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Estimating Moving Trajectory with Sparsely Aligned Infrared Sensors
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Abstract: We propose in this paper a method for estimating trajectories of the inhabitants in a home envi-
ronment, which exploits the synergy between location and movement to provide the information necessary
for intelligent home appliance control. Our goal is to carry out accurate movement estimation for multiple
people in a home environment. We propose an approach that uses information gathered using only passive
infrared sensors commonly found in lighting control systems. No special devices or video cameras are needed.
Moreover, it is not necessary to carry out data collection for training. We evaluated our approach by con-
ducting experiments in a real home fitted with sensors and we confirmed that trajectories were detected with
0.93 recall for four inhabitants who moved upon scenarios.
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Fig. 1 Floor plan of experimental house and sensor arrange-

ment. The shaded areas are closets and storage.

Infrared-ray receptor

USB connector

(b) Sensor device.

(a) Snapshot of sensor on

the ceiling.

2 MR

Fig. 2 Passive infrared sensor.

£1 bryotik

Table 1 Sensor specifications.

Item Value
Detection range <5m
Horizontal 38°
Detection angle
Vertical 22°
Price 5,900 JPY (tax included)
& Sensor controller LAN

Ceiling
Passive IR sens%nsor controller
&habita nt

3 trHoME

Fig. 3 Sensor configuration.
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Sensor ID
Mom starts Mom ends
(?’Mom: Living to IFWC ———— [A C D E
ﬁ ! J Time
*Son: 2F WC to Bedroom—— > ! [K L M N _OP
3 Son starts Spn ends
——— Sensor ID sequence (server)
+—  Window —
‘[S TIAKCLMDENOP
t-W t
Training data———————————————— —Accordance ratio
\L >0.8
Living->1F WC A B CDE

— 10
—>0.0
—> 0.4

2F WC->Bedroom [K LM N O P
1FWC->Western2[F E G H |
Living->Japanese [A B C X Y DP matching

Lilll

4 EMEBIRL T LT XL

Fig. 4 Room-to-room movement detection algorithm.
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FTHIAMET 2. Ex o2 2BEMOBHOT > 7L —
MEFEIIRFEELTBE, 71 v FONOXLFHE T
D7y T L= b T—HREHT 2. —FROFHIZIGL
TRRSTDP Yy Fr 72t LTz lva. ESm
DX FIDF X7 = (21,...,2m) LEEnOF ¥ T L—
MY = (y1,..,9n) ZHT BB, m x n 1751 dy; SR
$h. L, z=y; THNEA; =0T, 2, #y; TH
N d; =1Thb. KX BEFY DAL VTv 7 A
DT O BINAP = (p1,...,pr) T FOFIETHE
T5.
(1) Initialization:

Cost(0,0) =0

Cost(i,0) =oco fori=1,...,m

Cost(0,j) =ocforj=1,...,n
(2) Cost calculation:

Do fori=1,2,...,m

Do for j=1,2,...,n
Cost(i— 1,7 —1)

Cost(i—1,7 )
Cost(i ,j—1)

Cost(i,j) = dij + min

(3) Lowest-cost path search:
k=0,i=m,j=n,pr = (4,7)
While i # 1&&j # 1:
if Cost(i—1,7—1) < Cost(i—1,7)&&Cost(i—1, j—
1) < Cost(i,j — 1)
i——j——k++,p6=0(i,7)
else if Cost(i — 1,7) < Cost(i,j — 1)
i——k++,pp=(i,7)
else
j——k++.pk=(i,5)
end
(4) Output:
Return P
ZDEHIZ(2) TIRTONSAFLTIA MEFEL
T2k, (3) T Cost(m,n) 5 Cost(1,1) T TRADITA
FERTREREZEDL I ETUTH Xy &Y P d—3K
TOHRBEREL, TORW LT, Ly, THBETHI L
T4 Y RINDOLFHO) b7 > T — b E—HTHL
FEERTL., 707V = OLFHID) BT 4 v K7L
FENTWILTFOEGE—FEL LTHERT S, 707
L= POXLTFHIEN 10 TH D L &, ZOLTHITTH
&R DALY D 4 2 FIICHIRT 256133
FF1en), 5 TFL2—HL2WEEIE—%FEIZ 05
E k. EREREERICEE L TRLE Y7 —%
LT, —HEOBEL 0.1 25 1.0 TTOLHATE
LSS TRETFHEZEH L - FWEROER LY, —FF
DRMEDY 0.8 D & S IZEREBEBIERE (FH) 2K
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Table 2 Example of room-to-room transition.

