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Multi-Person Pose Estimation Using

a Zigbee Sensor Network

Student: Chun-Wei Chen Advisor: Dr. Kai-Tai Song

Department of Electrical and Control Engineering

National Chiao Tung University

ABSTRACT

In this thesis, a multi-person pose recognition system has been developed.
This system includes a human pose detection module, a CC2420DBK board
and a multi-person pose menitoring software module. The human pose
detection module consists of a triaxial accelerometer, a Zigbee chip and an
8-bit microcontroller. Sewvetal human pose detection modules and the
CC2420DBK board form a*Zigbee“wireless network. The CC2420DBK board
works as the receiver of the Zigbee: wireless sensor network and
communicates with the robot onbeard computer through RS-232 link. The
multi-person pose monitoring software monitors and records activities of
multiple users simultaneously. We propose a pose classification algorithm by
combining time-domain analysis and wavelet transform analysis. This
algorithm has been implemented in the microcontroller of the human pose
estimation module. Through the algorithm, the system can classify seven
human poses: falling, standing, sitting, lying, walking, going upstairs and
going downstairs. A pose recognition rate of 88% has been demonstrated after

testing the system by five different users.
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Ideal value 0.5 0.866 |Ideal value| 0.866 0.5
Error 2% 3.8% Error 0.7% 6%
Test 3 Test 4
Sensing Sensing
. ax az . ay az
axis axis
Average 0.47 0.90 Average 0.88 0.54
Ideal value 0.5 0.866 |Ideal value| 0.866 0.5
Error 6% 4.6% Error 1.6% 9%
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2.2.3 CC2420 Zigbee & */ia & &

-g.n:\?,
-l

* fic e en Zigbee RF 8 4 > Aipidr * 5 Chipcon = & #701 & e CC2420 & 5
T ehfh Bk
I P& 8021542 B i A FRIES A RARTTER B ET
BaAho @) 2-12 #777 > B 5 Tmmx 7mmx1mm o 4% (T 7 R & 1.6~2.0V 2 >
KR AFLTE S 174mA > BfGR E 4T £ 5 18.8mA -
2. BEGRBAZ ARAEFTEFTA > 7 Frod g B g i) o
3. i@ ﬁi%Jsi B 3 P-i& 250kbps °

4, B BEZ B G E L 128Byte -

v

B 2-12 ¢ 5 CC2420 ¥ ek TR B> PEEFTH N BELE h~ BRE

(TS 3

. =& D EBE % 3 24GHz X 4> R IRF IR 5 50Q o
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33V
Power - =

= 11
= C3g1[Cast

R451 ;l; D
c4z XTAL

O

Antenna
(50 Ohm)
CB1 {
— cc2420 =
cezy cr1 RF ':
Il I Transceiver _ E .
u i3
.
a

] 2-12 CC2420 Zigbee chip.2. ¥ i T E:[7]

2.EF ER2-12 ¢ hXTAL & B ¢ S 16MHz 2 i B> 4572 C381 £ C391
@ i# 27pF ¢1loading 7 5 ie H }a j’

3R T : B 2-12 ¢ chRAST S xﬁ,@ AL P Rk 7 CC2420 P 20T ik
WA R o ZEP43KQ T OHFER B 1%P e .

AT Rk E I CC242 F P T REHE R B L FRAIBV LT RE
R FIS A 3 TR ol Akt AP R EAE S S BOR 2 33V
GRS - B 10UF PR F B ) TR R

e
CC2420 Zigbee chip2 ety B 2 4 & 4o B2-13%7 7 » ks B 15 1 CC242050

SPI(CSn ~ SI ~ SO% SCLK) /i & % ¥ CC2420:3,k & > #41CC24203% 2~ ~ B » &7
FAOFHE TS P EFTR o H P B ® L Master > #712 MOSI(Master Output
Slave Input )z #CC2420 mﬁg?] » SI; MISO (Master Input Slave Output )i £ CC2420
mﬁ% 11SO; CSn%riz 4SS > & $CC24203% 7% (TPF » CSn Jf 3% 5 M 7 /& > SCLK
i 45 CC2A20p% ¥4 0% i o ity B 15 1B SO% SIHCC24205 1 b £ 5 12

