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57309202 : MAJOR : INFORMATION TECHNOLOGY
KEY WORD : CONTACT-FREE PULSE MEASUREMENT/INDEPENDENT
COMPONENT ANALYSIS
NATTAPONG TANGJUI : ACCURACY ENHANCEMENTS FOR
CONTACT-FREE PULSE MEASUREMENT USING INDEPENDENT COMPONENT
ANALYSIS. THESIS ADVISOR : PINYO TAEPRASARTSIT, Ph.D. 85 pp.

The purpose of this research is to enhance the contact-free pulse measurement by
applying Independent Component Analysis (ICA) which analyze the change of color in
video sequence caused by blood perfusion. ICA separates the pulse source and utilize
Fast-Fourier Transform (FFT) to find a dominant frequency of the subtle changes. The
study was executed in two aspects: (1) evaluating the impacts of color models and
time-window length and (2) enhancing accuracy by our proposed techniques which include
multi-component accumulation, range-power spectrum, and improved error suppression.

The multi-component-accumulation ' technique helps gathering more useful
information about color change that a single color model may not be able to provide. Our
range-power-spectrum method can handle a case where a subject’s heart rate significantly
changes in a single time window, while improved error-suppression copes with errors by
filtering out unlikely heart rates. whose FFT power spectrums.are comparatively low. By
combining these three proposed. techniques together, we achieve a robust method that is
more accurate than prior work.

The contact-free pulse measurement system was tested by 20 subjects, aged
from 10 to 55 years old. Five were male and fifteen were female. To validate whether the
method works well for video.sequences recorded by different devices, we captured two
videos for each subject; one was recorded by iPad3-and-another by Logitech C920. The
results showed that the proposed. method could “improve accuracy of heart-rate
measurement over past work for both devices. Its average error from both devices was 5.42
bpm when a time-window length was 40 seconds. This was more accurate than other past
work by approximately 0.50 bpm.
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minTunieludalewsulmaanda Color kay Motion magnification as1a1unsaussynsild

=

a aa oo Y o w1 awv °
N5 UAYULUAIYR9dRINATIaNULNInTNas I lagllfosdusiasienie uidenaileeiuin
FVM 1nlglunisinensinisiduvesilalagldndssiunaunaznaaalnsdnyinaunsass

(Android)

v A v 1A

NuITetaenInATnastagludutadiuinanielaeIas1ziannIf Lot NsUANNANNS

'
=

ICA WiuLe3InU Poh @9n1sunnannistiunleiitadenatestnaneanansun tawn 1. n1s1aan

29AUIENBUVBIUAREN UL IATIEIANURNSUAs UL UAINdRRAdBInUNSUABUWUAY



YO9TNAT 2. YYmIA1UAIUNNZENUDILAIEIS Tnenasadnsdaslinnuaylides

Aty nsaz avdestAuluazldaiuisaiudenisiasundacle wazdrunniulinig

3 <

A Y | A Ao ANa =
LWAULUAIUDILAILLAUIANINANIINISLUA UL UADIENT 3. d@NAagiunN1silaguLlay
Wean1din7 4. UsednSnmduwessusavandesdinanomnuuiugl 5. At

= = 1

nsneaesuartuiinIAledinasonuuilug) g Sinnisveassinsvduinniiulunig
Wasuuasesnsviuagiaudauinniinisasuwlaswesdnn suideddnwanuidym
waElnensiu U anassrensifiudal i funsunua v aodluinad HSV iuns
WasuuUasesdinlnensifinAusuuua R veslunad RGB uazn1sUSUALILLLG L* wae
b* vaslumad CIE L*a*b* n1591 Pre-processing viandauiiaula (Region of interest : ROI)
Lﬁaammwé’waa;ﬁﬁﬂmimam WU A13n3193ulunta (Face detection) n15%1 Video

stabilization

NUATHNANWINNADNAATIZ UM AT RGB WAy YIQ tJundn wazidenlduuin

(%
[

PR (Time-window) Fg99UIALAYIBALWANAILUANNIIUATY A9tUINLIToTIIRNEN

NANTENUVDINTSUAULILAR AR TUIN LR N TN AR UTZANTNINANULUULET WSDUNT

aa U v A o v ! e
Lﬂuaﬁﬁﬂ'1TUiUUEQQﬂJﬂ’]WIUﬂ’W5’3WU‘WT\]’iLL‘U‘UVLlIﬁlINﬁi"lﬁﬂ']il@ﬂll‘l/iaﬂﬂ'ﬁ%a\‘i ICA

1.2. InqUsLaAYaINITIY

£

T dmngieysuusmautiugalunisiagnasuuuliduiasnnie Tnewus

[y

UIY

[

- < & &
N13ANWIRNLUUANNUSELAUEDE el

1. wansznuannsWasilimeeduaznswanliinadsiuiulunisindnas nednw
MswWdsulinadnavun 7 luea leun RGB, HLS, HSV, CIE L*a*b* (Lab), CIE
L*u*v* (Luv), TSL wag YCbCr n1suauluinad 2 wuu As Multi-model
Summation (MMS) wag Color-Model Union (CMU)

2. wansznuannsiasusuiantiaefildlunisindnas Tnowdsunewinis

WABLUILANTNENG 7 9uia A 5 10 15 20 30 40 uay 50 Surfidentinsg



a

3. 4auI5N15USUUTINITIAYNATAI8N154N Post-processing 3 35 Ao Multi
component accumulation (MCA), Range power spectrum (RPS) e g Error
suppression (ES)

1.3. Ustlemliianadnasldsu

1. annseagulueaduaznisuanlunadnvilinisindnasuuu lidudasieniegd

al

ANLLIUGGeTER

q

2. awnseasunisidenldrunantindiaidanatrdianuuiug
3. gnsnusulpnsingnasuutlidudasianie Tnen1siiiuddu Post-processing

3 @ Ao MCA, RPS uay ES

1.4. 1A595199299 I neNTUNUS

[ ' o
v YV U A a av a4

°o w av < < ¥ ¥ 3 v .:4'

aruitenuiTeaziluludaiifie und 2 \lunuidenifertemieuiatadesieg i
) ! v Vvl Y A - - Aa A v = A ac
danarian13inTnasuuyladuianieds ICA uni 3 Aenguiiiieites uni 4 Ap35N13
Anduauddy undl 5 iummegeUseUukarkanIsA L IuNITINE wazdun1sagUNans

NAaDa UL UL IUUNTT 6



Uni 2

awv oad v
JMUAYNNYIVDY

2.1. Non-contact, automated cardiac pulse measurements using video imaging

and blind source separation

o

(Poh et al., 2010: 10762-10774) Laueisn15intnasuuuliddudadusisnielag
farsananandalewsy Wneldwdnnasniswenuvasiniafivesliiiu (blind source
separation) #1&35 Independence Component Analysis (ICA) wardinszinsasunlas
ANAved MR8 Fast-Fourer Transform (FFT) g nrAdaayanidn g'ﬂ'ﬁ 1 4anq
WENNTILYeITEUUNITIAdNesTiauelag Poh 13uainnasidendiudiaula (Region of
Interest : ROI) an3nlewsu Ineidendruvadlunin wuisdinlowsuesnidunindlasuday
vihenaivunn 20 Funil uazdeuiiudanins (Overlap) usasniineng 1 Junft hdaild
wiazuvunuamuesialad (Normalize) WA uededu 0 wazdruidysuuunsgiudu 1

nasntudygIalUies1z Independence Component Analysis|(ICA)

Red channel

Red trace Component 1

Mgy
ae
Green channel \ /
Green trace Component 2
- = "‘r ' - "h{ rﬂ«{ﬂﬁ m JJ‘ ‘Jﬂ"y —> WMWWAMM

,
[ 2
1 \ Bluechannel
- ™ ﬁ Blue trace Component 3

Slalyty - P
by, i ;. it

(a) (b) (c) (d)

gﬂ 7l 1 uansdyaadldannusazing a) Ialewsusuatiu b) uendyarailemsueeniiu

A

I
Y

3 LU ©) dyanAazuIULLaTeY RGB d) deygad ICA v13 3 a3AUsznau



ay v o

dyaruilaaziiuidiasiziaiiudaieg Fast-Fourier Transform (FFT) lagLaen

(%
v @ 1Y

WATIRAMNDYIRIIND 0.75 — 4 Hz (45 — 240 bpm) wWirtlusaansfsgun 2 aduaud

o ¥

A Y] a A o = ~ Y] a
N9 URBULUAIVDIFEYYIUTN LUBUINNUSHULNYUNURYEYI18UD1989310 blood volume

pulse (BVP, 3U# 3) wuindyaysuednusenauil 2 ¥e3n15vin ICA danlndiAgaiudeyaio

1
o A

91994 MITUUITEUIWADNIAAITNATINNBIAUTLNBUN 2 ¥89N15911 ICA Lie9aIAUsEnNaU

=
191die!
Red trace Component 1
3000 5000
W F l 2000 ﬂl WWMW 3000
2000
RWW«“%M 1000 1000
01234 01234
Green trace Component 2 10¢
X
2000 2
5 1500 s
WJJ'.,F%] 2 1000 MM $ 15
\ """!'*""h“'r"w'ﬂ-m‘-i\- S 500 B 1
01234 Y
Blue trace Component 3
2000 2000
1500 1500
1000 1000
500 | 500
01 2 3 4 012 3 4
Frequency (Hz) Reference BVP -
X
8
6
4
2
012 3 4

Frequency (Hz)

917 2 wananan1FIATIeR FFT vasdganal ICA unazasdusznay

U7 3 gunsalindnas BVP
ﬁm :NeXus Blood Volume Pulse Sensor, accessed April 20, 2016, available from
http://www.ycanaustralia.com/BLOOD-VOLUME-PULSE-SENSOR-FOR-NEXUS-4-10-
32F%20


http://www.ycanaustralia.com/BLOOD-VOLUME-PULSE-SENSOR-FOR-NEXUS-4-10-32F
http://www.ycanaustralia.com/BLOOD-VOLUME-PULSE-SENSOR-FOR-NEXUS-4-10-32F

Poh 1@uei5n1531inteiaNaInlun1ssEUATNATIINUAAEMIRNG Inen1sUIRAENG

v 1 Y 1

wndsguiitguiunianneuni dranaslunieedagdudannuiissnsuniuinnii
12 bpm szuvazdiasgianudiuasudalundal Magnitude AININAUNUALDNNTIAL
= o = = v v 2N ' v ° v e

Wouly arlddanudlalndiAesiudnasannutdin1enounil szUUILUINARNSTNDIN

wihaneuniudunadnsnaslunisnsllagdu Sund1 Eror suppression

(Poh et al,, 2011: 7-11) tauan1susuugsnuddelndlul 2011 lngusuusnisiden
3 z.s' Y & v [ = = ! P 3 d'
asrUsznouNagldidumunuvesdyy10Tnas Lo nnuINsidenasdusenaui 2 ves
a 4 < v 1 = o ¥ Poa a v O o= [
N153ATIEN ICA WU nudyasdnasiitlyn1sseyanasianain Audsulgens
5EUAITNITIAETIITUIINAT-Magnitude 310714 3 '09AUTENDUVRINTITNT ICA Uaziden

A1AUANIAT Magnitude geam

2.2. Noncontact Automatic Heart Rate Analysis in Visible Spectrum by Specific

Face Regions

(Dragos Datcu, Marina Cidota, Stephan Lukosch, and Leon Rothkrantz. 2013:
120-127) 1haidevey Poh sniniaselasyfuusanisidendruddla (RO) dededuves
Tunih Inefleuves Poh andonsadududwmdomvialsldnluniiliasuduuazenald
amUSdUuEs (Background region) ikl luninlé weifuenudeiisadendaulumi
#28M&nn135 Active appearance model (AAMATundnnasnI19adAidz RTINS
WAsuLUasessUsIkaz LR (Shape and textlre variation) fe3Uft 4 wasnadwsnisiden

dlumi (Face segmentation) wandsaguil 5

917 4 uansraanwsmMsidendunudluntdinisin AAM



917 5 nadwsnsidenduiiaulasig AAM uazusneondu 3 urulua

aa Y av v ° | a \ o w A

lasuluniinlaazdinimiaadelundazusunuanwaziidgygyiaaidun
Normalization wagns99AuRluL9 0.75 = 4 Hz Fyaatdilaaziinnitnsizi ICA uag
ANUIUAINUDAIE FFT LAglaanitAs1siiaa1uitaniIzasnlsenaud 2 189n15v1 ICA Wity

NAANSINNLARLNUF1992 UL YT IUTUAUNLS 1N B URL UL A—A US89 Poh

2.3. Eulerian Video Magnification for Revealing Subtle Changes in the World

Eulerian Video Magnification(EVM) gn Lauelae (Hao-Yu Wy, et al. 2012: 651-
658) s sSndnsInasiuvaslalngiinseiannmdmemsusnisnils 35danunsa
wanenisiedeulndndesiiliaiusauewdiulashen1iuaTiy i Motion magnification
wae Color magnification 18NNI384 EVM asdiunisinsisdanuinisiudounauasiiu

AAnunYenaulaliiundidiuau d8n15AsUR6

Temporal
Processing
(pixel-wise)

! I
HT ./\"l!k\\fl‘ll W
Ela h
Time

®

Spatial
Decomposition
Reconstruction

Amplitude

Frequency (Hz)

Input video Eulerian video magnification Output video

U7l 6 Flow chart 38015 EVM fllauslng Wu



1. Spatial decomposition azidunisutan wesnidudiugmuainudvesnim e
e Signal to Noise Ratio (SNR) wazdondiufiaule (Region of interest :
ROI)

2. Temporal filtering Lﬂumiﬂsaammﬁé’agmﬂmiﬁagﬂuﬁmmmﬁﬁﬁmmi

dmsunsiadnasezldiinsesainud 0.75 — 4 Hz (45 — 240 beat per minute)

3. WuAdIMTHIUsINTIIENITAAT O Wilatdunsiudsulladlurienud

v Y

]
a a U

PaulalinunINANUD UL WENINISIUAB UL AIUBIATARNUIR LD

FFaIuNLAazALveININNBas 190 mTULM (Reconstruction)

P

Ay & a sy | ax a da o a
AleNgnIiAs1eiAI838 EVM a13satanin1sivaguuuasesdianmnainnis

'
a

nalsuraudnalandsun 7 uavududMemsuauatu katatududflomsuiieiun1svia

Y

EVM aziiuinguinudned1adalamsuiiansuasuwdaesdilasiinmsivaisuvesden

Farauninguinuenaagiiunswisuwlastdosinn Weswndiinisnaaesdidiinginiy

(a) Input ‘ (a) Input
I
(b) Magnified
(b) Magnified

dl % 3 v ¥ 14 = = al e U ¥ U =
gﬂ‘l/] 7 HAANSNNTIATNATAY EVM AUUUABD IR LolSuauaty Aualsfe nIswananig

