODO00O0OO0ODOOODO0O
UPL® 000000000000 O0D0O000O00O000O00000O000OMDS-MAP?
0000000000000 0000000000000000000000000000
000000000000 00D000000000000n
000000000000000000000000000000000000019°12g
0000000000000 0000000000000000000000000000
0000000000000 000000000000000000000000000
0000000000000 0000000000000000000000000000
0000000000000 TRACKIEDODOOODODOOOOOODOOOOODOOOO

3. TRACKIEO OO

31 0000
0000000000000000000000000000000000000000
00000000000000000000000000000000000000000
000000000000000000000000000000000 ID0000OO
IDOOO0O000000000000O00DO0ONONONONNONONONONONONONoNonononononog
O ZigBee 0 Bluetooth 0 0000000000000 O0O0OOOOOOOOOOOOO
00000000000000000000O0 ROODODMMOOO0O0OO0OOOoOoO ID
0 HelloOOODODOOOOODOODOOODOOOOOOOOO j00 HlloOOOOOODOO
0000 i00HelloDOODOOOOOOOO00 0000 ID; 0000000 HelloODOO
000000 ID, 00 (¢,1D;,ID;,)000000000000000000000000
00000000D00000000000000000000000000000000
00000000000000000000000000000000000000000
ooooooO0O00000
0000000000000000000000000000000000000O N
00000000000000000000000000000000000000000
00000¢0[0,7)00000000000000700000000O0000000
00000000 Ofotprint0 0000000000000 0000{000¢t0000
0000 p;, 00000000000000 000000 pio, pity..pir 000000
O000:ieNOte[0.7T)00000 p;,,00000000000000000000O
oooooo

00o0oooooog Vol 49 No. 10 3601-3611 (Oct. 2008)

3.2 D00O0O0O0ODOOOODOOO

gbboooobooobdooobooboooboobooooboobooobOobooOobOoOooOoDo
gooobooboboodoooooooooooooboboooooooDooboobOoooooon
gooobbooodoooooboooooooooobobooooooobOoooooon
oooboobooooooooboobooooobooboooooooboooooOoobOoOooooooo
bobooboooodoooobdoooobooooboooooooboboOobOoOooOoDo
goooboboootoooooooooooboOooooboOoboOooooobooOobOooooooDn
goooooooooooooboooooobooboOobobobobo0ooobOoobboOooooDoDo
gobooooooodooocooooobobo 200b000ObOO0O0OO0OOObOOOnn
gobO1l1boobooooooooodooooboobOoobOoobOoOoboOoOoboODn
goboooooobooooooboooooobo2000000b000DOO0O0OOOO0O0ODO
rROOOOOOOOODOOOOOOOOODODOOOOOOOODOOODOOOOODODOOD
oobooooobooooooooobooooOoooobooooboobooooobObOoboboOoooDooboo
oobooooboooobooooo

TRACKIEOOUOOOOOOOOOOOOODODOOOOODOOOOODOODOOOOOO
goooooboooooooobooooobooboooboboooooobooooobooDo
goooobooooooooooboobooooooboboboboooooooboooOooDoDo
goooboooooooooooooobobooooobooboooooooooooDooDoDo
gooooboobooooooooobooooooooooooobooDboooOoboooooDooDo
gooobobooooooboooooooooooooooooooooDboooooooDo
goboooobboooboboooobooooooobooooog

gobooboooboooooboodooobo 3gdbooooouobouooboooooon
gobobooloooooooooboooboooobooooobooooboOooooDooo
doooboooooooboooooooobobobooo 200000000000O00bO
goooobooboooouoooboooooobooooboboooooDOOoboOooooboo
goooboboooooooboooooobooooooboooooooobooboOoooooboDn
000 1(a)000000000DO00O00UDOUOLODO0 1(p)ODODOOUOOOOUDOOO
gobooooboboooboooooboooooo

200000000000 O0C00O0O00DOOO0OOODOOOODOOOOOOOOOOO
gobooooooooottooob.0000 jO000O00O0O0O0OOODOODODOO
oo¢tooooooo 0000 j00000000O0O0O0CCDO ROODOOOOOOO