Pl iy & ¢
FE B CC24207 i o st Bk 4773 B > 32 41CC24207 T g B
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= INTO< FIFO
= = INTl-  FIFOP o
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Q9 & PD4k- SFD oG
E an O o L
~— O S} — U (D]
< g o SS CSn 6 S 5
S 3 MosI I S

< S MISO- SO

SCLK —» SCLK
B 2-13 fictr oz CC2420 2 -4 4

@ FIFO ~ FIFOP ~ SFD -~ frCCA® B %ri= ] * & 2 fopckr B4 fc 54 aok

B BT R T AT

FIFO : # 73 F# 2CC24202 44 ¥ 3 % * RXFIFO ¥ > FIFO pin%" ¢ %high > 2
% 6RXFIFO% % B2 FHF 2 2k o A BFIFOH | iy B

ST 2 depcky B R AR e B

vk 2R ¢

FIFOP : % CC24204 {x F 4L ch i HAZIMB 1 FF L 3% 2@ & > FIFOP ¢ % 5 high -
F il ALB R AT 0 B CC24204 e Tl B i8 — B Byte:h TP >
FIFOP ¢ %high o & %r =3 A i F A B = & > Bt & 20 chy
Feh— @ohgne SR i B PR TR S -

CCA : %BCCAE %k fi ek B 7 00 e 474 i £F § 441k * 0095 o CCA

pin%r il if § & HLpF R 4 S high > & oM BBl U SR e ]

F 2 g e Bl S low

SFD @ fefaifc 3| F A erdedn iz & 3% MAsdn =~ pF > SFD %rix ¢ % high > F]*
SFD # 3| ciy B ¢ chps B pRE~Hriz» 3B B N e dt e A1y pE R o

2.3 Zigbee g ] e 5
Zigbee R Bl ELT MR 5 — B3 AR R EI LA FEE FRBIE 5 KRR
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TR BB S A - R KA doF2-1440F o TR BRI R
AenE BT RO T EE- G SRFIERTA RTHRT LR {2
g 3 o @ % Zigbeedh BrsensorsiE S B R B B iE > H-2 AR BB oR BB B
AR i PERE BTN R R -

FTALA e K3 Ao R2-15%77 0 d 2 CC24208_7 *+802.15.42. PHY & ¥* MACK
2o R AR R 8021542 AR 0 ¥ F HMAC payload® » # ¥ & @
E TR Bt s ol #ed CC24204 % > 3§ eni=B @ )% - B2 A
it e o BB A hite S F AR Bl € v @ - Backnowledgedt ¢
G E R e R

ke ¥ Zighee WA BLARELS 1N 0 B R B AR RE 4K o 58
— iR FRES BE N RTRGE I AT R APAIL A F I fRT
4 W1 e B Zigbee module & {7 i & Zigbee it 2_ PI3E > 4o B 2-16 #77  H
¢ Module4 & ¥ 7 "oid o3 ”l’ 0dule,l~ Module3 &_sensor ¥ o Module2
¥ E 3% Modulel £ > 2 & ;é,j‘g# ki’;lﬁ%-'i,%’,/izi o = i sensor ¥4 2. Module %
20 - GEARNE R ,?membléji Module_I £ 1% 4 2 /& i Module_2

.

BB - 44 Rk %8 5 Module 3 /?' /’I\:f AR o

AT E2-15¢ m;l*f}—'ij‘f ’ 7'\;{%? g/q__—gl"", C @ﬁ%l ¥~ 5 Active mode£?