Wasuwlasvesding

NAAWSYRINS EVM a0t lUInTnasiiiinannnisiuanisuresasnuuluntile a4

[
= v A

nuideiiauadatausuuglunistuiinisle Al 1. AUANNITYEULRIEYTININITNAREBS 2.

v =

a Y ¥  aa < sl Y] i v aa val a
La@ﬂl%ﬂa@ﬂﬂmﬂmﬂqwL‘UUL‘U@?W LLag"ﬂﬂﬂqiLLaﬂaqqﬂa‘LWNqﬂW@ 3. Uu%ﬂ'ﬁﬂi@i‘mmﬂ'ﬂ"lmaglﬂﬂﬂ

wazdiauenunfigawinfasdululs msizdwaliladygrandaunin wazdndulula



wwenduiiniflanuulududn (Uncompressed video) azdsnaluladygiunntu d1msu

o ]
av

NATslivszanamelnIoIrauiImesNingUszaananans (cpu) 6 core Lag Ram 32

GB Tuiinidleruwauiioy (labtop) e 45 frame per second

2.4. Preprocessing Realistic Video for Contactless Heart Rate Monitoring Using

Video Amplification Methodologies

(Ahmed Alzahrani and Anthony Whitehead. 2015: 261-268) L&@1®35n15%11 Pre-
processing NOUYN Video magnification ﬁﬁgﬂﬁ 8 IngazilipuLisunsiin Pre-processing
2 750

1. dendwuiiaulasrenisdendinlunii (Face detectionand tracking)

2. 91035 1. dARlesaiiliunsiatuaianagauainile (Skin extraction and

delete hands) Ingld threshold 9e9aad u* wag v anlunad CIE L*u*v* 1y
Afnaziien u> 12 uay ¢ > 12 wazdanisedstlmiilddosnseneds matching
stabilization AES 3G Undu-A8 motion estimation, motion smoothing, and
image composition

£y

aa ~ v = I3 = v o a a
jﬂiﬁ]ﬁlggﬂUu‘V]ﬂﬂfJﬁJ iPhone5 1JuL3a7.-2- U9 ‘Um%ﬁdﬂ’]ﬂ'ﬁmﬂa@ﬂ?\ﬁlluqaﬂ LAy
= = U sAY v a . a Ay v ] |
LU?EJULV]EJUN@ﬁWﬁWI@ﬂUu’]Wﬂ'] Garmin-Forerunner.410 ']ﬂi@W\lﬁlW]llﬂ'ﬂgLLU\?Lﬂu 6 @3

Tngliifinis Overlap &yeyau (20 3unvidodiu)

Video Reading Heart

Pre-Processing Magnification Rate

U7 8 Flow chart msiadwasiauslag Ahmed Alzahrani
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“igzgwmﬁiéf%ﬁﬁmﬂiaammﬁ'm 0.83 — 1.67 Hz (50 — 100 bpm) wag 1.33 -
2.17 Hz (80 - 130 bpm) n&saniusdalewmsuundendiuiiaulavuin 25 pixel viioan
Usinadaanasuniuildsu suddeiieuiiunsiadanes 2 35 Ao 1. Tuswiudie
(peak) MnnTNTABULUaeELAsBIyEd 2. TiaTianuanisiUdsunlacesd
LASE Fast Fourier Transform (FFT) nadwsnisiadnasvesauddodnuin s Pre-
processing fauTatwasia 2 38 finrufianannassniinislivh Pre-processing feialn

18y LarN1TINTNATUUVAATIZIANDAE FFT Anadnsnaniinisidudnuiuiauesdayeio

ALY

UBNAINNTHN Pre-processing k313 deilianenisniunuLasriensilaeulieg

Ande91nv Pre-processing ud Inguvau 2 dumew Ao
Sunoudl 1. duruadhifilomsalaei 3 duney
1.1 nsuladlainad RGB W HSV
1.2 iudn V Auannidiu 509%
1.3 wladluinadnaudy RGB
Funewudl 2. amswasuulawesdundas3uuiiey 2 33re
2.1 iiupAunwesluwad RGB 4u-30%

2.2 wladlinad RGBTy CIE L*a*b* iiveyinlfintelsufidsunuiniu Tngwiy

AuaULLA L fie 11 uavanminduiua b* aae 11 wagiladatnanauidu RGB

v
av A

MASeidenldreufinnesis CPU 1y 3.4 GHz Quad Core uay Ram 12 GB wiau

aUdsauaiiiafiumuuwiudviuizn1sIngnashuu EVM viaun 5 nsdifie

1. Myindnasnaeds EVM laglaivin Pre-processing agvinliinnuusiugianas 1ieeain
v W v o ° v A Na Y
mwaummaqrggjmmimaawzmﬂwmimaauLLiJawaaamlmmﬁm
2. NNSEABNAILNUIDTYILTNANTENUABAIULLUEN L pIanaTeIzwsardlulasy

NANTENUINNWEI LU
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3. ANASUN 1 NUITUIWNLAIAINUAINUBIALBLNTUAIENITIANAT V Vo9luLAAE

1%

HSV &u 50 %

[y

4. ATeEAnwINsasuLUamedunsdmuindisnuainsliiomendedfiindas
dawasiennuwlugt feiudafumswdsuwlamesdundaenisiiuAusunua R
voslunad RGB T4 30 %

5. 91nnsaif 3 WaswIEnsiiunswasunlamesdunsaoudastunadidu CE Lra*b*
LazifiuAuauLLa L* 18 11 uazanfuauLua b* fe 11 wdsaniuudaduinad

nduidu RGB

2.5. Android-based implementation of Eulerian Video Magnification for vital

signs monitoring

(Pedro B. Chambino. 2014) @414 application 115U aTna 502875 EVM Uu
Android WUU real-time JU#1-94an flow chart ¥8352UU 13831nN13A5393uluni (Face
detection) tiaLdondiuvaulauddiluvin EVM masAuaainas uasanuuidygiald

M3 UA Y IUTUNIULABAI LI INAT AL TEARULNIATFIUTYDIA IR VDL ULUS G

vaaluwad RGB Tulsazivlsy 1A d uigauuiInsguilAI9INN 1AM T o N9y

[ dl'

WanaudyyrviemtuauidmRauly dygruduzbigniinmuindesuasssuuas

Y

o o

Amuantastunsasadulunilu winiidyanusunautegssuvazingygialuaiudi

N384, Normalized wagn 33380 Ud syl (Validate signal) #1 38N 1536AT 18U NTUTIAT

a =

Pranansiiadygralagiusdyaiaoondudiaany 9398y 200 Jadiuiiikazuiaiunn

=4

dl ! dl L4 ! Idl £ =) 6 ! ! dl o =
Mign FaAnunfgnazsedliegNvouresdyn1amioniniie threshold NMvun waziinvas
U 1INUAAZUTNA1NEABINIIAUNINATY 200 adIUT

[ v =

ANSNAADUITUUIIUIFLLTUTINIA LD LALVUIAVDILAREUUIANGALLAIINLIT 5 JUNT)

[

(20 fps) waz overlap 30 frame fatudnsuIATedNGEaNldN1IRTTUlUNT AWInT WA S

a [y

v v Y] o A = I o a = = a
M8 EVM Aan8nUuINuIe0U LLWLa@ﬂlNﬂWU’JmLWiNWN U UNIUNINENDARAITULEFUIN

Y Y o v

zdndnasnaia vilvdesnsradulundilnidedamaliigviinismasesdetegiauing was

Y

| 1

UszanSnnwadnsdnvidedetuasonuiiilun1simsen
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Qriginal Eulerian Video Processed
frame Face detector Magnification frame

Detrending

L 2 ‘alidate Nalid
o " ali
Normalization sigal

Calkulate beats
pEr minute

Reset signal X Signal
window [ High noise

Mark as no |

valid signal

valid for X
times

Anvalid

5UN 9 Flow chart M3in¥nasiauelag Chambino

2.6. ayuUadeniinasanisintnasiaglidudasianneg

2.6.1 nassazlunad

a

NUITeNNE19930UN 1S TaTNAS A bl duNaNUI19N18RAITUINS

WaguuUawesend Faiinislalamadvaielaaatiu YIQ, RGB,HSV, CIE L*a*b* uay RGBCO

'
=) v Al =

FelumadnanilylunasAruasnisidagunlasie RGB lagluinadougnldiieusuusednd

[
4 1A 1 v % =2

PIDLUUANALVINTY NABANITIUNISTUTAAA Lo inaNnTa1e wUULL Nadd webcam NAaod

13
[y

nsdnniiane ﬂé’mmmﬁaqq Pike haznad9 DSLR AaUU9 WY 8RIANYINANTENUINNNNS

Wasulumaganlglunisina1dnas
2.6.2 WUINNLNAIIKAS framerate

YUIANUIIG (Window size) wazn1feouiiuduaim (Overlap) deyqrunld

lunsuisdyauesndunisidienuwsnimeiululsageidefie 4 3w waz 0.5 i,

I ]

53U way 1 3und, 20 ¥ wagli overlap dygyed taz 30 U9l waz 1 3w Ay
L3 (Framerate, Frame per second : FPS) Addu 15 fps, 20 fps, 30 fps way 45 fps Fapn

Framerate #l4ldarssna 15 fps

aa U ) =

ANMSUTUIRNTUNRNNTARNULASNTReNAARD 4 FJUNNRDVNTIFAG hazaIn

q
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2.6.3 @ANILATHEIEIG

[y

NI RRn e usumiieutuIasainsfinare iz ns Tadnasuwuullduda
{Hosnnsazsieuveuasiisnnluensuatimsivasuuiasmesdinld uaznsindnasiugsin
nsnaaesiiindaatuiimuuduginininiadunn mudse Tukide 2.3 Suaueuuinig
Wi fe MsuiiuAinEiednsinduuua V vasliaad HSV 3y 509 iy
yagpduTDILataiafinnly daunistadnasiudvinnimeaesiiiadadiiuaziiiung
Wasuwasmesdunddisunnniulaeaue 235 e 1. Wiindusunua R voslunad RGB Ty
300% way 2. iuALTULLE L 6ae 11 uazanausuLua bt e 11 veslunad CIE L*a*b*

ieLiuaududyunveialommsulvignay



uni 3

aa o v
NOYYNNYIVBY

3.1. Color model

MATeAnNansEnuInMUasuLasNanlumadUsyneudae RGB, HLS, HSV,
CIE L*a*b*, CIE L*u*v*, TSL, YCbCr wazunluineduinauiutieonin Color-model Union
(CMU) wag Multi-model Summation (MMS) g"dﬁ 10 Juddlowsuduaduiildaininled
Tuiin deieadulawmad RGB wan1stvasAdannluwmad RGB wu HLS, HSV, CIE L*a*b,

CIE L*u*v¥, TSL wag YCbCr/Wansdsgudi 11 - 5Ufl 13

U7 10 Flewisusuatu unad RGB

14



HENA

U7 11 Flemsuiudastaadidu HsV (18) wag HLS (¥27)

U7l 12 Flemisuiudastunadidu CIE L*a*b* (1e) uas CIE L*u*v* (121)

U7 13 Flemsuiwdasluiaa@idu TSL (@) wag YCbCr (1)
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Color-model Union (CMU) 1{ulataadfitinTuimadsis 7 lumadunaniulaeds
wukua (Channel) Tniloufueen Ao wyuwua H voslanad HLS wag HSV wauuwua L 1o
Tswnad CIE L*a*o* way CIE L*uv* insngasiuusunyavedluinad CMU azilianun 19
LYULUA AD LYULUA R, G WAy B annluimad RGB, wyukua H, L way S a1nluwmad HLS,
WU S uag V Annlulaad HSV, wyunua L, a wag b nnlumad CIE L*a*b*, uaudua u
way v nlaead CIE L*u*v*, uwuliua T, S wag L 91nlamad TSL, wagiauuua Y, Cb uag

Cr 9nlaLmad YCbCr (RGBHLSSVLabuvTSLYCHCr)

[ s o

NAANSNIIAUIAIAINARIY Fast-Fourier Transform (FFT) 909&8yqy 104019
Wasuwlasdfiniunisarulal-Independence Component Analysis (ICA) 711 7 Tuinade
RGB, HLS, HSV, CIE L*a*b*, CIE L*u*v*, TSLttag YCbCr 98111571A1 Magnitude f28735

Multi-component accumulation (MCA) 158037 MMS ﬁﬂgﬂﬁ 14

RGB \ ICA of RGB )
HLS \ ICA of HLS )
. /ﬁ o '
HLS ICA \ ICA of HLS )
CIE L*a*b* » & ICA of CIE L*a*b* »
CIE L*u*v* FFT ICA of CIE L*u*v* ‘
TSL ICA of TSL
P — b y MMS
YCbCr _ ICA of YCbCr )

717 14 wansisnisassluma MMS
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3.2. Frame blocking & Normalization

P o aa Ao = a a A aa = I
Wesnndygraninialenduiiniiainuenanin (Uszuia 60 u/Ale) Jeuus

(%
|

fyanueendudiandng Wetiuanuazdonlunsinsisiunazdag Son35n13iin Frame

Blocking 91n5U# 15 wansn1sanuuadsvesdyaalaglifinnsdouivdayayin (Overlap)

[ P (%

zdunaiuindygrufiadnlulnil Reconstruct) aglasoifiosiu Tunsdlfl Overlap
oy runuideasedygialndaziianuseilosuniulaylnalfesiudygruauatiua

Wanaaguan 16

|| ||
L;split into blocks.,' average each, lh'en join up again;]

discontinuities

917 15 msfnunUsrsdeyay e
i1 : lan Mclougihlin, Applied Speech and Audio Processing with MATLAB Examples,

New York: Cambridge University Press, 2009
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| segrrent into *C‘\:O'-evlapped rames |

\/WN\E % A\ AV Z\AMIW/‘-;

1 [ ]
[ adkd overlaps to reconstrucl |

U7 16 nsdnLUsTsdyaalasiinsdeuiudy i

3 : lan Mclougihlin, Applied Speech and Audio Processing with MATLAB Examples
New York: Cambridge University Press, 2009

L Ag>]

SUN 17 wapadeypaudaunishudiuuna 1800 frame wagsiag1ansuuadyayio

=4

Wumiarsvuan-20 Jundideniiini 3600 frame/window) laegouiudyan (Overlap) 1

a

AU

v [l
(Y I

ivua 11w lnsuaasanig 4 Miidusnesgun 18 uagsun 19

Original signal

120

|y MM |
fﬁﬁf M\w .