Time Origin Destination
08:00 | Western 1 Living
08.10 | Western 2 Living
08:16 1F WC Living
08:25 Lavatory Japanese

BRIz, R LTI —ER0Mili% 08 LHET 5.

4.2 FEHREMHmE

4.1 BTl _RTEMBERILIC L o TR 2 1ITRT L)
R B EEH M; = (T;,0:,D;) (1 <i< Ny) B35
OB, 2720, T, 3k (BEieofzIcHE L.
%), O; 3BEITTOEE, D; (IBEFROEE, Ny (3R
HENHBRMBHOBTH L. ZOHEMBEIEHRICIZ
BEIAOBERIIEIN TV AR, F72, KR L THEL
TWAFRIMENE Y Y OBEIZBTH 5720, FRT O
RHBEOMWMR 2 MBETLEL DS L o720,
BEEFICHRORTEH ZFTRIE LD T5720, #
EHEBEIERICIIBE L2 2 b s THERIE TR T
WHEWZ ER, BEILTWARWIZL b S TRz E
NTWEZEDNDH L., Z020, HEMBEIEHREZ D &1
RECOLE & BEEOMEZ BMICHERT 57 70 —F
TRERE LML T2 L, BRTELVWEBEH»H 5. E
FHETIE, BUCEE S NFRIMRNE L 2 FIH L7285
EOBE OB R RIS 57201, BHNE
EEBHEHREZ D LICEZONATRTOBE LY /) — F
V;(Roomj, People;, Timej, *Next;) 75 7% 5K G THHL
L, ZOREZHEOICHEEL T, HEAFLTEDS L
W S 5. j (3l LE S, Room; I3ERE, People;
BEEANE, Time; 3FERZ, «Newt; 137/ — F~D
RA VI THS.

72720, KL TIREANOBEIBMTHY, FEIEEL
FEANFIENZNOEZETHEL TV L 720EAOBH I
HOBEE2MPREL 5. M1 ISRTERICBIT AR,
BE, fili, 304 NFHBEEBIC LT, £ 2 ITRTHEME
BEREHCTEAN 2 TV TY) XA %2 TFISRT. BT
X, &, B, i, poEE (MHERE) 2 FhENEEE,
FEE, 51, ¥E2E75.

1) ROER

FENDOWMIEZRE LT/ — FEERT S, BIEE
FBITEAER L, FUSEZ QAR &3 5 =AW
LA, WMOESE ABIC AR &nT 5. &, B, 1,
BoIEE (FMEE) ZFhFhEEE, TEE, $51,
HE2THAH7D, B 5 IRT LI, FESE, #E1,
TEE 2D 3 DOMPER SN, THEHED ) — FOFEENE
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5 ARDER

Fig. 5 Creation of roots.

N2 EnD,. MOBGNI Y v v 7 & B L 72 % e
L, 2OFITIZ00:00&LTWVA.

2) /— RDEmM

i=0%5 Ny $CTIHEFIC M, sl GiHAAT
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PHMEWTH 55, KHREic Ly, BEIoHE
WCADPFELZWEGAERH L. DFIRT L9112, BEr
FAIRATZREE T, BEITOHER L OBESLOIEICA
VBEETLEHGEEERELGZWIEAED 480 OE51) T
J— FOBMEAT.

2-a) O;=Roomj %#7/=9E/— KV; »1FHEL, D;=
Room; &il=$E/— RPTFELLEWVEE

COREER, ADPHAELTWLEHENS, HOTFAELL
WIHBICBEI L2t bND720, O; 5 D; 121 A%
BEsE, O, 0DFRVDOAEZDOEF O; ITHESESL. B
RI9ICIE, BEICICEBAGIE L TW5 (Peopley > 1) %
LI, BE) L ANOBELLEIT L — F Vy, 11 EHEE)
L7z NDHDSGAE LIl T B REITL 2 BT 5/ — F Vi, 40
ERT B, K — FO/NT X =513 Timen, 11 = Tj,
Roompy,+1 = D;, Peoplen,+1 = 1, Timen,+2 = T;,
Roomy, 12 = O;, Peopley, o = Peopley —1 &7, Tl
J—FEBEITO /) — FORD/ —F (T/—F) L95%
72012 «Newt g 2 Vy, o1 NDOFA V7 E Vy, 10 NDRA
YEERBINT A, 72721, N, & M; 23t AAA KR T
DODKGEWRST S/ — NV OKRTHL., BEILIZT AL
MWAE L TW vy (Peopley = 1) 72 51, BECIZ A
D \n7e® Vi, o EEK L 2w, 6 2RI HITIL,
5 DIRFEIZBWTHZE 1 2L) BV I~OBEZEBINL
TW5h,