Passive mode ° Active mode _& & &% #§-3% & ¥ #1754 ciisensor2. F L BF eiadT -
f.iglm: [ : ]
) mnndul-r:
( moime ) | [S500EE)
mnd'nll:

~r”.ﬁ::zr:.:> o]

Chipeon % 7 7
CCM20DBK fg:
Lighee board

B 2-14 Zigbee e SR 7 e B £ W
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;7% ; Passive mode #_%& 5 & % H © sensors¥ @ % e F AL PF e 30 o Sensoriy £

ez ends (4o B 2-17(a) %2 2-17 (b)#77F » sensor:y shZigbee moduled® 4= f>

Active mode > & F - jc Pl H # H is sensorz @ k e FALPF o P27 4 5 Passive

mode- @ ¥ § Pl &0 E 4758 Zigbee modulez. & (¥ W5 f 4% |7 3| Zigbee e B B k
TR > I M TS BRS-23208 % T 4 o

Start node| End node
Data
1D 1D]
Bytes: 2 1 Oto20 n P 2
Frame Data Frame Check
MAC ; Address
Control Field Sequence Frame payload Sequence
Layer (FCF) Number ~'Nformation (FCS)
‘ MAC Header (MHR) ‘ MAC Payload MAC Footer ‘
(MFR)
| |
Bytes: 4 O R 5+(0to20)+n |
Start of frame MAC Protocol
PHY Preamble Delimiiter Frame Data Unit
Layer Sequence (SFD) Length (MPDU)
Synchronisation Headar PHY Header PHY Service Data Unit
(SHR) (PHR) (PSDUY
' 11+(0t020) +n '
PHY Protocol Data Unit
(PPDU)
B 2-15 CC242018 %5+ & 2 3¢
1 | Y L
Room 621 ’ @ Zigbee module 1 (sensor side)
Room 632 g .
@ @ Zigbee module 2 (sensor side)
Se
@ @ Zigbee module 3 (sensor side)
@ Zigbee module 4 (monitor side)
Room 622
@PC with monitoring software
Room 633
Room 623-2
Room 623-1 Room 634

@] 2-16 Zigbee #§f & & PIF %7 & B
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Sensor side Monitor side
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I recelve data
Active mode —Y
Transmitting data
to PC through
RS-232
No Receiving data
from other sensor side
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Passive mode
|
(a) (b)
] 2-17 (a)Sensor ¥4 2. Zigbee module 4% ;" i 42(b) & ¥ :4 2= Zigbee module 425 /it

A2
Active mode s ;i 2 4o B12-18 (a)#77F » sensorzh A :# ¥ B AT AL @ E L
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& ooy Prsensor e HARFERSTROIELT I 42 BRE
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3-axis
accelerolation

-

Signal
preprocessing

Abnormal dynamic No

accelerlation detected

v
Distinguishing the
user in action or rest

Yes

Rest Action

No

Calculating tile angle
of the user ’s trunk

Gait classification

preprocessing
- v
Clgssmng Wavelet transform
static poses and Calculating
from the tilt angle eigenparameters
v

Classifing dynamic poses
from the eigenparameters

,, | | | l |

1. falling 2. standing 3. sitting—4. lying 5. walking 6. going 7.going 8. sporting
upstairs downstairs

B 3-1 AR RRRET 52 2 F i
3.2 |

A2 B AR ITL MG AL L FIL R ERT VARG R R
BB A 4T A AR B e A 0 10 5 R R kA TR o Tt B ik iR AR
oo TR TR IEE > B R AR BAR i e A R & 2 e R E
FEBMELAMEE 2 (5 23 E ks R o ¥ - S g o [ AR G P
Mo Wl g | el BRSO RAA T BB e T ) k2

Bl e gy Bl g A il o ARG Y o I AP
RF R4 fpfie < & -

@ ER A AL A D L E - B2 4 S Bc(Mother function)
P(t) > 4+ 30 gy W Hg(Dilation)£2 T 3 (Translation) & £ 2 43¢ (3-1)# 5 Scaling
function > @ # A I FPEP L E B EF AL F 0 AN (B2 frw £ F e {E

7 (3-3)
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bro ® =%¢(%) abeR (3-1)
T¢(t)dt ) (3-2)
[lp) dt <o (3-3)

H 7 oa it b fhdie(Scaling factor) » * ] 4 Jk A BB HE 2 R R o gk oD
QBT A AL FRAPTEF 2 ool ha BT HA R EFTRFIL D S
> # % #c(Translation factor) » * R FE | A AR IHITTH > §* LR FPF
R B P B & & = A PEEHL AR 2 LT 0 RUBE PR hiE > #F A
AL PR AERCW) DT