.
500 1000
Frame number

Average color

UM 17 dyeraunuatu neuniswuadayaa
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First window Second window

S 1 [

| ol !‘H
"“Www\ F i "
\

| 185 | ’

v W
18 ‘ ! ‘ \'I i ner r “ | o)
1751 r N WJ\“‘]M‘ \Wﬂw nisr h W“‘N‘\ v ’

L 4 "7 ‘
17 1 L 1 1 L - L

100 200 300 400 500 600 100 200 300 400 500 600
Frame number Frame number

=)

1185

Average color
Average color

JUT 18 UUsdtysy1auneuuantineing 20 Juni/vti1eng (600 frame/window) d1e@e

PRGN 1 ALY IABVLUIANGN 2

Third window Fourth window
T T T T

1195 1195 -

: WMWM - T
il L7 "

"rr f ik

Average color
Average color

17.5

100 200 300 400 500 600 100 200 300 400 500 600
Frame number Frame number

JUT 19 uUsdtysyrauneuunantineing 20 Juni/viiiene (600 frame/window) d1e@e

¥ 1 a a Y 1 a
PUINY 3 LAZVINADUUINNN 4

[ 1 v 1 o o & & [ . . yal 1 a I
eyasazntsszinuvinuesialadu (Normalization) Tvliaadeilu 0

wagdrdonuunnsgiulu 1 Asaunisi 15U 20 wansdyauanaiedveslunad RGB

4 o =

Toglrvurnniingng 20 undl (600 frame) laeuarvufeo dygiauvunuai 1 (wyulua R),

N o =

WONADIAD Ay IuLTULUaN 2 WIULLE G) WAy waINEIUAD FoQIwTULUAN 3

(WyuKua B) waznaansnisuesiialad (Normalize) uanadaguit 21



Color value Color value

Color value

131.5
131
130.5
130
129.5
129

128.5
0

122.5
122
121.5
121
120.5
120

119.5
0

20

xi(t) — u

x'i(t) = .

dun139 1 @un13n1s Normalization
g Xj  fe dygudualy
X'j fo dygiaun Normalize uan
L Ao Aedgves X

O ' A9 A dEsuNInTgINYeY X

Average color value of R channel

100 200 300 400 500 600
Frame number

Average color value of G channel

100 200 300 400 500 600
Frame number

Average color value of B channel

o

100 200 300 400 500 600
Frame number

v
o o

a.' "
71U 20 AeyrynuAuaiui 3 wIuLUAe
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Normalized signal

\
\ i\ [ At!-“

‘ W k * Tﬁ l mvv
2 y

Color value
o
g

s~ m
g¥ed

456
469
482
495
508
521
534
547
560
573
586

]
=
~

261
274
287

E

Frame number

27

40

53

66

79

92
105
118
131
144
157
170
183
196
209
222
235
313
326
352
365
378
391

[=2]
m
[z}
——Red channel ——Greenchannel ——Blue channel

(%
Y

U 21 &yeyrausia 3 uruuanniunis Normalized

@aN

3.3. Band-pass filter

I ]
v A

n1sn393 (Filtering) Ain-nasvaulimudgieaandlaauanisvintuiiaunsonu

[ P~ 1

Frululd Fednuazianzraeiinsesasaunsaulseonifuauauddy Ae druuau
AuHIY (Pass<Band) a9nastUAguan g (Transition) LLazdauLmummﬁuqm (Stop-
Band) (Robert J. Schilling, Sandra L. Harris. Fundamentals-of digital. signal processing
using MATLAB, 2012) mmamwué’hﬂiaqmmﬁﬁwmﬂwmmwu L1 Butterworth filter,
Chebyshev filter, Elliptic filter

uATedld Fansesraauiiiu (Band-pass Filter) wuu Butterworth filter Tag
SmuaAAINE cut-off (Cut-off frequency) Wu 0.75 - 4 Hz Fadidnvifuanudinisdiu
V99%¥NATAD 45 — 240 bpm gﬂﬁ 22 UAAINSHEVAUDIAINNETDY Butterworth Band-pass

|
IS

filter &gy auiEnun1s Normalized LLazﬂsaqmmﬁLLé"gLLamé’fﬂgUﬁ 23

599
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Frequency response of 0.75 - 4 Hz band-pass butterworth filer

0.8

06 [

Gain

0.4

0.2

I !

6 8
Frequency (Hz)

9171 22 nsnouaUeIALAves Butterworth Band-pass filter firud cut-off

# 0.75 - 4 Hz

Normalized and filtered signal of R channel

1.5 T T T T T
o 1
= 05
g o
5 -05
83 -1
-1.5
_2 1 1 1 1 1
0 100 200 300 400 500 600
Frame number
Normalized and filtered signal of G channel
0.8 T T T T T
5 o3}
8 04
:83 1 L 1 1 1
0 100 200 300 400 500 600
Frame number
Normalized and filtered signal of B channel
1 T T T T T
[}
=
<
>
5 ..
<}
o A
_1 5 1 1 1 1 1
0 100 200 300 400 500 600

Frame number

917 23 dyayreunia 3 wsunua ANun1s Normalized waznsosndud vosdeygailu
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3.4. Independence Component Analysis (ICA)

Independence Component Analysis (ICA) {umnafianldsuwundyauduiiing

o

weslaiLiiu (blind source separation) senandyaraivuiinladadudygyrunianiseeu

=

VDI YYIULAILVNUY F0819L9U deyayrad ECG (Electrocardiograph) AU uU7NN1g

dl L d‘a 1 a ¥ LY I dl U = ¥ a
wWasuwlawesdnd i nRivesseneiinainnisiduresiila LL@ﬁ@QWN%UUWﬂl@@W%Lﬂ@

'
U A

AsNaNAIFNTlHHILINATINTIAT NISRATAUNIAITNATAITHENF P aUl WAl 98N

oo

Pndygrauntuiinle ICA anunsausndyyrainartulaliazlinsgidygruniiinainnis

AR}

WAL

nstuiinddlawiialglunisTardnaswuulddudasnanis aantainainn1ssiuiuy

v
= LY L4

YA ELAILAZNNSLUASULUAITNAINANSLAUYDIAT AINU NI ICA W1IATIEN

= o

Wefduaansiuasuwlasdaiiineinnisiumesilaldflomsy devdnnis Joint
Approximate Diagonalization of Eigen-matrices (JADE) (Jean-Francois Cardoso. Blind
separation of real signals using'JADE, version 1.9, 2015) é’%mmméa%mnia‘bmmﬁ
IFaandulunad RGB wlsnn¥u 3 wwuuuade ¥, (1), 5 (B) uaz y3 (t) e tfe
nanfiduiindy o dygraiuenlife X, (t), X5 (t) was X3 (1) uaz A Ao dn
FulszAnsildusnuouutavesdaanaiikadiu (mixture coefficients) fyaunsi 2 E‘U‘ﬁ' 24

LAPIHAANSNITATLIN ICA YOIayay 14NN 23

y(t) =Axx(t)

ANNTIN 2 NITIATIZY ICA
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ICA Component 1

6 T T T T T
4
R
S o
-2
_4 1 1 L 1 1
0 100 200 300 400 500 600
Frame number
ICA Component 2
3 I T T T T
o |
8 1
© 0
> 4+ )
2F —
_3 | 1 1 | 1
0 100 200 300 400 500 600
Frame number
ICA Component 3
3 T T T T T
o i
o 1 .
30 3
> qF
2k =
_3 1 1 1 1 1

0 100 200 300 400 500 600
Frame number

917 24 deyarudieinunisvia ICA vesdygalugy 23

3.5. Fast-Fourier Transform (FFT)

miLuJaija%LLwhjﬁiaLﬁaq (Discrete FourierTransform = DFT) 0un15A W14
adinenandiiiowlasadaamaniaiaanandulauuvesainud wWeduildlunis
nTendyaia ofitu eudvesduandn dunasunIy LLasmwmﬁaummé’fQiyjm
Sudh v FRT WWudanesfiudildiiuanudslunisudas DFT Inefinadnsveanisuuase
SIAIVNAL NITIATIZA FFT %ﬁﬂﬂ'}iuﬁﬂ%’a;ﬂaﬂaméqLLé”Jaé’wﬁLmi.idmag]mé’iyﬁymﬁ’u

AU (weight) viegatiluisesqaulianunsawiateyalaudidmen



x[0]o—»—

2 i
M2 Nj2- point
x[4]o—>— DFT
x[6]o——

x[1lo—p—

Ble—— N/2- point
x[5]o—»— DFT
x[7]o——

g1 25 wdnnsvin FFT

25

fi111 : Robert J. Schilling, Sandra L. Harris, Fundamentals of digital signal processing

using MATLAB, 2" ed, Toronto, Ont: Thomson, 2012

A1397 1 WSsusuAIEINISAIUI DFT way FFT

i : Ales Cerny. Mathematical technigues.in finance: Tools for incomplete

markets,.2009

Execution time (second)
Number of point Ratio
DFT FFT
1008 0.6 0.003 200
2016 2.3 0.006 383.3
6048 20.8 0.022 945.5
30240 510 0.27 1888.9

13911 FFT gnitamnidaausimSaiinduainnisyin DFT dddiatanasain N2

wiiaiies Nlogy, N Iag N g 97u3u point Tun1svin FFT (N-point FFT) Fauandlunsed 1

WUIINISUN FFT 1590771019910 DFT wiutile N 1A 1008 1a1aldaiuin FFT 159091 DFT

200 111 hagdnTdInaLiinduiilon N geu aun1s9 3 WanINIsAIMAT FFT Haawsnis

fua FET uansluguil 26 Taeidenuanslurismanad 45 - 240 bpm



N-1

X(k) = Zx(n) WK ik =0,1,..,N—1

n=0
ANNNIN 3 Wasan1svin FFT
Tng x(n) Ao~ dygaduatu
X(k) fe /\ Ayanamadwsaldannnisiuin FET
_j2m
WN ='e/N

Frequency of normalized Channel 1

T T T T

Magnitude

1

50 100 150 200
Frequency (bpm)
Frequency of normalized Channel 2
T T T T
® 90 A =]
T 40 1
-‘é 30 &
S 20 1
E 10 il ks F 7 ‘» S airus = 2 ~
0 1 vV o i e W
50 100 150 200
Frequency (bpm)
Frequency of normalized Channel 3
T T T T
50
[0
S 40
g) 30
s 20
= 1g
0 1 | | 1
50 100 150 200
Frequency (bpm)

917 26 naANSNNTIATITRANAY FFT vasdeygadlugili 23
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3.6. Multi-component accumulation (MCA)

a (% 1

nMsANNdazad (MCA) 1un1sdA Magnitude wespudndafgIiuainuiay
13 o A = o = Ql' ~ . ° o
29AUTTNOULNTINAU LilRIANDFY Y UTNATNB12TA1 Magnitude AIAINdQIaITUNIU
= 9 Y o = v v =
9134 H1891191NNSVTUTDILINNTNARBIMTENTALYDUVBILE N1TIATNATVRI Poh T 2010
@onldesresAalsznaun 2 21nn1997 ICA gosAUsznouAealun1sInTnas w1zl
23AUTZNDUVDIA Y IUTIN kaz91uIduees Poh U 2011 denldesAusznauiiiiag
. I3 I3 A9 vy 1 oA ' ' I3
Magnitude asgaiduasAusznounldinAdngs uwiann1smAasInyuInedUsenouves
doyayrautnliildegluesiusenay 2 ve ICA nIpeglussdusynaulaesdusznaunilauauely
WUl 2 LERIANUD 5, BUAUWINLTIRINAT Magnitude U99919 3 89AUIENDU WU
AUDDUAULINVBIDIAUTENOUN 1 Way-3 289 ICA HAtanudilu 87 uag 90 bpm
aud1eu SlnalAesiudnasaseniandu 87.65 bpm #ielums1ei 3 mudsusuLsnYes
I3 Aa . a Y a1 = a ada
99AUTENOUNIAT Magnitude a3an A1AINALYINAY 69 bpm HA1A199INTNITATINL PN

88.10 bpm

A5 2 UARIAIINA 5 SUAULIN 13UMIAAN Magnitude YBIRYNNITNARBIAUN 8 MieNg
V134

AR 5 SUAULIN IS89mINAT Magnitude UadEiIN1sMaaedil 8. vt 34

Component 1 Component.2 Component 3
Pulse Pulse Pulse
Magnitude Magnitude Magnitude
(BPM) (BPM) (BPM)
123.27 87 107.17 177 128.86 81
99.71 66 105.50 138 118.70 90
95.68 60 98.09 90 88.72 60
85.74 72 87.94 72 88.12 159
84.58 93 85.03 180 79.80 114
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MINN 3 WEAIAND 5 SUAULIN 13890UA1 Magnitude YBfyinN1snaaesAun 8 nineng

7l a1
AR 5 FufULIn 1F8aRaAn Magnitude Yossinnisnaaesdt 8 viheined a1
Component 1 Component 2 Component 3
Pulse Pulse Pulse
Magnitude Magnitude Magnitude
(BPM) (BPM) (BPM)
131.63 69 119.92 84 101.37 90
104.10 78 103.55 72 97.51 177
100.87 84 9711 87 90.98 81
100.48 90 84.55 63 90.92 102
87.41 63 78.04 117 88.60 75

N15:80N TE NI UL LA LT UL U NTINI B0 9AUsENaU IR AU S NaUNTluieIne

ABNTTEYAITNAT U

1%

a v A

IYYUIU

a 12 & ay v & o
’]ﬂ'}']@JﬂGUEN@Qﬂﬂi%ﬂ@‘tl‘l/lﬂﬁll@ﬂl@f\nm/N 3 LYULURUIAYN

51lA811A270D 5 SUAULSALIEIRIUAT- Magnitude 1A LD dsan 138077 Multi-

component accumulation (MCA) HadWsN1TAIUIMU MCA F036115181 2 kaznI15999 3 Lang

AIP15199 ALATAISI9A 5

A15199 4 AU 10, TUAULIA 1389AIUAT Magnitude 29995 MCA 1nA13197 2

AL 10 SufulsAL3aInnAl Magnitude 1835 MCA 910915197 2
UMY Magnitude | Pulse (BPM) U Magnitude | Pulse (BPM)
1 216.79 90 6 107.17 177
2 184.40 60 7 105.50 138
3 173.68 72 8 99.71 66
4 128.86 81 9 88.12 159
5 123.27 87 10 85.03 180
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A1519% 5 AU 10 SUAULSA L389M1UAT Magnitude 9938 MCA 21AR19197 3