2-b) O;=Room; Z#7=9E/—FV; 8LV D;=
Roomy ®#=-9%E/— K Vy PEETZHE

COHBEEF, APHLELTWAHE2L, §TICA
PHEETAMBICBFHLI-EEZO6ND5720, 0; 5
D, 121 ANBHSHE, O, DYV DANEZLDE T O; IZH
L. BARMICE, BEITICHBAGFLEL TS
(Peopley > 1) 7 610, BELO NEH 1 A 2 720k
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Node ID: 2 Node ID:4

#inroom: 1 #inroom: 1
Room: Westernl Room: Living
Time: 00:00 Time: 08:00

M6 /— Foll2a) ADHFETHBERS,
AL L BN E T 55 6)
Fig. 6 Addition of a node when moving from a room with in-

habitant(s) to a room without inhabitant 2-a).

Node ID: 1
#inroom: 2

Room: Bedroom
Time: 00:00

\Y
¥
(Node ID: 2 Node ID:4
#inroom: 1 #inroom: 1
Room: Westernl Room: Living
\Time: 00:00 Time: 08:00 Node ID: 5
#inroom: 2
Room: Living
Time: 08:10
\Y

J
Node ID: 3
#in room: 1

Room: Western2
Time: 00:00

7 /= FOE2-b) (APEFEIET BEHED S,
NAHEAES 2RI 25 6)
Fig. 7 Addition of a node when moving from a room with in-

habitant(s) to a room with inhabitant(s) 2-b).
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Room: Western2
Time: 00:00

8 /— FoiBN2-c) (AL ZVERED S, ADPHFIET 55
FEANBET 55
Fig. 8 Addition of a node when moving from a room without

inhabitant to a room with inhabitant(s) 2-c).
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ka VJk

[ Node ID: 8 Node ID: 11
#in room: 2 #in room: 2
Room: Bedroom Room: Bedroom
Time: 08:16 V Time: 08:25
Nv+1
Node ID: 9 \Y;
#in room: 1 Nv+2
VJk Room: Lavatory Node ID: 10
Time: 08:22 #in room: 1

Room: Japanese
Time: 08:25

Node ID: 1
#in room: 2

Room: Bedroom
Time: 00:00

Node ID: 6
#in room: 1

Room: 1F_WC
Time: 08:13

Node ID: 2
#inroom: 1
Room: Westernl

Node ID:4
#in room: 1
Room: Living
Time: 08:00

#in room: 3
Room: Living
Time: 08:16

Node ID: 5
#in room: 2
Room: Living
Time: 08:10

Node ID: 12
#in room: 3
Room: Living
Time: 08:25

Room: Western2
Time: 00:00

9 /= FO2-d) (APFIHELEVEEDYPS, APHFEL %R
VSR A E)
Fig. 9 Addition of a node when moving from a room without

inhabitant to a room without inhabitant 2-d).
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Table 3 Extracted moving trajectories.

Trajectory
Bed

Bed—Lavatory— Japanese

Bed—1F WC—Living— Lavatory— Japanese
Bed—1F WC—Living

Western 1—Living—Lavatory—Japanese
Western 1—Living

Western 2—Living— Lavatory—Japanese

o N O Gtk w N T3k

Western 2—Living
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RDODAaTIIUTORIZE>TRDONS,
N,
score(R) = Z(Timeiﬂ — Time;) * w(Room;) (1)
=1

72720, r BBEBRE LD — FOID, w() 135 4 125
FTEATHY, MEOHE +1, BHEO%GE -1&£55. %
72, WARIZEER L7258 RICHHAE L 72 RIEAITH 5 7280,
Timen, 11 = Timey, + 10[min] & 35 Z & T 10 4 BHTE
T5bDL L7z, ZOWMAERMIE, RECIESROERE
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Table 4 Example of score for inhabitants.

Person Period of time Addition Deduction
. . Western 1
Morning/Night Bedroom
Western 2
Bedroom
Mother
Western 1
Noon —
Western 2
Spare room
. . Western 1
Morning/Night Bedroom
Father Western 2
Noon Entrance (Outside)  All rooms
Bedroom
. Morning/Night Western 1
Sister Western 2
Noon Entrance (Outside)  All rooms
. . Bedroom
Morning/Night Western 2
Brother Western 1
Noon Entrance (Outside)  All rooms
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Table 5 Experiment scenario 1.