1 (o LR
CWT, (a,b) = X [ty (T)dt abeR,a#0 (3-4)
BN (B-1) R~ N (3-4) ¢ s T A N (3-5)
CWT, (a,b) = j (4., (Odt "+ ¢ abeR,a#0 (3-5)

7] 4 £ (Discrete wavelet transform)ikl Ry | gk aoNe che g
S Bca 27 T F S #cb i i (Discretization) » ¥ & {8 3ac | A o Fptab %
AT 1 & T o34 (3-6) 2 3 (3-T) 7T

a=2",meR (3-6)
b=na,neR (3-7)

#e3t(3-6) 8 L (3-T) 1 » 3 (3-1) 0 W R T HaT] b e st (3-8)

1 t
P (D) = ﬁ¢(2_m -n) (3-8)

FE8)T cEm g PR RAF  BFTRARF T UER DS
B EV AT G (OF HER I § & 01
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V,c..cVycV,cV,...cV, Gk %> &7 miEg~

I}

=
b
e
S
™
¥
By
A~

4o @) 3-2 el 4 oo

]%] 3-2 ¢m,n (t) =

'

TR0 A BE LT PRGNV, ¢ BB R TG (1) B R
e 3 i Ak @, (1) B B gt ) - & “73) 5 Wavelet function ¢, (x) » * K E B 4

WV AV 2 BnE FeEW, 47 0, ()7 BBk & FF GV, =V, OW,
b o F ] 32 7 S R 343

Vi, OW,
A

W’ =V, OW, OW

B3-3 V, ~ W, &V, 2 [ b

d Vi, =V, ®W, &’ SRRV A RS B S (Y,

j+l i

EW)EWEL > G Y TR REATAMBERL K TV, T AT F NS 2-14

Vi, =V, ®W, =V, @W, W, ....0W, (3-9)

jo+1

P ojo 2 ERFHE IG5 M0 s fRaEE o BT RAP Y T HESL
Bl Pl ER LB Mg B o FREATIHES 5 0~ B F - K AR
@ R Ay~ SRR cal (0~F/2)f- % 47 cdl (f2~f) e & o £ % cal

SEMEE BUE AT TEIY Z k] hlicca2 ~ed2 o iR aEdE > ¥ F T

25



e
LPF
]

h

HPFF

@ﬁP
E

La

HPF

i it

B 3-4 | & & fZ51 & Bl(from http://www.wavelet.org/tutorial/wbasic.htm)

{5 A ]t todiee | Lk 2 PRI PR 34 40m 0 T IR R Y e d
fid dgnfaenkdice 1 AHZ NG R PIATE A2 P RS R
B ME LB > A MO BT B R S R T B T T O 4R RO LA 3

el R s RLIRIPE: RIRCEV R APAS e n) CF i S
3.3 WME W I

Mathie et al.[22]#% 3] 99% 4 F 2. A R i@ #5475 % -] 3t 20Hz - 1995 5 B B~
# 47 & % 32 (Shannon sampling theorem) » B~ 47 & ehif $ & Jf < > 2 B ek iR
2R o AR R P AATE 5~10 B KIRMFLAHEF o F AH
B~ R AE K 5 128Hz 0 3 % Acdr B eh Timer 2035 =7 7 k4| B4R 48 & o

LR R E R REEAOTRE A PERE B fE R
ST WY kIR T 256 L FH T S A RBE LRl o F 4R
B3| 256 £ FRS 0 AR FARET AIE > AR FH LB ELE R R o AP ]
A Nk E N R T AP ABh TR 256 4 Fp T U iE
8 & ¢ Haar /| j 4 o ‘CiB e (5 > A P B g MHEeh- K > T % & 0~0.25Hz ¢
Qo el HE BRI R AL A FBHDC F A o TN AR R E
PR At B UBLR A B e RELA 93] o
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B 3-52 4o B i — R (TN e BB L R4 BLEGE ) R
¥ts o WO B A FERR > FIR3S Y FAELER -
RAR LR B3 b R AR 0 A BRIB 357 b b A o B B R