AUD 10 Sufulsn 13aanuAn Magnitude 28935 MCA 9100157991 3
U Magnitude | Pulse (BPM) DU Magnitude | Pulse (BPM)
1 220.80 84 6 103.55 72
2 201.84 90 7 97.51 177
3 171.96 63 8 97.11 87
4 131.63 69 9 90.98 81
5 104.10 78 10 90.92 102

A15197 4 A1 Magnitude U89AIUE 90 bpm LAAIIANTTIINAT Magnitude 210

23fUsENOUTl 2 way 3 Ao 98.09.4 118.70 = 216,79 fud 60 bpm 2zie1 Magnitude 1u

95.68 + 88.72 = 184.40 WuIIANAINLATIIAY Magnitude gagnas

= a 1 1

a

qAANINU

90 bpm #A1

TnaABIRUANNRTNATITIAD 87.65 bpm 1iuLAINURTITIEN 5 ATAIIUATIAAT Magnitude

=

G
Y
%

G120

84 bpm HAINATISSINALIBT-100.87 +.119:92-=.220.80 FelndLAsstuAainud

NWA3939A0 88.1 bpm

3.7. Range-power spectrums (RPS)

9M5IN19LAUVDITINA DA TN IAsRKU AUl a DRdY (<5 FUNT) denanlu

JUN 27 uaner1inasnialaain Arduino-Pulse Sensor 90vnN15nAaes 5 AL nuIlugia

'
=

nan 5 Ui Inasiialalfeundasly 10 bpm {¥inmeaesi 4 9193 46 - 51) &
-] ¥ (% (3 o U d' 1 4 U = U Y1 d‘ | Y d‘d
pnavilNaansAIAIUIAIAINEAIY FFT Tunthdisfeiiueialaailinseiuaauddn
a & a v a o aa a vy i i a aa a a
95939nTedAlnALABIAUANLDTNATITILANINNTT 1 A1 21AA19197 4 AUDTNATITIEA
Ju 87.65 bpm Wotadnasnuinainudfitnaldssiudnasasedio 87 90 uag 93 bpm
[WUREIAUA1919% 5 Aud 84 87 war 90 bpm dalnalAgsiu 88.1 bpm Muauddn

95934
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Actual heart rate of 5 subjects obtained from Arduino Pulse Sensor
105

100
95
90
85

80

Heart rate (bpm)

~— £ N

70 == —

75

H

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59
Time (second)

65

==Subject1 ===Subject2 Subject 3 Subject 4 ===Subject5

37 27 wamaiwasiiduiinldann Arduino Pulse Sensor YDIRYIINTNARBI 5 AY
Tunan 1 udl
nuiteiliaueniatiien Magnitlde vosmaaidiaisiuldiiu 2 bpm (£2 bpm)
1n5ufuBendn Range power spectrums (RPS) sy A1 Magnitude 783a311 90 bpm ¢
ANIINN5IUAUT0IRTNE 88.89.90°91 kaz 92 bpm m3197l 6 kandadnEn1sAIIN
RPS 9109151391 4.a143 88 bpm agfian Magnitude vlu 123.27 (87 bpm) + 216.76 (90

a0

bprm) = 340.06 Jawirfualtud 89 bpm Forunaudnilen Maghitude qqqmumtﬁummﬁa
989 88 way 89 bpm 111u.88.50 bpm wardiailnadeatiuingsa3il 87.65 bpm
WuReafumsei 7 Bunadud RPS a1na13a# 5 Audiisien Magritude gegaiviniu 85.5
bpm AAIINALRABTEY 86 Wag 85.bpm BelndiAEeiuasid 88.10 bpm Milupnuddnas

934
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AM519% 6 AU 20 BUAULIA LTBIMIUAT Magnitude U938 RPS 910915199 4

AUE 20 SUAULIA L589RIUAT Magnitude 9435 RPS 21AR1T197 4

U Magnitude | Pulse (BPM) DU Magnitude | Pulse (BPM)
1 340.06 88 11 184.40 60
2 340.06 89 12 184.40 62
3 301.37 92 13 173.68 74
4 301.37 91 14 173.68 72
5 216.79 90 15 173.68 70
6 192.20 179 16 173.68 71
7 192.20 178 17 173.68 73
8 184.40 58 18 128.86 83
9 184.40 61 19 128.86 82
10 184.40 59 20 128.86 79

R399 7 AUD 20 SUAULIA LIBATNAT Magnitude U935 RPS 99as95199 5

AUA 20 BUAULIA L3BIRILAT Magnitude U938 RPS 990915199 5

UMY Magnitude {-Pulse (BPM) DUAY Magnitude | Pulse (BPM)
1 317.91 86 11 201.84 91
2 31791 85 12 201.84 90
3 311.78 82 13 195.08 79
4 311.78 83 14 195.08 80
5 298.96 89 15 192.70 76
6 298.96 88 16 192.70 7
7 235.17 70 17 192.15 74
8 235.17 71 18 192.15 73
9 220.80 84 19 171.96 61
10 201.84 92 20 171.96 64
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3.8. Error suppression (ES)

ANSIAAITNATLALNITAIUIUAINUDNISLUABULUAIVDIENE FFT 819A U
A1ANDLAANNINAMUDVRIANAT LHBIIINHANTENUVBINITALTIDULAINTORVINITNAGDY

aduuniuly Favinlvnadnsilaannumazniisndlaliaanmndssiu Poh (2010: 10762-

=) ¥ !

1ANNLANNLABLNUIANINNUT 8 UL R UNULABRNIITUIINANSALTAR

= °

10774) 39U

(Threshold) t38n71 Error Suppression (ES)

v W

N3 UTEUEUAINA1I9E NI TUINAA195ENI19AIANATNATTumTdnadagTuiy

NUIANNDUNLN DINAANUIANIIAT Threshold 5¥UUTATIA@DUAMNDNIAAT Magnitude

' '
o 1 =

fnTaunUAANaTHas RN IR Threshold 8 liflAnaunlafinssnudeuly seuu
azmAAuLANLS FeauiTeusd Poh (2010 10762-10774) wag Datcu (2013: 120-127)

Aviuaen Threshold Wu 12 bpm

nsidenldmn Threshold 41U 12 bpm tluadssuiisvenauniuluuazeralaan

5N la0nAA I UTNIIAFINS DTNITAINNUIANNDUNL AINNISANEINUINLDIATIZIH

v
IS U

AMUDAY MCA ey RPS aanalinssUTnas lautugIy Aqtuaudfedasnmun ES 3 Usenis

1

=Y

A

a d

1. 1nMSANYIAINGITAAIN Arduino WualAdinastudtniilagaisainluiuni
neuntgegn 11 bpm wagilleniaiintu.0.08% wslieesinn ANINNTANINIT
ldwaguudasiae FellennafinTu-55:76% twizginnmsnaasdldlaeglu

LY [ @ ! ! 1 a 1 a ad o !
anznany ALEnsll ELATUTIATIANEIUD9TN S U 1 AIuAinianan 3

[
a0 v

bpm AiAI N 0% AIUUIWITENTINAUAAT Threshold ¥o9n15%11 Error

Suppression Wu 3 bpm
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a15199 8 anudulUlalunisvesnisildsunuasednasiu 1 3ui

ANENUDITNAT | loan1aniauin (%)
Tu29 1 39 (opm)

0 55.76
1 30.59
2 6.69
3 5.84
4 0.51
D 0.17
6 0.17
7 0

8 0.085
9 0.085
10 0

11 0.085

P

2. lunsaliA@nasaraninaisdagdusisainuiadiseuniiuinnit 3 bpm
sruLagaTvdeuaUtudsuaAlUTTiAY Magnitude 98u7nnin 70% 203A
Magnitude qqqmwhﬁ?u F95197 9 LARdATSIEenAINATRAT Magnitude 290
70% 84AT Magnitude ggn 31NA15719A7 Magnitude gagawiniy 2763.01

A9t 70% B9 Magnitude gegALiINU 1934, LANS1zagTuAIAIINDNTAN

Magnitude tAu 70% A 65, 91 ttaZ 88 bpm

M341 9 UaRINISHBNAT Magnitude #1g9ndn 70% v Magnitude gegn

Magnitude 2763.01 2598.56 2271.26 1833.74

Pulse (bpm) 65 91 88 94
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'
a

3. msimuaadnastuntisssnidudsdfy Wesnaudnisei ES Tu

a0 | [ 1

PR 1 zdianvinnuanudNInledasanliiinadnsluntnanenaunn

A

TmUSeueu ONAaNSTNATINTIAILSNRANAIR FLVANITTEUANTNDS b

]

PR URANA1IAR N IUAY FaLIEIEtlEaNaNISRANTUIAITNDST LUNTINFN

7 1 NNSUSYUNBUAIINULIGNE 3 AUIANLIA LABNIITUIDINNAGRIUDY

Qe

v A Y

93 MIIAN9AD UGN 1 AU 2, AUIR9T 1 NU 3 LagUUIRNeN 2 AU 3 hay

=

FonAmuaTnesremtiinmas Mehened 2 fisvaasiie) Aflemasg
tioeiian M7 10uanmdnmsfananaslumivausnlaefiaisanain 3
wisnausn ATnasluniiagi 14U 2 §afi 25.5 bpm (88.5 — 63) Wil
1 ffu 3 #naiu 27 bpm (90 = 63) uagwthansd 2. fu 3 sei 1.5 bpm (90 -
88.5) narsitionfianie uthened 2 fu 3 dedudrera@lumiinened 1 agiie
wirueaudluminead 3 ieanda) fe.90 bprm-ansnefi 11 Wunadng

A15NINTUIAIANUDALIAA 1 TR 3 RLIATILSA

AN5197 10 ANUDAWFAZNTIANE ADUNTITUIANUDNUIRIT 1 9710 3 VLIRS

PR | b 23 a5 6. |78/ 9 | 10 | 11

AN 67 | 88 . 90 | 88 | 88 65 94 1 94 | 94 | 91 90

N a I 4 1 U Aa a 4 1 d' o/ !
AN 11 ANUALANENUIFRY NEINAITUTIAITNOVUINNN 1 990 3 AUIRGLLIN

PR 1 2 3 4 5 6 7 8 9

AE 90 88 88 65 94 94 94 91 90

AT 12 LAAIAITAIUIN ES

PR 1 2 3 il 5 6

AU ES 90 88 88 65 94 94
a9 ES 90 88 88 91 94 94
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a1

AN5199 12 WAAINISYINIUVDY ES HASNSANTNATIUNUIANNT 1 22TAmANAUAIUDT

vt o

Talagavindu 90 bpm wsglufiniinrsnsuninlilIsuiioy Araudnaualaly

1A 1 1

Y a a " @ a ' = 2N a' '
PUINNIN 6 UALNIAUNITNN 9 WU ﬂ']GUW‘UiaQaWG]'N‘U']ﬂﬂ']%W"ﬂﬁIUﬁU']@'NW 5 @%Jj 23

Y 9

Y
a o

bpm (88 - 65) Fu1AN31A7 threshold N1d4lIAD 3 bpm AIUUTEUUILAUNIAIAIIND LU

[

a1fudnluAa 91 bpm B9s1991NAIAIINE 88 bpm 8¢ 3 bpm AsliuAIAURLUNENA1N 6

[

FesiAdu 91.5 bpm

A15197 13 WAaTANS199 14 LWARINAANSNIYIN ES U99A15199 10 Wazm1s199 11

[y

~ =~ Y a o w | Y ° v A a )
WeUAUTNITONNDINUSIPU NUIKAENSNI59 ES Tunting19i 1 wag 2 ve9as19h 13 Ia
ANTNASAANAR L1BIINTARIANUD I UNTIRIILINAANGID IV LARAANS L UNTFNN 2
RANANNAIEY AN99INASINT 14 9A1AUDLUATLAS197. 1 HANTUILINDIN 3 UUIFEILTN ¥

1 i =l Y 1A v
WinsseyAmaudlunteing 2 gnees

AN 13 HAANSNNTANUIMTNATAE ES 706157199 10

PR | A2 3 N Bl e 8 9 | 10 | 11

NOUN ES 67 ./88,1 90 .88 /| 88 (.65 94 194 ¢ 94 | 91 90

Ny ES 676790 | 88|88 |88 | 88|88 | 8 | 91 90

ANTNDTONNDY | 88 88 .88 88 .| 88 |89 89 90 | 92 | 93 | 94

AN5199 14 HAANSNNITAILIUTNITAAE ES 91ARNI5197 11

PUIA 1 2 3 aq 5 6 7 8 9
AUV ES 90 88 88 65 94 94 94 91 90

U9 ES 90 88 88 91 94 94 94 91 90
ANTINATON9DY | 88 88 88 89 89 90 92 93 94
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AsnsAniuIuIY

UNHAZNAMDINTNITANTUINUITY hazTUABUNITWAIUISEUUNITIRT WU Y

[
Y Y

URESMEIuAITe laRauLAg UL ne g

4.1. 1A59851958UU
4.1.1.Hardware

a. guUnsaldiunIsUsEinang
MIYsEdanana1e (CPU) : Intel core i5-3210M (2.50 GHz)
128A1U (Memory) : 8 GB DDR3
b. gunIaldIuMITUNNIALe
iPad 3
Webcam-Lositech C920
c. aunInlg U TS UAYY AN
Arduino
Pulse sensor

4.1.2.Software
a.  syuuyfuRn1s Window 10
b. TUswnsy Java

C. TUswnsy Octave

36
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4.2. YUNBUNITNI9IUVBITSUU

[y

A1muadunaun1siiuvesssvunsindnasuuuliduiasianie Taedidela
2ONLULTUABUNITINULT 3 Tunaudssudl 28 Tnelseaszidunnall

Qe

a & v .
a. UNBUN 1 NTUTEUIANALUBIRU (Pre-processing)

b. JUADUN 2 NTINTNAS (Heart rate measurement)

Qe

C. “fjgumauﬁ 3 Post-processing
. Heart rate ]
Pre-processing Post-processing
measurement

JUN 28 Flowchart msndnasuuulaidudasanie

4.2.1. Pre-processing
( Stat )

Select ROI &
Convert color model &
Average color value

Frame blocking &
Normalization &
Filtenng

ICA &
Normalization &
Filtering

Stop

91/71 29 Flowchart n3%1 Pre-processing
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nMsUszinanalosdu (Pre-processing) Wunswdenuaradrsiaedilélunisnen
Tnas dumeuntsviredegU 29 Buannisidendauilala (Select Region of Interest)
nIAlawsu lasda (Crop) AMwauIn 150 x 151 pixel 91nduuimiilo usaAgaiu
Tuffvhnismaaesnauuazihaudasalunad daidedl 3.1 U7l 30 uanstumeudand

Flewlsuiliagihandnuatededluudazisuiua AU 31

[ Video Frame ]