(© 2008 Information Processing Society of Japan



3603 OU0OO00OO0OO0OO0OOOOOO0OO0OO0OOOOOOOOOOO00O0

o ©

node / node /

(byoooo

(_est. nOd%f})C>

est.
node /

5

(cy0000D0DOD

(d) 00000

01 TRACKIEOOOOOOOOOO
Fig.1 Estimation of trajectories by TRACKIE.
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Fig.2 Exemplification of iterative modification phase.
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Iterative Modification Phase

1 initialize NQ as set of all the free footprints

2 do{

3 //set some footprints to quasi-anchored

4 cand|] < fastest_footprints(NQ)

5 for (each p; ¢ €cand[]) {

6 pi,¢-state «+ “quasi-anchored”

7 NQ « NQ — {pi,+}

8}

9 //localize non-quasi-anchored footprints

10 for (each p; ;s € NQ)

11 for (each p;; €encounter(p; ¢)){

12 if(p;,¢.state = “quasi-anchored”)

13 EQ < EQ U {pjt}

14 pi,t-pos = centroid(p; ¢+—1, Pi,t+1,EQ)
15 }

16 for (each constrained footprint p; ;)

17 modifyFree(p; +, nextConstrained(p; +))

18 }while (NQ # )

03 ODOooOoooooobooobooooo
Fig.3 Algorithm description (Iterative modification phase).
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SA-based Modification Phase

initialize T'r as set of all the footprints

-

¢« Cost(Tr), count«— 0
Tryest < TTr, Cpest < C, Tsa «— InitVal
for (t < Tinit; t < Tena; t — t* K) {
for (i « 0; i < Imaz; ++i) {
repeat Tryew < Neigh(Tr, rs4)
until Constraint(Trpew)
Cnew — Cost(TTnew)
Ac = (Cpew —¢)/cC
if (rand(0,1) < e=2¢/t) {
Tr «— TTpew; C < Cnew, +tcount
lf(C < Cbest){
Tryest «+— TT, Cpest + C

© 0N OO WwN

L e e =
S w N e O

P}

Tr < Tryest, €< Cpest, P« count/Imaq

=
o o

Tsa — Adjustment(rsq, )
count «— 0

=
o ~
—

04 SAOOODOOOODOOOOOOO
Fig.4 Algorithm description (SA-based modification phase).
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Fig.5 Maps of simulated areas (circles represent landmarks).
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Table 1 Average position errors / average angle errors (bold font indicates the best throughout

scenario).
zigzag (m) / (rad) street walking detour

ooo oooo (m) / (rad) (m) / (rad)
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(iii) SADDOO0O0O0O 5.42 / 0.22 3.97 / 0.17 3.71 / 0.12 4.76 / 0.38
(iii’y SAODO0OO0OOO0OO0O0 26.93 / 0.42 19.28 / 0.32 19.29 / 0.42 6.52 / 0.48
ooooooo
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Fig. 6 Positioning errors at a moment in zigzag scenario.
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Fig.7 Estimated trajectories in zigzag scenario.
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Fig.8 Impact on communication range R.
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Table 2 Average position errors of TRACKIE, MCL and Amorphous.

Parameter TRACKIE MCL Amorphous

# of 3,000 3.88 62.9 717
Nodes 4,000 3.73 61.6 55.7
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Hello 1 3.88 62.9 717
Packets 10 5.25 125 71.3
Interval 20(s) 11.7 162 72.5
Wireless 10 3.88 62.9 1.7
Range 20 6.57 24.8 —_—
(Rmaz) 30(m) 7.73 17.8 —_—
# of 57 4.04 111 74.9
Land- 69 4.20 103 78.6
marks 81 3.88 62.9 717