S

KppRmd 4 4eig R od B]3-6 2 AMETAEGRH EPRFFVELS g &
2 o ¥ u—Fﬁ— D ASEEF L B 2 AEIRT (e B R Hh ) Ao B3Ny B
Mg RIFIEA e R CHEL-1gy A e B X hE z ghieT X £ 4 ek R oD
WE PR dhy fha e R BART Y -1g o x 2 2 B ER G
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original acceleration static acceleration dynamic acceleration
2 1
° ° °
2 MW 2o 2o WW
© © ©
-1 -2 -1
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0 2
s VW e s
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-4 ol 4 . 2
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34 AHPFBEFLLHYT

R M- R A P 2 i AL S %7 Mathine et al.2003 3 211 * = ghis
i 4vid B enSG ¥ EM A (7 F$ i 4o id & 0 signal magnitude area (SMA)

256

SMA = Z(| axfdynamic[n] | + | ayfdynamic[n] | + | azfdynamic[n] |) (3'10)
n=0

SMA (BB 2 A B A 4 T £ 5B REAPM b o Flpt ¥ 1% pt &

| -—
-
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-
i
fu
T
3
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A
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u
¥
wn
<
>

fi 2. SMA chficiE k| » 48

threshold=50g » i ¥ 12 & 3% {6 27 3 fi vh% 1§ o

SMA
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! upstairs downstairs

250+
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B 3-7 7 I % i ch SMA 2 A # {75
35 B EFEBAEZ

BEE A ol Z dhieiE B E 7] e0% 1Y > Mathine et al.2003 3 41 F

2 2 2 2. P < B SS D € 35 DAL o % 7
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BB e 3 g > Ajpra-d o N iFT 2, pF g & Signal magnitude vector

(SMV) :

SMV =a’ +a’ +a’ (3-11)

x _dynamic y _dynamic z _dynamic

% a'>37dynam|c + a‘y dynamic +az _ dynamic > 324g ’ ]g Jl&ﬁ' A 'F' 7 ﬂ #’ }; ]Il ZERLE ‘ ﬁ{ é—

i~
—

P H G fed AT P ET R 2 F TR R S H M F]t = b E g
256 £ FAL 3B 256 = phirE R FALY 2 SMV B4 K 1T @A fjp SMV
2. & > & 5 SMV_max © & SMV_max>3.24 » B 2| 475 & 5| apfk w4 o

W38 s ¥t- BEMY pd dd A Frop el -
SMV max 25k 4 > GBI, 7 L BRSBTS B EAE 4 g e o
T f S H 4 PF 0 SMV_max>3.24 ¥ fe|pF SMV_max it H # A EE 2
A Tk ) A E A A ehiE 2 e

hpiu)

H<

SMV max & > F]}* SMV_max>3.24 ¥

SMV-max

60

time (x 2 sec)

B 3-8 iE'JEé A RPER P it 2 SMV _max &

ShASREZ EEEE LT Y A RIRIR AL & B R S8 R 4
ROSRIR PALAZR X 35 60 B P » L] 7t pF A B8 % B4 R AL 020 3] 60 B L kT

0320 B 5 =
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BE AR PR 2 4 B2 y RBET FIpizah> v P RBIIIE S eid B
EARIFNA B0 FI T oy ROPIEhE P T2 #F i Aeid B A ST A BIRIR AL A

B Fla y #horg Bl I ch4e @ RES £ 4 4o R DARE L >

a‘y_s'[atic = g hd COS(Q) ’ *;4’\7 v M ay_static_thl = g ¢ COS(2OO) L;’? ay_static_thz = g .COS(6OO) 7’;*

BRI T, e § 5T ARGAIGS)E )

g ®cos(20°) <@, guic = g @ cos(d) < g ecos(0°) (3-13)
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 outcome