[ Select ROI ] [ Convert color model ]

HLS

it

HSV

CIE L*a*b*

CIE L*u*v*

i

TSL

YCbCr

nI

U 30 a) Falemisuiilaannstudin b) wendndiueieiznaulaiendnas o) uladluead

Frame Averaged color
Average Channel 1 Channel 2 Channel 3
color value 1 119.85956 122.96172 131.77965
2 119.98768 122.96843 131.87439
- 3 119.884544 122.78583 131.86
1800 114.9166 117.40525 126.4276

JUN 31 AunauAefedvnuouwualulsazinsy
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VUIANUIA MUIUNTIFN
o aa v WSURDUGAN
AWIRWINANS
(30 FPS)
5 150 56
10 300 51
15 450 a6
20 600 41
30 900 31
40 1200 21
50 1500 11

[y

a r-%}r-:l d' = -'-NI v 1 d‘ %3 A
AU TN AN YINAASENUN NSRS UTUIRNLRNN LGNS I A TN

a539AnwINsUUsd ey eantuntsgay 5, 10, 15, 20,-30, 40 uaz 50 U7 Fousiu

Foyeyrad (Overlap) 1 3UWE#ATNT 15 -dansd1uauninarsiunselalulnazaunnming

A}

Fya1unlaluvinnas Normalization 4agn394a2 110 AaNiden 3.2 waz 3.3 auadu gu

32 uansdggraunisivasuslaindveliaad RGB Adtwanldvindunauninald uazgiln

iy
33 Lansdy

P~ ° o 4 | aa &
UIUNKNIUNTTAUI ICA NNINIT Normalization-tlagNIBIANUDBNAIY

o

U1

b

N



Color value

Color value

Value Value

Value

Color value
;
o
o

Normalized and filtered signal of R channel

100 200 300 400 500

Frame number

Normalized and filtered signal of G channel

100 200 300 400 500
Frame number

Normalized and filtered signal of B channel

-1.5
100 200 300 400 500 600
Frame number
dl [ 1 a a v U
31N 32 dyruanagdnualy
ICA Component 1
3 T T T T T
2
1
0
1
0 100 200 300 400 500 600
Frame number
ICA Component 2
6 T T T T T
4
2
0
_4 1 1 1 1 1
0 100 200 300 400 500 600
Frame number
ICA Component 3
3 T T T T
2 4
17 |
0 .
A F -
2k —
:3 L 1 1 1 1 1 ]
0 100 200 300 400 500 600

Frame number

917 33 naaNSNITIATIBA ICA vosdeyeaddugiln 32

40
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4.2.2. Heart rate measurement

I

FFT

Select Frequency

L

Stop

91l71 34 Flowchart M33aATnas

FyeyruAnd RGB T 1WA AIwa gl ICA 11 ¥ar1nuadae FFT Tagiden
Amnudfieglutag 45 - 240 bpm 37971 16 Lanwhetiamadns MsmuInnmAve s
nsvaaet 20 AU \WSBUBuiuTwesT Taléann Arduiro pulse sensor iiuinAnAmd
fiflen Magnitude gegn AlndtAgaiudnasensds orseglussavssnaulaflsvieannsaegls

1NnNINNeIRUsENBY
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M139 16 ANUDNENA1 Magnitude a9am AN FFT vasdya auiiiiunisvin ICA

finnsvaaes | mNATITiAY Magnitude gsan AN FFT 988 | Inasdiléiann

ToyuauinIunnvi ICA (bpm) Arduino pulse

aafUsznaudl 1 | esdUsznaudl 2 | esAdszneudl 3 | sensor (bpm)
Auf 1 79.2 84.0 67.2 78.7
Aufi 2 75.6 108.0 75.6 69.0
A 3 87.6 87:6 66.0 91.8
Aufi 4 86.4 85:2 85.2 87.8
Aufl 5 121.2 4.4 61.2 75.9
Auf 6 81.6 784 80.4 79.9
A 7 79.2 78.0 79.2 75.5
A 8 90:0 90.0 88.8 87.4
Aufi 9 672 134.4 64.8 65.3
Aufl 10 63.6 636 63.6 61.6
aufi 11 61.2 70.8 72.0 72.6
Aufl 12 61.2 61.2 852 82.7
Aufi 13 61.2 79.2 54.0 82.5
Aufi 14 67:2 744 744 75.3
Aufl 15 576 75.6 81.6 80.4
aufi 16 79.2 78.0 58.8 82.8
Aufl 17 50.4 112.8 68.4 119.8
aufi 18 86.4 732 76.8 84.7
AUl 19 50.4 78.0 75.6 80.0
Aufl 20 62.4 68.4 109.2 64.0
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4.2.3. Post-processing
( Start )

MCA

l

( Stop )
9171 35 Flowchart n13%i1 Post-processing

& | a a ¢ av v ° o 1 Aav v
nsiienAIANRIBEENIINYNBIAYTENBUNRATNNIFI ICA Tasrna1AudNtawn
PANUDATAUNIY MCA Az RPS M54 17 Lanafiiagndamnuanauinann MCA way RPS

VBIFVNNTNARBY 20 AU LWUREINUAITIN 16
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M50 17 AUDNEA1 Magnitude 898A A1WIRIN MCA Uag RPS

RGRRRRRN AATISlAN Magnitude ggn ¥e¢33n57 Fwasiilsan

Uaus Arduino pulse

MCA RPS sensor (bpm
Auf 1 79.2 80.0 78.7
Aufi 2 75.6 76.0 69.0
A 3 87.6 88.0 91.8
Aufi 4 85.2 86.0 87.8
A 5 61.2 76.0 75.9
Auf 6 80.4 81.0 79.9
Audl 7 79.2 78.0 75.5
A 8 90.0 91.0 87.4
Aufi 9 67.2 67.0 65.3
Aufl 10 63.6 66.0 61.6
aufi 11 70.8 72.0 72.6
Aufl 12 61.2 61.0 82.7
Aufi 13 61.2 63.0 82.5
aufi 14 76.4 67.0 75.3
Aufl 15 816 82.0 80.4
aufi 16 79.2 780 82.8
AUl 17 11238 51.0 119.8
aufi 18 86.4 87.0 84.7
AUl 19 50.4 78.0 80.0
Aufl 20 68.4 110.0 64.0

v say v v ° = a Y] Y ! Y v A4 o w
NaaWﬁwlmﬂﬁﬂnﬂMUWG]’N%u’lmL‘UiEJ“ULVIEJUﬂU%mG]’Nﬂau%mm&J ES tWa1nm

'
1A a

APURANAIAIUNITIZUAITNAT A1T1T 18 LARIHANEN1TINANTNDTININITNULAUD

Wisuifiguiuinasnlaain Arduino pulse sensor ¥@e¥1n1snaass 20 au lagldvuin
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a

P19 1500 frame/window LLNINUA 9 NUIAN (MT1F197 1 LANINANTIATIZIANN 3

PUIAILSN)

A15197 18 HARNSNITAIUIUTNITIILAaTNTIAg taaleis MCA, RPS way ES wWSguwiiau

v A

AUTNAINLAAIN Arduino pulse sensor

FNATINNBFHAZUUIANG

HYINN15NAaDs
1 2 3 4 5 6 7 8 9

A 1 79.0 [ 81.0 | 835 {.84.0 | 82,0 | 80.0 | 79.0 | 82.0 | 80.0

ANR5919899 YN
4 78.7 W 787 {7871 {1788 |~788 | 789 | 789 | 79.0 | 79.0
ASNARDIAUT 1

AT 2 75,04 75.0 | 715.0 [-75.0 | 75.0| 750 1750 | 75.0 | 76.0

FNAT1989YDIEYN
o 68.9 |,688 | 688|687 | 68.7 | 686 | 686 | 685 | 68.5
NINARDIAUT 2

A 3 88.0.4'88.01 895 | 90.0 |-88.0 90.0-{.88.0 | 88.0 | 88.0

FNA5919899EY1
4 922 | 924 |~926 | 928 {1 93.0 [ 93.1,| 933 | 934 | 93.6
NNINAABIAUN 3

Audl 4 87.0 +.87.0 | 87.0..[-87.0 [-87.0 | 870~ 87.0 | 87.0 | 86.0

FNATO19BIYBIEYN
4 87.6 |~87.4.| 873 | 81.2+-87.2- 871 | 87.1 | 87.0 | 86.9
NINARBIALN 4

Aud 5 76.0 | 76.0 | 76.0-{-76:0 | 16.0.1 76.0 |-76.0 | 76.0 | 76.0

ANAT1989YDIEVN
4 76.0 | 761 76.1 76.1 162 | 7162 | 76.2 | 76.2 | 76.2
ANSNAABIAUTN 5

Awudi 6 80.0 | 80.0 | 80.0 | 81.5 | 81.0 | 81.0 | 81.0 | 81.0 | 81.0

ANAT1989YDIEYN
4 799 | 798 | 798 | 7198 | 798 | 798 | 798 | 79.8 | 79.8
ASNAFDIAUN 6

Awud 7 78.0 | 780 | 780 | 780 | 780 | 780 | 78.0 | 78.0 | 78.0

ANAT1989YDIEYN

ﬂ'li‘l/lﬂﬁﬁlﬂﬂﬂﬁ? 75.7 | 758 | 759 | 759 | 76.0 | 76.1 | 76.1 | 76.2 | 76.2
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Aufl 8 88.0 | 88.0 | 88.0 | 88.0 | 88.0 | 89.5 | 90.0 | 89.5 | 90.5
FNAT1989YDIEYN
o 875 | 875 | 875 | 875 | 875 | 876 | 87.6 | 87.7 | 87.8
NINARBIAUT 8
Aud 9 66.0 | 66.5 | 665 | 66.5 | 665 | 66.5 | 665 | 66.5 | 66.5
FNAT1989YDIEYN
o 653 | 653 | 653 | 653 | 653 | 653 | 653 | 653 | 65.3
NINARBIAUN 9
Aud 10 63.0 | 64.0 | 66.0 | 66.0 | 66.0 | 63.0 | 66.0 | 66.0 | 66.0
ANR5919899 YN
4 61.6 | 61.6 | 616 | 616 | 61.7 | 61.7 | 61.7 | 618 | 61.8
ANINAaRIAUY 10
Aud 11 60.0 | 60.0 | 71.0| 71.0. [ 600 605 | 71.5 | 715 | 71.0
ANA5919899 YN
4 727 | 128 | 729 73.0- | /731 | 732733 | 733 | 734
NINARBIAUN 11
Aufl 12 60.5 1 60.5 | 60.5 |-60.5 | 605 | 605 | 60.5 | 60.5 | 60.5
ANA59198999EYN
r 82.9 |/83.0 | 83.0 | 83.0,| 83.1.[83.1 | 831 | 834 | 83.6
NINARBIAUTN 12
Audl 13 78.0-{-785 |~78.04 81.0/| 81.0.81.0.78.5 | 81.0 | 81.0
FNAT19B9YDIEYIN
r 827 (82.8.1-829 | 831 {-83.2.| 834 835 | 83.6 | 83.7
NINARBIAUN 13
Aufl 14 74.0 | 74.0 | 76.0 | 76.0 |-¥40 [ 725 | 725 | 725 | 74.0
ANTO989R N
J 75.74. 7587597 76.0-|-76.0 (+759"| 759" | 758 | 75.6
NINARRIAUN 14
Audl 15 80.5 1 815 7| 83.083.0 | 820 | 820 | 820 | 820 | 82.0
AN959198999 Y1
4 80.4 | 80.4 | 80.3 | 80.3 | 80.3 | 80.2 | 80.2 | 80.1 | 80.1
NINARBIANN 15
Aud 16 78.0 | 780 | 780 | 785 | 780 | 780 | 780 | 780 | 775
ANAT1989YDIEVN
4 82.8 | 82.8 | 82.8 | 82.7 | 82.7 | 82.7 | 82.7 | 82.7 | 82.7
NNINAARIAUY 16
Aud 17 54.0 | 54.0 | 54.0 | 54.0 | 54.0 | 56.0 | 56.0 | 56.0 | 56.0
ANAT91989YDIEVN
MIMAaeIAuR 17 | 119.9 | 119.9 | 120.0 | 120.0 | 120.0 | 120.0 | 119.8 | 119.5 | 119.3
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Aufl 18 85.5 | 86.5 | 86.0 | 855 | 865 | 85.0 | 865 | 86.5 | 86.5
FNAT1989YDIEYN
4 848 | 84.8 | 848 | 84.9 | 849 | 84.9 | 849 | 84.8 | 84.8
NINARBIAUN 18
Auf 19 525 | 545 | 545 | 54.0 | 54.0 | 54.5 | 545 | 54.0 | 54.0
FNAT1989YDIEYN
r 80.0 | 7199 | 799 | 799 | 798 | 798 | 719.7 | 719.6 | 79.6
NINARBIAUN 19
A 20 66.0 | 66.0 | 66.0 | 53.0 | 53.0 | 66.0 | 66.0 | 66.0 | 68.0
ANR5919899 YN
63.8 | 63.6 | 634 1633 | 63.1 | 63.0 | 628 | 62.7 | 62.6

ANSNABBIAUN 20
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NISNAFIUTTUUBAZNANITAIIUNISIRY

5.1. n1InadauIsuy

NAADUTTUUIATNASAUYINN1IN9A609 20 Aw 1wy 5 AuLaznda 15 Au Jony
Aake 10 - 55 U lngnnassluiesUanazldnaesniupuuasnionaon led luvioendl
unasALdauaILraLAg IR INEINULIAINLLALEL INT1ZABINITIATIZANANTENY

a v

Ya9laLnad AISUN 36 a) Ao NABNTIIUUTN b) Ap muztufinifle way c) Av Jntatnsuyile

e

v = Y U

nMsduiin alegnduiindienaed iPad3 uay Logitech €920 ToyanasuazAufuYes

Y

fimsmaassgninsetases iarnusuden (Digital blood pressure) uay Arduino pulse
sensor gﬂﬁ 37 meqﬂmaimﬁmé’zyjmm%wﬁasLﬂ%ﬁmmmé’mﬁamaz Arduino pulse
sensor #1597 19 LLam%;ﬂaﬂqu’ﬁﬁmimaaqﬁq 20-aU Lnenadwsilaain Arduino pulse
sensor 9N 60 Anfisnanads Aigean wagArian UM 38 wanadyandnes

YIEVINNINAR09S 20 AuNdalaaIn Arduino pulse sensor-Tuia1 1 wil

a b c
JU 36 a) NdosAIUANIEd b) Yuziufiniflenlendasniuauuadluiosle

o) Falawmsuitlaannnisdudin

48



Heart rate (bpm)

135
125
115
105
95
85
75
65
55

717 38 uanaTwasivudinléain Arduino Pulse Sensor ¥edg¥inn1svaaed 20 AL

SUT 37 ¢

Actual heart rate of 20 subjects obtained from Arduino Pulse Sensor

2V

PIYA

=

9 1A309TnANAUla%AR ATUVIIAD Arduino pulse sensor
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1

3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59

——Subject 1 —Subject2 —Subject 3

Time (second)

—Subject 8 —Subject9 —Subject 10——Subject 11 —Subject 12—Subject 13

Subject 15

Subject 16 —Subject 17 —Subject 18 —Subject 19 —Subject 20

Twnan 1 u?