gboooobooooobooooooboboboo

0000 O02000TRACKIEQOOOOOOOOOUOOOOOOOODOOODOOUOOOO

gbooooooooooooboob 2000000000000C00O0O0ODOOODO
gobooobooobooooood 04Rne DOOOOOODODOOODOODOOO
gopoooooooooMCcLOOOOoOoOoOoOoOoooOOoOoOoOoODOODODODDOOOOOO
OOo0o0o0OoODoDOOO0OO000000AmorphousO00000O0DODOOODOOOOOOOO

goooooo 2omboogooboooboobooooooobboboooogoooDooooo

gooooooboooooooooooobooo
oo00o0oo0o 02000MCLOOO20000000000000000000O0O

oo MCLOOOOOOOOODOOOOOOOOOOOOOOOO0OoOoOOOoOooooOOoO

Amorphous 00000000000 0OO0ODO0ODOOOOO0ODOOO0OOOOODOOOOO
000000000000 0o0oo0o0o000o0oUo0o00O0000OO0OUdTRACKIE
ooooooooooooobooOoOOODOODOOODOOOOOOOOOOOO0O0 5700
goboooobboooboooooboooooo

gooooooOoOOoObOObOODbOO0O00000 04Rne. 00000000000000O0
0000o0o0oU0oU0o0oo0oUoOo0Ob0 ls)D0UoO0ooUoLooUooGPSsOLOOOO
mO000 mOOO0O0O0O0O0O000OOO0OO0O0OO0OOC0OO0O0OO00O00 smOO0000O
goboooooooooooooboooboooobooboooon

00o0oooooog Vol 49 No. 10 3601-3611 (Oct. 2008)

6. O 0O O

gobobooboooooooooboooooboooobooboOooooooOoboboooooooboo
000 TRACKIEOOOOOOOOOOOOOOOOOOOOOoOOOoooooooooo
goooobooooboooboboooodo 2000000000bOOCO0O00ODOOOOO
O0o0oUoO0ooUooUoUoo0oOoUoOoUoOoooUoOOoUO 40%00000
000000oo0o0ooooooo0o MOTEOODOOOOOOOOODOOOODOOO
goooo

g o O 0O

1) Nagpal, R., Shrobe, H. and Bachrach, J.: Organizing a global coordinate system
from local information on an ad hoc sensor network, Proc. IPSN 2003, pp.333-348
(2003).

2) MobiREAL: MobiREAL web page (online). available from
http://www.mobireal.net

3) Maeda, K., Sato, K., Konishi, K., Yamasaki, A., Uchiyama, A., Yamaguchi, H.,
Yasumoto, K. and Higashino, T.: Getting urban pedestrian flow from simple obser-
vation: realistic mobility generation in wireless network simulation, Proc. MSWiM
2005, pp.151-158 (2005).

4) Bahl, P. and Padmanabhan, V.N.: RADAR: an in-building RF-based user location
and tracking system, Proc. INFOCOM 2000, pp.775-784 (2000).

5) Priyantha, N.B., Chakraborty, A. and Balakrishnan, H.: The Cricket location-
support system, Proc. MobiCom 2000, pp.32—43 (2000).

6) Bulusu, N., Heidemann, J. and Estrin, D.: GPS-less low cost outdoor localiza-
tion for very small devices, IEEE Personal Communications, Vol.7, No.5, pp.28—34
(2000).

7) Hu, L. and Evans, D.: Localization for mobile sensor networks, Proc. MobiCom
2004, pp.45-57 (2004).

8) Uchiyama, A., Fujii, S., Maeda, K., Umedu, T., Yamaguchi, H. and Higashino,
T.: Ad-hoc localization in urban district, Proc. INFOCOM 2007 Mini-Symposium,
pp-2306-2310 (2007).

9) Shang, Y., Ruml, W., Zhang, Y. and Fromherz, M.P.J.: Localization from mere
connectivity, Proc. MobiHoc 2003, pp.201-212 (2003).