Line chart of

recording pose

Histogram of
each pose

Pl 1 R

% 4-1 Pl 'fq“'& e -ﬁ;éﬁ 'y '?E{Ji" s FER R &
actual sitting | standing | walking | going going falling lying
pose up- down-
estimated stairs stairs
pose
sitting 18 0 0 0 0 0 0
standing 2 20 0 0 0 0 0
walking 0 0 20 2 2 0 0
going upstairs 0 0 0 18 1 0 0
going downstairs 0 0 0 0 17 0 0
falling 0 0 0 0 0 20 0
lying 0 0 0 0 0 0 20
sporting 0 0 0 0 0 0 0
accurate rate 90% 100% 100% 90% 85% 100% 100%
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actual sitting | standing | walking | going going falling lying
pose up- down-
estimated stairs stairs
pose
sitting 17 0 0 0 0 0 0
standing 3 20 0 0 0 0 0
walking 0 0 19 3 4 0 0
going upstairs 0 0 1 16 0 0 0
going downstairs 0 0 0 0 15 0 0
falling 0 0 0 0 0 18 0
lying 0 0 0 0 0 0 20
sporting 0 0 0 1 1 2 0
accurate rate 85% 100% 95% 80% 75% 90% 100%
43 RIREH 22 - BAME LiRbe %
actual sitting | standing | walking | going going falling lying
pose up- down-
estimated stairs stairs
pose
sitting 16 0 0 0 0 0 0
standing 4 20 0 0 0 0 0
walking 0 0 19 0 4 0 0
going upstairs 0 0 1 19 1 0 0
going downstairs 0 0 0 0 14 0 0
falling 0 0 0 0 1 20 0
lying 0 0 0 0 0 0 20
sporting 0 0 0 1 0 0 0
accurate rate 80% 100% 95% 95% 70% 100% | 100%
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B4 REE w2 4B M RS

actual sitting | standing | walking | going going falling lying
pose up- down-
estimated stairs stairs
pose
sitting 20 0 0 0 0 0 0
standing 0 20 0 0 0 0 0
walking 0 0 16 1 2 0 0
going upstairs 0 0 4 16 1 0 0
going downstairs 0 0 0 0 15 0 0
falling 0 0 0 0 0 17 0
lying 0 0 0 0 0 0 20
sporting 0 0 0 3 2 3 0
accurate rate 100% | 100% 80% 80% 75% 85% 100%
%45 RIREHI 2 - BAME LiESE %
actual sitting | standing | walking | going going falling lying
pose up- down-
estimated stairs stairs
pose
sitting 18 0 0 0 0 0 0
standing 2 20 0 0 0 0 0
walking 0 0 17 4 2 0 0
going upstairs 0 0 3 16 0 0 0
going downstairs 0 0 0 0 18 0 0
falling 0 0 0 0 0 19 0
lying 0 0 0 0 0 0 20
sporting 0 0 0 0 0 1 0
accurate rate 90% 100% 85% 80% 90% 95% 100%
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%4-6 T REEE 2 - A MTRAIRENR S
actual sitting | standing | walking | going going falling lying
pose up- down-
estimated stairs stairs
pose
sitting 89 0 0 0 0 0 0
standing 11 100 0 0 0 0 0
walking 0 0 91 10 14 0 0
going upstairs 0 0 5 85 3 0 0
going downstairs 0 0 4 0 79 0 0
falling 0 0 0 0 1 94 0
lying 0 0 0 0 0 0 100
sporting 0 0 0 5 3 6 0
accurate rate 89% 100% 91% 85% 79% 94% 100%
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% gk L B

2473 RGEE 2@ - AW BAIRRR
actual sitting | standing | walking | going going falling lying
pose up- down-
estimated stairs stairs
pose
sitting 20 0 0 0 0 0 0
standing 1 19 3 0 0 0 0
walking 0 0 47 1 7 0 0
going upstairs 0 0 1 28 1 0 0
going downstairs 0 0 3 0 27 0 0
falling 0 0 0 0 1 5 0
lying 0 0 0 0 0 0 14
sporting 0 0 0 6 0 0 0
accurate rate 95% 100% 87% 80% 75% 100% 100%
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Date and Time
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actual sitting | standing alkmg going going falling lying
pose up- down-
estimated stairs stairs
pose
sitting 25 0 0 0 0 0 0
standing 2 26 0 0 0 0 0
walking 0 0 62 2 4 0 0
going upstairs 0 0 4 40 2 0 0
going downstairs 0 0 0 3 37 1 0
falling 0 0 0 0 0 5 0
lying 0 0 0 0 0 0 26
sporting 0 0 2 3 3 0 0
accurate rate 93% 100% 91% 83% 80% 83% 100%
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