Subject4 —Subject5 —Subject6 —Subject 7

Subject 14



M3NT 19 ToLARNUAUADALALTNITHIINTNARDY

50

HVINNT3 Joyarvin1ImMaaes Digital Blood Arduino
NAADY Pressure
(Subject) | e | 019 thwin dUEd | ANNAY | A | ANRTINYANTIIENG

@ | (ko (cm) | @uu | #3819 | Average | Max | Min
1 e | 25 78 178 121 73 78.65 86 75
2 wijs | 52 | 58 162 107 73 6858 | 70 | 66
3 s | 10 40 140 108 58 94.23 101 83
4 ¥y | 21 76 170 112 68 86.98 92 80
5 Yy | 42 35 157 130 80 76.03 r 75
6 nys | 48 54 155 110 76 79.87 81 78
7 nYs | 49 Y. 162 118 72 76.10 79 73
8 ¥e | 50 63 170 116 70 87.45 90 85
9 nYs | 53 53 152 160 86 65.25 67 64
10 nwys | 20 46 158 91 58 61.72 64 61
11 neys |19 50 166 110 QY 72.85 80 68
12 ey | 46 a6 159 96 oD 86.17 105 79
13 e | 43 50 166 95 63 82.75 91 7
14 e | 4ar 72 170 116 79 75.57 88 66
15 e | 40 59 165 92 63 30.12 82 78
16 nYs | 48 59 158 112 64 8272 | 84 | 82
17 Yy | 55 9% 156 140 85 119.48 | 131 | 116
18 nYs | 38 53 158 122 107 84.93 87 83
19 e | 52 64 165 110 78 79.38 84 76
20 nYs | 54 ar 157 98 70 63.80 71 57
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=3 v = 1

n1sduiinidlessduiindlggunsal 2 gunsal Ae naes iPad3 Lagnaeaivuay

Logitech €920 An919% 20 wansdaiUSeuiisureasiia 2 gunsal dmsundes Logitech C920

LY A o 1

sxduiindilefianuasiBun 960 x 720 pixel Liiofnwian frame rate 137 30 fps gﬂﬁ 39

wansfag1ainlamsuituiinldainiia 2 gunsel sudreiluiflowsuainndes iPad3 uaz

ANUYINAINNABY Logitech C9

20

]

sU#l 39 gunsaltiufinddle 4 iPad3 431 Logitech €920

A o P
MITINN 20 mﬂLLﬁ‘ﬂULVIHUﬂ’ﬂ\?

v
[

119 2 funsnd

Yo US8ULNEU

naed iPad

nass Logitech €920

ALAZLDYA

5 megapixel with iSight

Camera

15 megapixel with Carl-

zeiss lens

= aa Ao o=
ﬂ??ﬂﬁ%L@EJﬁ]’JﬂIE]WUUV]ﬂ

1920 x 1080 pixel

960 x 760 pixel

FPS

30

30
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5.2. HAN1ISAIEUNISIY

MsuanINaNsATuNTITsazLanssUTsuL s unadnnTszymInasilianus
av33umTnasiléann Arduino pulse sensor dsaruaninisiUTouliiou 2 Snvazde 1. Tu
vaded 5.2.1 azuananisiuTeuifisunadnsnsindrdnasusnlundasfinnimaassuay
Tuinad wag 2. dwiusided 5.2.2 - 5.2.7 azuansmsiioudisulaemanadenngviins
yaanssia 20 AulusULUURITN KadWsNsWTeufisuis 2 uuuaLgnuARIUISEILNAIL
mutzanuazdlruiivdeszuanaliluuny O wavundsfvdoyasoulay
(https://drive.google.com/a/silpakorn.edu/folderview?id=B NPbewWpv9 GTO duRjJuaH

A5eXM&usp=sharing)

ASUNSUSEUWIEULUUAT 1998 US B B UAINA AU U SaluRIHaf 199 tina s in

LA UTNDTITINLAAENUIAWANNANNIIN 4 215N 21 LERIATNARIIIINWARZNTNAN

=

Alaudakaiiueie (Mean), d1uilssuuannggiu (SD), Hamsiunian (Max),
IUIUATININAANNAININAIT B bpm (Count 3 : €3), TIMUAUATINNAAINNINATT 3 bpm
finsioriu 2 AS3 (Continue error 3 : CE3), A1UIUATINHAAINEAI1IANAY 10 bpm (Count 10

1 C10) way SrunuAsIfinarIsInnIa-10-bpm Aaneriy 2 A% (Continue error 10 : CE10)

Diff = |predictedPulse — realPulse|

ANNTIN 4 NITAIUIUAINAAIINITIEUAITNAT

]

~ Y ° ' a Av Y yvo .
AT 21 LAAINAANSNIIAIUINARSUDITNATAIALANY Arduino pulse sensor

Wi e 1 2 3 aq 5

Fnasfiinld (predicted Pulse) | 915 | 915 | 885 | 855 | 855

INa59710 Arduino (real Pulse) | 95.35 | 96.55 | 92.65 | 88.55 | 87.45

Diff 3.85 5.05 4.15 3.05 1.95
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31915199 21 Amasinaaie (Mean) 2Awviniu 3.61 bpm A1duL e uuiInggIu
g 1.17 bpm HaANNINNgAAD 5.05 bpm sy C3 uag C10 azAmunlagiuIguiiey
INTIUIUATINUINTGATNAAI99EUINNT 3 bag 10 bpm auadu dwsu CE3 wag CE10

~ = o = a a oA 1 = ° S aAa v
GU%LiJiEJ‘UL‘VlEJ‘Uﬂ‘UIE]ﬂ']aVl‘USLﬂﬂﬂ?jﬂmﬂwaqﬂﬁﬂLu@\‘ﬂ,@l‘ﬂqﬂG]']TN‘W 21 "U']U'JUF’]?QV]NWW'&"I@‘I@

= [ o ¥

WINfigade 5 FallAinAuTILIunee nuIduIuaATINg19wINNdl 3 Lag 10 A 4

g.jl %3 gj 1 a0 4>< 100 0 1 a o 1 U
war 0 ASY A9U A1 C3azdanvindu — = 809% uwazan C10 fA1nAv

0Xx100
5 ¥ p2%4 14
AANa1ANINNT1 3 bpm siailiasduniavun 3 A5t laganunsolnnaindeiliesliuiniign 4 Ase

3 X100 ,
———— = 75% uazan

=b.

= 0% 9n3U7 40 wansisnsAuIn CE dmsu CE3 wudin1ssvyuaIinas

[ o

d! a0 1 L4 1 5 22 5 U | o
FAUANNINUITNUIURUIBWNNINUA ~ L AUUAT-CE3 tn1AU

L o 0 X 100 0 A = L a
CE10 Wiy —— = 0% lpsanlaifinisszyastnasin 10 bpm

: - . A&
IO AR NANAIAUINNIT 3 bpm ABLUBIATIN 1

1 3.85 - . CoA g 4
NANAIAUINAIT 3 bpm ADLUBDIATIN 2

5.05 —

4.15

3.05
1.95 HANAIALINNIT 3 bpm #Biiiesnsen 3

Ol A~ WIDN

UM 40 uanen1sAuIns CE3

5.2.1. NSININS

| & = Ao vy a v 1A Ay v .

drutlazuansnsvdnasitialaTouifisuiuadnasilaain Arduino pulse sensor

Y o a = P~ v o PN
weneuEviNITeaedazliuned lagasianinisiIsuiiuiamedinnisnaas 1 (¥7e)
wag 2 (Ms) WisuiiunisidenasAusenau 3 WUU Ao LANe9AUTENaUN 2 NIV

ICA, \FNANNATINA1 Magnitude gegn uaz WanldynesAusznaumey MCA uag RPS (157
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Waue) InelUTuuNgUNadNE NI5IAAITNATALBIUIANLIAIE 50 TUI¥/1A1619 (1500
frame/window) L& nluinad RGB, HSV, CIE L*a*b*, MMS wag CMU wintiu n1s
Wisuiisudiuduazuandlilunanslfluudy O uazuvaaivdoyasoulail
(https://drive.google.com/a/silpakorn.edu/folderview?id=B NPbewWpv9 GTO duRjJuaH

A5eXM&usp=sharing) N31MN1SUTBUIBULRaZNTINAZUTENOUMIBNTINTNAT 5 N5IN AD

Arduino - Fye10inasiinann Arduino

MCA  Fyoadnasiinanndayaadiiiunisvin ICA uag MCA

MCA ES : Foyeinudnasi Inanndsyaunasiiumsvi ICA, MCA uag ES

RPS Ay nddnasiinandna odiiaun 1Y ICA, MCA uag RPS
RPS ES AR NA ITINTLATIT 1CA, MCA, RPS wag ES

52.1.1.  nvanasvasdinnmaassaui 1

Heart rate of subject 1 measure by RGB with 1500 frame per window
90 T T T T T T

===+ Arduino
—8-+ MCA
% + MCA ES
—%= RPS
=® = RPS ES

85

Heart rate (bpm)

T ORSNEY. S e SRR, S—" —— J— S—

70
1 2 3 4 5 6 7 8 9
Window number

JUT 41 N5 mFnasvewinnsvaaesaun 1 Tndeluinad RGB vunniifig

50 AWN/ATANG kaz ks MCA wag RPS
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Heart rate of subject 1 measure by second component ICA from RGB with 1500 frame per window Heart rate of subject 1 measure by max magnitude RGB with 1500 frame per window
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Heart rate of subject 1 measure by second component ICA from HSV with 1500 frame per window
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Heart rate of subject 1 measure by max magnitude HSV with 1500 frame per window
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Heart rate of subject 1 measure by second component ICA from Lab with 1500 frame per window Heart rate of subject 1 measure by max magnitude Lab with 1500 frame per window
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Heart rate of subject 2 measure by RGB with 1500 frame per window
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Heart rate of subject 2 measure by second component ICA from RGB with 1500 frame per window Heart rate of subject 2 measure by max magnitude RGB with 1500 frame per window
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Heart rate of subject 2 measure by second component ICA from HSV with 1500 frame per window
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Heart rate of subject 2 measure by second component ICA from Lab with 1500 frame per window
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Heart rate of subject 2 measure by max magnitude Lab with 1500 frame per window
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Heart rate of subject 2 measure by MMS with 1500 frame per window
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5.2.2. waniznuann MCA

msinrnasiaglinsgiannynesiusznausensmaudazaudamaliansn
fnarTwaslalndiAsandinisidenldosddsznaulnesduszneunis nsad 22 uaninis
Wisuiieuisitiaus (MCA), msidenltesdusznoudl 2 vesnisvi ICA uagmsidenld
03AUsENOURTIAN Magnitude gaan Tnsfvuanisvaassmuinuideves Poh Amunde

Banltlunad RGB WaLkaan b iauInntig1g 20 way 30 IUNAseuntimig

AN 22 HANTENURINIS MCA RamnLiugn

Method Average StdDev Max

20 second/window.

MMS with MCA 6.79 452 19.69
RGB with MCA 7.05 AU 23.07
RGB (Poh 2010) 16.12 17.18 65.34
RGB (Poh 2011) 673 4.31 19.38

30-second/window

MMS with MCA 6.02 350 14.28
RGB with MCA 6.10 3.56 14.57
RGB-(Poh 2010) 11.69 12.64 45.69
RGB (Poh 2011) 6.34 364 14.34

Average from-all time-window lengths

MMS with MCA 8.59 6.07 29.38
RGB with MCA 9.11 7.18 33.61
RGB (Poh 2010) 18.25 18.59 70.11
RGB (Poh 2011) 8.40 6.04 29.47

Average from all time-window lengths NOT INCLUDED 5 second/window

MMS with MCA 7.02 4.24 19.25
RGB with MCA 7.38 5.09 23.17
RGB (Poh 2010) 15.19 15.87 60.15

RGB (Poh 2011) 7.03 4.42 20.03
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PnesnUitnsiienidiieesnusenauil 2 ¥eansvin ICA IAnuwiugingn (A

lun1s19g99an) ileTeuiiisuiduaves Poh 2011, MCA wag MMS nudrlunsdlauin

v |

w619 20 Junisieniieing 35ues Poh 2011 fAduutugiaandn wiluvuianiisie 30

ad

19 35 MCA wag MMS ianuusiuggendnidves Poh Wieliansandaieanuianainyn
YUIANTIA1 (AL time-window lengths) Wud138n115983 Poh 2011 fiA3uwdugiganin
antey Wedndiunfinuianaingsesn fe vuaniieng 5 Jundiseniieng wuiis MMS

waz Poh 2011 fAAnuianaindglnafesnu

JUT 57 wanansieuiiguaiudug1veea 4 viann1s wudndlefiansaunienus
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Comparison of errors between MMS, RGB, Poh 2010
and Poh 2011 by applying MCA

35.00
30.00
25.00
20.00
15.00
10.00 \
5.00 — -

5 10 15 20 30 40 50
Time-window length

Average errors (bpm)

—o—MVIMS —e—RGB Poh 2010 Poh 2011

917 57 Wisuiluanuwliugsznine MMS, RGB (MCA), ICA Component 2 (Poh 2010)

way Maximum Magnitude (Poh 2011) Tnglduannis MCA Lilgsognaihg?