10) Brooks, R.R., Ramanathan, P. and Sayeed, A.M.: Distributed target classification
and tracking in sensor networks, Proc. IEEE, Vol.91, No.8, pp.1163-1171 (2003).
11) Zhao, F., Liu, J., Liu, J., Guibas, L. and Reich, J.: Collaborative signal and in-

(© 2008 Information Processing Society of Japan



3610 OU0O0O0OO0OO0OOOOOOOO0OO0OOOOOOOOOOO00O0

formation processing: An information directed approach, Proc. IEEFE, Vol.91, No.8,
pp.1199-1209 (2003).

12) Taylor, C., Rahimi, A., Bachrach, J., Shrobe, H. and Grue, A.: Simultaneous lo-
calization, calibration, and tracking in an ad hoc sensor network, Proc. IPSN 2006,
pp-27-33 (2006).

13) Corana, A., Marchesi, M., Martini, C. and Ridella, S.: Minimizing multimodal
functions of continuous variables with the “Simulated Annealing” algorithm, ACM
Trans. Mathematical Software, Vol.13, No.3, pp.262-280 (1987).

14) Google Maps: Google Maps web page (online). available from
http://maps.google.co.jp

15) Zhou, G., He, T., Krishnamurthy, S. and Stankovic, J.A.: Models and solutions for
radio irregularity in wireless sensor networks, ACM Trans. Sensor Networks, Vol.2,
No.2, pp.221-262 (2006).

16) 00 OO0OOOOOO0OOOOOO0OO OUoGpPSOOOOOOOODUODUOUOOO
00000o0oo000o0ooooood0o00ooooooooDICOMO 2006000
00000 pp.273-276 (2006).

(00 190 120 31000)
(00200 70 1000)

o o 0O

gooooGpsOOOOCOCOOOOOOOUOOOOOOCOOOOOOOOOOOOO
gooobooodoooooboooobooooooobooooobbooobobOoDo
gooooooog

gobooboobooooooooooooOoooooboOoboOooooobooboOoooooDooDooo
gooooboooodooooobooboooooobooboooooboooobooboooooooboo
gobodooooooon

gbooobooooboooooooooobdoboooooobooooboboooooooo
goooooboooobod

gobooboobooouooooooooboooooobooOobooooooobooOobooboooooDooo
gooobooooooooooooooboooooobooooooobooooooboobooboo
gobooooooobooooboboobooo

gboboooobooooooooooooboboooo

goooooboooooono ooooo

00o0oooooog Vol 49 No. 10 3601-3611 (Oct. 2008)

o0 oopbooooo

ub2o0b0b0obo0obooooooooooooooboooobooOoon
gbobodoobooooboooboooOoooooob 200000000
goboooodooboodoooooooooboboOoobooooo

og goooooon
ob20b0b0b00ooboooooooooooooboooboooon
goooooboobooooooooooooooobooobooooomoo
gobooooooooooooboooooooboooobooooon

o0 ooobooooo

o0 3ooobooooooooooooobooooooooboboooon
goboooooooboboooooooob 40000boobOobooo
28 gobooooooobobooobooooob vyooooooooooo
& goboooooooobooomooboobooooboooooooboboooDo
goboooobooooooo

U ooooooo
bebbO0oOOooOoboOOOOOOOOOOOO I0O00DOCO00
jjdddddddddddoooodddoU00UUoUooOoO 11O
ooooooooooooooooooo 4000000000000
A AL ooboogo yooboooooooooooooooobooooo@oo
oooooOoooooooooOooODOOb0000O0boooOO0O000IEEED
ooboooooooooo

(© 2008 Information Processing Society of Japan



3611 O00O0O0OO0OO0OCOCOOOO0OO0OO0OOOOOOOOO0O000O0

0o oOooooood

00 M0O00D00000DO000DO0ODO0OODODOO DOODOOODO
goboooboobooboobuooooboobooooboooboo
gooooooboboooo 190 10o0bbbobboooooubobbo
O00O0OCRESTOOODOOOOODOODMOOOOoOoDOODOOOO
pgoooboboboooobboooobbboodobbbooooboboboo
ACM 0O 00O 0O IEEE Senior Member

00o0oooooog Vol 49 No. 10 3601-3611 (Oct. 2008) (© 2008 Information Processing Society of Japan