Time Father Mother Sister
6:00 Wakeup

[1FwC]
[Lavaroty]

Brother

[Living]
[Kitchen]
Cooking

6:30 Wakeup
[1FWC]
[Lavatory]

‘Wakeup
[1FwC]
[Lavatory]

[Living] Wakeup
[1FWC]

[Lavatory]

[Living]
[Living]

[Living]
Breakfast

7:00 | Breakfast Breakfast
[Kitchen]

[Living]

Breakfast

7:30 | [Bedroom]
Prep for
work
[Entrance]
Go out
8:00 [Western 1]
Prep for

[Western 2]
Prep for

school school

[Entrance]
Go out

[Entrance]
Go out

8:30 [Lavatory]
Laundry ON
9:00 Cleaning
[Western 2]
[Western 1]
[Spare]
9:30 [Lavatory]
Hang out

washings
[Living]

11:30 [Kitchen]

Cooking

[Living]
Lunch
14:30 [Entrance]
Go out

shopping

L% EOWGETHENOBEHEICEDYE T W 2 A X 50
Bnh 5.

5.3 FHEfER

&, B, BoOBERRKECHREETR 7T LER 8 IR
. BPOTHOMREIZ Y F VA &~ L 2BEEOLE
Thb. WEFHEOWREFMT 24BIZEL LT, ¥ FU A
TR LZBEIDIE L B Sh -84 (R LRt
ENTRBBO ) BT ) F THRRENZIE L WEEOHE &
(GEEHR) 25874, Y F U4 1 TREHOEEISH
LT, id4ml, #HE 16 |, i e |, 2536 moBE)
RIRRENTBY, 209 bEO 9:30 OLLHFI~OBE B
LU, BORBOLENOBEPHIL S N o7, v F
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Table 6 Experiment scenario 2.

Time Father Mother Sister Brother
15:30 Back home Back home
[Entrance] [Entrance]
[Living] [Living]
[Western 2]
16:00 Back home
[Entrancee]
[Living]
[Western 1]
[Entrance]
Go out
Cram school
16:30 Back home [Living]
[Entrance]
[Western 1]
17:30 [Living]
18:30 [Kitchen]
Cooking
19:00 | Back home Cooking end Dinner Dinner
[Entrance] [Living]
[Living] Dinner
Dinner
19:30 | [Lavatory] [Kitchen]
Bath Cleaning
[Living] [Living] [Lavatory]
Bath
[Living]
20:00 [Lavatory] [Western 2]
Bath
[Living]
[Lavatory]  [Western 1]
Bath
[Living]
22:30 | [Bedroom]
[Bedroom]
23:00 Go to bed Go to bed
23:30 Go to bed
Go to bed
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T AR THITO X 25 n L 72BE DR - 728 O
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7 KEANOBBREEIETE
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Table 7 Results of trajectory estimation for the habitants.

Fik (U4 1) (FRUTIEL <

(Scenario 1) (The underlined rooms are correct es-

timations).

Habitant Trajectory

Bed—Living—1F WC—Wash—Kitchen—Living—
Father 1F WC—Living—Kitchen—Living—Bed—Living—

Kitchen—Living— Western 1—Entrance

Bed—Living—1F WC—Wash—Kitchen—Living—
1F WC—Living—Kitchen—Living—Bed—

Mother Living—Kitchen— Living— Wash— Western 2—

Western 1—Spare—Living— Kitchen— Living—

Entrance

Western 1—1F WC—Wash—Kitchen—Living—

Sister 1F WC—Living—Kitchen—Living— Western 1—

Entrance

Western2—1F WC—Wash—Living—Kitchen—

Living— Western 2— Living—Kitchen

Brother

x 8 HEAOBIREHMEEHR (V104 2) (F
Sh7-BE)
Table 8 Results of trajectory estimation for the habitants.

FUTIE L < HEg

(Scenario 2) (The underlined rooms are correct es-

timations).

Habitant Trajectory

Entrance—Living— Kitchen—Living— Entrance—

Father
Living—Kitchen—Living— Wash—Living—Bed

Entrance—Living—Kitchen—Living—1F WC—

Mother Living—Kitchen—Living— Entrance—Living—

Kitchen—Living— Wash—Living—Bed

Entrance—Living—Kitchen—Living— Western 1—

Sister  Living—Kitchen—Living—Entrance—Living—

Kitchen—Living— Wash—Living— Western 1

Entrance—Living— Western 2—Living—Kitchen—

Brother
Living— Western 2
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