65

5.2.3. wWanssnuan RPS
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N1997UA1 Magnitude vesnudnlnalAssiu (Msiulaiiiu 2 bpm) Mendnnisves
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nasnIakaziUigunlaclaagn 10 bpm AetuN1TsEYAITNATAIEALREIANREITILY
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v U 1 a 1 dy = =1 ad
A0AAFRINUAITNATITY NANIINAGIAILLLANINITIUSHUWEUNITITYAITNATAIETT MCA
& RPS, N15taantdeanusenaud 2 98901591 ICA wazn15taantyasaUsenaunian

Magnitude gean lagfvuan1smaasunilsuiuiiten 5.2.2 115U78n15v84 Poh 2010
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o a 6 1 (% v a J a PN J
A111901UU13LATIE5UAU RPS TaLTad91nRansaunAIANeesnusEnaudl 2 #1991n
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Method Average StdDev Max

20 second/window
MMS with MCA & RPS 6.88 4.28 17.78
RGB with MCA & RPS 7.17 4.60 17.62
RGB (Poh 2010) 16.04 17.02 64.06
RGB (Poh 2011) 6.73 4.31 19.38

30 second/window
MMS with MCA & RPS 5.85 3.07 10.96
RGB with MCA & RPS 6.21 3.78 13.85
RGB (Poh 2010) 12.02 13.30 47.74
RGB (Poh 2011) 6.34 3.64 14.34

Average from all time-window lengths

MMS with MCA & RPS 8.45 5.95 27.96
RGB with MCA &RPS 9.07 6.98 31.91
RGB (Poh 2010) 18.34 1861 69.93
RGB'(Poh 2011) 8.40 6.04 29.47

Average.from all time-window lengths NOT INCLUDED 150 frame/window

MMS with MCA & RPS 6.86 410 17.59
RGB with MCA & RPS 7.34 4.86 21.19
RGB (Poh 2010) 15:30 15:90 59.94
RGB (Poh 2011) 7.03 4.42 20.03

NHNTNN 23 WUINNISaen L NeI09AUSENaUN 2 UBINISHN ICA LB

$U RPS denalvilimnuusiugigaduuddinsiaiuusiy

@ty 3 35 WaSeuieuids

284 Poh 2011, MCA w8y MMS d@anadlauiuiide 5.2.2 walklona15an1sendunianing

¥ |

AANAIAgeRRn A 5 Iuniirevtiiee wudnliaiuuiug1aindn Poh 2011 JUN 58 LaAINTS

Wiguiisun15ingnas neiinadnslndifesiugun 57
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5.2.4. wan3Iznuan ES

o w I a = a' = = a
ﬂ’]imﬂmms%qm%wmwmwmﬂLuaﬂmﬂmiLUaEJULLiJaQSUENGUWﬁ]WIMﬂLﬂ‘lﬂ,‘d I@?J

WIUTgUNAaWSNLATUNLNANBUNTN A9NALAUTA MUEILYIAINARSTININTEA (Max) Na

q

a

A15NRAIUaY ES aztnundSeuiiou 3 3580 1. Msinadnasiagluvin RPS (anwie MCA

v '
C% v ad

WA ES) 2. 11 RPS $3use (M9 3 38) way 3. 1USeuiieuiansvi ES MUSuugsindivd

Y84 Poh 2010 wadwsluiiteiliinainnismiAnadeangviinisnaaswnay, gunsaldudin

nngunsal, vunavihnanuun uagldniswaulumaduuy MMS

5.2.4.1. WSgUWBUANNLUUENTEWING MCA wae MCA&ES (laivin RPS)

HAN1TNAADIEIULILUARNINAATENUAINNIINY ES @1915UT5 MCA Wuin1svin ES
danaliin13sEyAAINATHIUEUY e A1ANERANG 19E8 (Average) anad 0.34 bpm WAz

HARITNNTIAR (Max) anad 4,91 bpm fauwandlunasnei 24

A15197 24 Wsuguntwiugindsinaslavii £S Taevinied MCA dwmsuluinad MMS

Methods Errors (bpm)
Average StdDev Max
MCA b2 4.24 19.25
MCA & ES 6.67 R-X. 14.34
Improvements if using ES 0.34 0.87 491

5.2.4.2. W38 UMgUAIULUUEITLII19 MCA&RPS Lhag MCA&RPS&ES

A13199 25 wanaNan1USEuLEUNITINAITINDS tavin RPS 531 uN15W1 MCA i
Ta1015052YATNT IALUUENTY 0.16 bpm (HBuiu 915199 24) uazillevi ES dualiien

ANURANAIALREE (Average) anad 0.27 bpm LaEANAR1NTNINTIEN (Max) anad 4.05 bpm
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A15199 25 Wsuisumnuwiug1In1svinkazlavin ES Taevin MCA sauiu RPS dmsuluwma

d MMS
Methods Errors (bpm)
Average StdDev Max
MCA & RPS 6.86 4.10 17.59
MCA & RPS & ES 6.59 3.41 13.54
Improvements if using ES 0.27 0.68 4.05

5.2.4.3. WSgUIBUANULUUEITENING ES NiUvEua waz ES wa9 Poh

310 2 FTeTUNUIINISI ES denalinnsszua1anasinauudugg ety @9 ES
Minawetudun1susuu§aan ES 83 Poh dstiunanisnaaesduiidulunmsieudieu
ANULLUEIVRY ES NNaueiUisnI1sue9 Poh wanslun131ein 26 wudn ES nUTuusevinli

o N & Ad o o | o o § v i
ANuudug U3z Unesgete lunsainyinies MCA nyud ES-NiatauevilirinIy

Aanainladuanad 1.28 bpm waziiiavit MCA 920U RPS vialirnuiawaintadsanas 1.30
bpm

AN 26 LUTHUMIBUAINWL LG5I ES U89 Poh AU ES B1ig1e

MCA with Poh’s ES MCA with proposed ES Improvements if using
proposed ES
Avg | StdDev | Max Avg StdDev Max Avg StdDev | Max
7.90 457 |19.88 | 6.67 3.37 14.34 1.23 1.20 5.54
MCA&RPS with Poh’s MCA&RPS with proposed Improvements if using
ES ES proposed ES
Avg | StdDev | Max Avg StdDev Max Avg StdDev Max

7.89 458 |19.34 | 6.59 3.41 13.54 1.30 1.17 5.80
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5.2.5. WaNsENUIINNISHUASUTUIANLIANY

| X = a al' Y 1 avyo &
Naﬂ']i‘VWIaaQﬁUUULLﬁ@QﬂqiLﬂﬁﬁULVlEJUﬁ\laEUE]\‘iﬂ"liLﬂaﬂusﬂuqﬂ‘wu’]G]']Q‘Vll@‘ﬂ']ﬂ'ﬁ@]ﬂ

] ¥
) = 1

anyfgulinvuaniiaeigudmalidanuwivgunniu Inenansmaaesdiutiozidy

Y

=

NIMIANLRAENEYIINIINAaaYNAULa: aUnTalTuinIAleva 2 gunsal TnallSeuliieuna

nsHaLluead MMS Aflanuwsiugngegn fuisn1sves Poh Tut 2011

A =

JUN 59 uansauianainadslun1sseuAdnaslleilisuruianiieing wuinie

9

WILAMNENMTRITUIARTNAYI TR ALRANAIRIRAYRIas TaglwildunisiUasunUasees
4 2 wuuilulufiemafiendiy miisaug 40 3undidentinie danuwiugunniigaleaed
AIMINRANAIALAAY 5.92 bpm @115 UAaA15989Poh Tul 2011 uag 5.42 bpm dmsunis
v 1= % = A0 a Y 1 oax A o = o

TamFnasmemnadlunadvuy MMS ieLinsuiavindnaiinsiduaueiniuuiugg

NI38N13v84 Poh 1041 RPS atnsatdeyailuseleviinldmuanaanudlauniu
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5.2.6. Wansznuannsilasulunad

nauyAgIunnaliteduinlumadiinananisinadnas uasnisuaulunaduuy

o
L9 S| IS

MMS danalvinsinenanasiiaiuwiuggu aslunanismaaeduiisuSoufisunans
TINasINlInadNAnwkarMINaNlnadUsTNOUME TnadlaeIia 7 luea (RGB, HLS,

HSV, CIE L*a*b*, CIE L*u*v*, TSL way YChCr) narnisuauluinad (CMU waz MMS Lile

[
= =

asUilumadnienannstainnuwiugilunsssuanasgegn tnenaansaiuiandunis

1RAYINFINITNARDINNAULAEYNVUIANTIA anLTUIUIANTIRIE 5 TuNTideniiieig

= IS a d‘
Lummﬂummmwammanm

A A n I | i = A
PNTINN 27 LL@@Qﬂ’]ﬁ‘LLﬁTﬂULVIE‘UﬂrJ']NLLNuﬁlqluﬂqﬁ‘?zuﬂ’]ﬂW@?mﬂﬂLLW@;’INLﬂ@m Iﬂﬂlf?l@ﬂ

HAANFAINYNUUIAUEIFLIMEUIUR 5 FUNNFaNTIE

Errors from All time-window length NOT INCLUDED
5-second window length

Color model Average StdDev Max
MMS 6.59 3.41 13.54
CMU 9.08 5.69 23.36
BGR 6.96 3.88 16.39
HLS 6.92 4.37 17.24
HSV 6.81 a:27 16.99
CIE L*a*b* 6.95 392 16.33
CIE L*u*v* 6.95 3.90 15.96
TSL 8.46 5.62 23.19
YCrCb 6.94 3.89 16.15

NA13199 27 nuINsHaNliaadLUU MMS dealilinanuuiugnasan lnaden
ANURANAIAREEREN 6.59 bpm A199INNTHANLIAAFLUY CMU Nileanuuiugiandiag
\esanmiesAuszneunliinerfiviinasundnname dwsunslidlunaiifeinuinlunad

HSV fanuusiugnganinlunadaus warlunadninnuudugwingae TSL
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Y

UsyAnsnimwugesndevesaunsalusayeiad
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Heart rate of subject 1 measure by HSV with 1200 frame per window
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Abstract — Independent Comyp t Analysis (ICA) on a color
model can be applied to measure heart rate without physical
contact with subjects. Unfortunately, current non-contact
systems need accuracy improvements to make them suitable for
some medical applications. While others employed the most
dominant frequency calculated by FFT as a heart rate, we
propose to accumulate power spectrums across frequencies and
compute weighted average. This is highly effective when a
subject’s heart rate significantly changes during data acquisition.
This work also systematically studied impacts of color models
and found that straightforward combination of color lels
could lower performance. Yet, combining power spectrums from
each color models marginally increases accuracy. Finally,
impacts of time-window length were examined and the proposed
method demonstrates improved robustness on most time-window
lengths.

Keywords-i t com] t analysis; pulse measurement;

I INTRODUCTION

Visual perception of a human has several limitations. For
cxample, we cannot perceive subtle variations of skin color
caused by blood perfusion or breathing motion of a baby. Poh
et al. proposed to employ independent component analysis
(ICA) to scparatc sources of subtle color changes caused by
blood perfusion [1][2]. Then, estimated heart rate is computed
by FFT on a specific ICA component. Wu et al. proposed a
method for color amplification and motion magnification by
applying Eulerian Video Magnification to reveal these
subtleties [3]. Their work led to several innovations and
intriguing research such as pulse-transit-time measurement [4].
These systems take a standard video sequences as an input,
performs spatial decomposition and temporal filtering on video
frames (o reveal the subtle change in video sequence, such as
changing of color caused by blood perfusion. Despite of its
potential, accuracy of ICA-based systems needs improvements
before they can be applied in some medical applications.

A.  ICA-based Pulse Measurement

Subtle changes of skin color caused by blood perfusion
appear to be periodic duc to a heart-beat pattern. Common
ICA-based pulse measurement detects this periodic pattern by
utilizing Fast-Fourier Transform (FFT) to find dominant

978-1-5090-2033-1/16/$31.00 ©2016 TEEE

frequency of the subtle changes. The change of skin color,
however, may not be well represented in a single color channel
(e.g. either red, green, or blue). Consequently, blind-source
separation of the color components is executed to extract
independent components underlying the color change. In this
work, jadeR is employed for such Independent Component
Analysis (ICA) [5]. Technically, we apply FFT on results from
ICA as ICA components is significantly more corrcsponding to
color change than a specific color component.

Some prior work interpreted the most dominant frequency
from a specific ICA component as the heart rate, although we
do not know in advance what component is best for finding the
actual heart rate. Furthermore, if a heart rate has changed over
the period of observation, the most dominant frequency may
not closc to the actual heart rate and a system produces highly
inaccuratc measurcment.

B. Limitations in Prior Work and Accuracy Factors

Scveral  cxisting  systems using ICA-based pulsc
monitoring have technical limitations. For example, the
method of Poh et al. did not address effects of skin color on
accuracy [1]. Systems implemented on mobile phones or
tablets cannot process data in a timely fashion; better hardware
and software stack is required |6]. Also, a system testing on a
moving subject reportedly had less accuracy and required a
sophisticated method for video stabilization to reduce error
[7].

Prior work employed different equipment and color
models. For instance, Poh employed a typical webcam and
RGB, while Miljkovic used a DSLR and RGBCO [1][8]. Yet,
in prior study, it was unclear how much impact color modcls
have on accuracy.

Furthermore, it is possible that a heart rate of a subject
changes in a short period of time (< 30 scconds). While a
longer time window of vidco sequences may have more data,
such changes may prevent FFT from producing dominant
frequency that well corresponds to the actual heart rate.
Therefore, some systems cmploy a short time window (< 5
seconds) [6][8], but this may provide insufficient data for
reliable measurement.



II.  OUR GOAL AND OVERVIEW OF PROPOSED METHODS

Heart-rate variation over a short period of time is one of
major challenges that we want to study. We aim at finding a
method that can improve accuracy even when this challenge is
present. We first evaluated the accuracy of a conventional
method by employing an RGB color model as similarly done
by Pohetal. [1].

Then, we experimented with various color models. Since
color variation is the major data source for ICA-based pulse
measurement, wc explored how color models affected
accuracy. We aimed at assessing impacts of color models on
accuracy and finding whether changing or combining color
models could improve accuracy. In this aspect, we propose (o
employ multiple models together and apply our FFT power-
spectrum summation for accuracy enhancement.

Next, we propose a novel method that improve reliability
of ICA-based pulse measurement by using relatively long time
windows for video sequences along with our FFT power-
spectrum combining mechanism. The main advantage of using
a long time window is that spectrum of the most dominant
frequency will be comparatively high and it is more likely to
detect the actual heart rate, provided that the heart rate of a
subject barely changes during observation. Yet, according to
our experiments, the heart rate of a subject may significantly
change in a short duration (< 30 seconds). thereby causing
another challenge if a longer time window is to be utilized.
This is a reason why FFT power-spectrum combining
mechanism is introduced.

When the length of observation increases, it is more likely
that multiple heart rates will occur and none of them may
possess strong power spectrum. However, these involving
heart rates are usually among the top when decomposed FFT
frequencies are ranked by their power spectrums. Since the
ICA component having most relevant information on heart
ratc is not known in advance, the proposcd method rclics on
accumulated power spectrums of each frequency across ICA
components.

Also, because there may be multiple involving heart rates
in a single time window, we add up power spectrums of
frequencies within a small range. For example, assume that we
want to find the combined power spectrums for the frequency
corresponding o 70 beats per minutes (bpm), we sum up
power spectrums of 68 — 72 bpm, including. For the sake of
clarity, we will refer to the accumulation of power spectrums
across ICA components as multi-component accumulation
(MCA) and refer to the sum of power spectrums within a
specified bpm range as a range power spectrum (RPS).

Nonetheless, noise within a certain time window may be
so strong that power spectrums of actual heart rates become
weak by comparison and the output heart rate is inaccurate.
The method suppresses such an error by using historical
estimation and rejects a suspicious output that is highly
diffcrent from those of consccutive windows [1].
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III.  METHODS

A.  Data Acquisition

Since we focus on impacts of color models, time-window
length, and accuracy improvement utilizing proposed multiple
color models and range power spectrum, we acquired data by
employing a light-control box to limit illumination variation.
The camera device was iPad 3 and the frame ratc was 30 frame
per second (fps). Five subjects (three females and two males)
between the age of 10 to 52 years old participated in this study.
All subjects were not under stress. Videos focused on palm
skin as shown in Figure 1. Each video is approximately 60
seconds in length and was recorded in RGB.

Sl

Figure 1 Settings for video acquisition. Left: light-control box and a tripod for
holding a tablet. Right: a sample video frame focusing on a palm of a subject.

B. Color-Feature Preparation
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Figure 2 Signal of each ICA components after normalization and filtering

Color features are prepared as follows.
e A manually selected skin region was segmented from
cach video frame. This region approximately had
20,000 pixcls.

e Find an average value of each color component (R, G,
and B) in the selected region. Each frame corresponds
to 3 values, averages of R, G, and B.

e  Arrange the 3 values in order of time. In this way, a 3-
dimensional signal representing average color




components is obtained. In our settings, values from
600 frames (20 seconds of video) are arranged
together.

e Employ jadeR on the signal to obtain independent
components underlying the color change. It is worth
noting that the number of independent components
may be less than 3 in some cases. (Figure 2)

C. MCA and RPS

Once a signal of independent components is obtained, an n-
point FFT is executed over the entire signal in a time window
with n = /- ¢ where f is the number of frames per second and t
is the duration of a window. We cut off the frequencics outside
range 0.75 — 4 Hz (corresponding to heart rate of 45 to 240
bpm). The proposed method then applics MCA to add up the
FFT power spectrums of each frequency from all independent
components. In other words, if there are 3 independent
components, the method adds up power spectrums of the same
frequency from the 3 components together.

Now. we provide details on how the proposed method
improve accuracy over previous work. Poh’s method in 2010
employed Component 2 from ICA (o compute heart rate [1].
However, Table 1 shows that Component 2 may not be a
reliable source for measurement. This table shows the first five
dominant (requencies and their corresponding heart rate of
cach ICA components. We observe that the top frequency (the
one with the maximum magnitude) of each component
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Table 2 First five dominant frequencies of each ICA component (reference
heart rate is 87 bpm).

Component 1 Component 2 Component 3

Magnitude Pulse Magnitude Pulse Magnitude Pulse
(bpm) (bpm) (bpm)

168.50 87 110.92 84 172.83 69

110.49 111 107.76 72 121.57 87

93.48 123 95.42 87 98.17 57

88.46 75 91.75 93 81.40 54

82.86 84 85.36 81 80.45 129

Next, to further improve accuracy, range power spectrums
are calculated. For each heart rate » within range 45 to 240
bpm, the method sums up power spectrums of b —2 to b +2
bpm, including, to combine power spectrums within a small
range. As for the next step, our method selects the frequency
with the highest range power spectrum as the most likely heart
rate.

Table 3 shows the frequencies and their magnitudes
calculated by RPS from data in Table 1. For instance, the RPS
magnitude of 77 bpm is the sum of magnitude corresponding (o
heart rates of 75 — 79 bpm, including, which is 128.13 + 120.63
+ 182.87 + 96.39 = 528.02. Similarly, RPS magnitude of 76
bpm is summed by magnitudes corresponding to heart ratcs of
74 — 78 bpm, which equals to 77 bpm in this case. The
frequencies of highest RPS magnitude are 77 and 76 bpm and
the output hecart ratc is 76.50 bpm, which is calculated by
averaging them. This provides a result particularly close to the
reference heart rate.

Table 3 RPS frequencies and magnitudes of ICA components from Table 1.

corrcsponds to diffcrent heart ratcs. We compared these heart Rank | Magnitude Pulse Rank | Magnitude Pulse
rates with the reference (76.45 bpm) measured by the Arduino- (bpm) (bpm)
based Pulse Sensor. Only are results from the first and third 1 528.02 77 11 248.76 74
components close to reference. This makes Poh’s work 2 22502 10 12 245.76 3
Sacoe [1], 3 279.26 80 13 248.76 75
4 279.26 79 14 210.74 122
Table 1 First five dominant frequencies of each ICA component (reference 5 279.26 78 15 210.74 121
heart rate is 76.45 bpm). 3 269.02 65 16 198.04 152
Component 1 Component 2 Component 3 7 269.02 64 17 198.04 151
Magnitude | Pulse | Magnitude | Pulse | Magnitude | Pulse 8 269.02 61 18 113.43 82
(bpm) (bpm) (bpm) 9 269.02 62 19 113.43 84
182.87 78 138.84 63 120.63 75 10 269.02 63 20 113.43 85
130.18 63 113.43 84 108.86 120
128.13 75 96.82 135 96.39 78 D. Error Suppression (ES)
109,44 el 8851 153 5508 5/ A detected heart rate from a current timc window is
101.87 123 86.60 69 7845 144

Nonctheless using the heart ratc from the component with
highest magnitude among three ICA components (Component
1 in the abovc tablc) scem to yicld a good result, it may
produces inaccurate output. As shown in Table 2. the obtained
heart rate is 69 bpm. while the reference one is 78. This makes
Poh’s 2011 method highly imprecise [2].

Our proposed MCA method, however, accumulates
magnitude of frequencies across components and picks the one
with highest accumulated magnitude and tends to produce
morc accurate result. In this cxample, our method outputs 87
bpm.

This result is obtained because the sum of magnitudes
corresponding to 87 bpm from all components is the largest
when compared to the sums of other frequencics. For the same
example, the magnitude sum of 87 bpm is 168.5 + 9543 +
121.57 = 385.50.

checked against the result from the previous. If the difference
is less than 3 bpm, the method rejects the result from the
current time window and usc the previous result. However, if
the result from the next time window is close to the rejected
one, the method switches to the new one since it is more likely
that the rejected one is, in fact, correct [1].

E.  Employing Additional Color Models

We explored possibility of using multiple color models to
improve accuracy of the method. Our study on color models
was carricd out as follows.

e From RGB color modcl, convert it to others: HSV,
HLS. CIE Lab, CIE Luv, TSL (Tint Saturation
Lightness), and YCbCr.

e For each model, compute a heart rate by using a
similar method for RGB. Technically, we obtained 6
more output heart rates for comparative study.



The proposed method further combines all power
spectrums of cach color model to obtained from the above
process and selects the frequency with maximum range power
spectrum to be the output heart rate. For the sake of clarity, we
will refer to this use of multiple color models as multi-model
summation (MMS).

For the last part of this color-model study, all color
components from the seven color models are grouped together
(duplicated components were removed). Then, ICA was
executed (o the whole group. Again, for clarity, this method
will be referred to as color-model union (CMU). The
difference of the last two mcthods is that MMS performs ICA
seven times, each on a color model, while the CMU groups all
color components together and performs ICA only once.

F.  Finding Proper Length of Time Window

Using short or long time window is a trade off in terms of
computational speed, how quickly a method can respond to
change of actual heart rate, and how much data available for
frequency detection. Since prior work seems to focus on
computational speed, to the best of our knowledge, we did not
find any prior work study the impact of time-window length
on the accuracy.

In this work, we experimented with various time-window
lengths ranging from 5 to 60 seconds. Each consecutive time
windows overlap by 1 second. For the whole experiments, the
heart rate for combining power spectrums was set to +2 bpm
as mentioned in Section C.

G.  Performance Validation

We validated the accuracy of our methods by comparing
our outputs with thosc from an Arduino-bascd Pulsc Scnsor
[9]. Time stamps of each sampling were recorded and matched
with video-recording starting time. The outputs corresponding
to a time window were compared with the average sampled
heart rate of the same time window. It is important (o note that
such an average heart rate may not be a good representation of
actual heart rates if actual heart rates considerably varics
during observation. Nonetheless, average heart rate within a
time window is still a reasonable choice for this study.

IV. EXPERIMENTS AND RESULTS

A. Actual Ileart Rates

Arduino-based Pulse Sensor was employed to record heart
rate over a recording time as shown in Figure 3. It is worth
noting that heart rates of two subjects significantly varied
within 60 seconds. The minimum and maximum heart rates of
these subjects differed up to 14 bpm. This suggests that power
spectrums belonging to a specific actual heart rate may not be
adcquatcly high when comparcd to noisc spectrums.
Therefore, combining power spectrums across heart rates may
improve accuracy as shown in Section C.
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Actual heart rate obtained from Arduion Pulse Sensor
105

Heart rate (bpm)

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61
Time (second)

——Subject 1 ———Subject2 ——Subject3

Figure 3 Recorded heart rates of all subjects over the period of one minute.

Subject 4 =—=—=Subject 5

B.  Impacts of MCA on Accuracy

We compared the error rates from our MCA method when
RGB color model was employed against results from Poh’s
mcthods [1, 2]. Although our method can work with any color
model, the color model in this MCA experiment was RGB.
This allows direct comparison with Poh’s methods.

The results shown in Table 4 indicated that the MCA
outperformed Poh’s 2010 method, but was less accurate than
Poh’s 2011 one. MCA, however, is proposed here since it
performs relatively well and provides uscful data for our RPS
method, which is more accurate than Poh’s 2011 work as
discussed in the next section.

Table 4 Comparison of errors between MCA. Poh’s 2010, and Poh’s 2011.
The results were averaged from all subjects and time-window lengths. All
crrors are shown in bpm.

Methods Without ES With ES
Avg StdDev Max Avg StdDev Max
MCA 6.35 431 21.47 5.78 2.61 10.62

Poh’s 2010 [1] 12.89 12.38 48.62 12.77 1091 3541

Poh’s 2011 [2] 5.12 2.96. 14.73 5.02 2.13 9.74

C.  Impacts of Using Range Power Spectrum

In this experiment, we compared errors from using and not
using range power spectrum (RPS) and we focused only on
oulput heart rates obtained with error suppression. Table 5
displays comparative results between our method and Poh'’s.
In this setting, our method employed both MCA and RPS
together. It is worth noting that Poh’s 2010 method can gain
benefits from using RPS if other frequencies in Component 2
are included in analysis. The results showed that using RPS
improved accuracy for both our MCA and Poh’s 2010
methods. Furthermore, our proposed method outperformed
Poh’s 2011 work.

To stress the benefits of using RPS, we also comparcd
similar results obtained from other color models. Results
displayed in Table 6 were calculated from all subjects when a
20-sccond time window was applicd (similar to experiment
setting of Poh’s 2010). It indicates that utilizing range power
spectrum tended to increase average accuracy, regardless of
color models. Also, the standard deviation and maximum of
crrors tended to decrease.



Table 5 Comparison of errors between MCA & ES, Poh’s 2010, and Poh’s
2011. The results were averaged from all subjects and time-window lengths.

Table 7 Comparison of average errors from employing different color models.
These results were averaged from all subjects. All errors are shown in bpm.
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Method Without RPS With RPS Color Without Error Suppression With Error Suppression
Avg StdDev Max Avg StdDev Max Model Avg StdDev Max Avg StdDev Max
MCA & ES 5.78 2.61 10.62] 443 1.92 8.48 RGB 4.0 2.1 78 4.0 2.1 8.0
Poh’s 2010 [1] 12.77 10.91 3541] 1234 9.85 32.52 HLS 5.5 52 232 4.6 34 142
Poh’s 2011 [2] 5.02 2.13 9.74 HSV 5.6 5.2 232 5.0 3.6 143
CIE Lab 4.0 22 9.5 4.0 2.1 8.0
Table 6 Comparison of errors from employing range power spectrum with CIE Luv 4.1 2.5 12.2 4.0 2.1 8.0
MCA. Numbers in Column “Improvements if Using RPS” were computed by TSL 82 7.6 319 7.6 6.8 21.9
errors from Table 7. Column “With Error Suppression” subtracted by YCbCr 4.0 2.1 7.8 4.0 21 8.0
corresponding values in Column “Not Using RPS™ in this table. Positive MMS 4.0 2:5 144 3.9 2.4 9.7
numbers after subtraction indicates increase in accuracy. CMU 6.8 5.0 21.0 6.5 42 16.0
Color Not Using RPS Using RPS Improvements
e vz | SD | Max | Avg | SD | Max Av',“ sf:,% RP,?,,‘L\, Distribution of measurement errors for each
RGB 48] 3.2] 138 40 21| 80 03] 11| 5.7 subject
HLS 51 30 114 4.6 34| 142 1.1] -04] -2.8
HSV 55| 28] 95| 50| 36 143 06 09 47 20 X
CIE Lab 48 3.2 138 40 21 8.0/ 08 1.2 5.7 75
CIE Luv 4.7 291 120 4.0 21 8.0 0.7 0.8 39 —
TSL 82 84 327 76| 68 219 05[] 17] 108 g_ 20
YCbCr 4.7 32| 138 4.0 2.1 8.0 0.7 1.1 il 2 15
<A A . o ® .
D. Impacts of Color Models on Accuracy 5 10

To study impacts of color models, we fixed the length of
time window to 20 seconds (600 frames) and employed both
multi-model combination and RPS. The processing was
performed over the 60 seconds of videos. Therefore, there
were 41 time windows and output heart rates for a subject.
Errors were calculated by the absolute difference between the
output and heart rate from Arduino Pulse Sensor in bpm unit.
Then, average, standard deviation and maximum of errors
from a subject were calculated. These statistics from all
subjects were then averaged and reported in Table 7.

From the table, it is clear that using multi-model
summation (MMS) barely improved the accuracy of the
measurement. Color-model union (CMU), however, led to
lower accuracy. It is possible that independent components
obtaincd in CMU mostly contained no uscful information
about color changes caused by blood perfusion. Consequently,
the proposed MCA, which adds up all components together,
could not increase the chance that the actual heart rate would
have highest power spectrums, as power spectrums of noise
frequency in many components might add up and appear
stronger than those of actual heart rates.

MMS, on the other hand, computes independent
components of each color model separately. Therefore, there
may be one or more independent components of each color
model that are good for heart-rate measurement. When all
independent components were employed, the summed power
spectrum of actual heart rates still stood out and the results
remained accurate. In this experiment, MMS was the best, but
just marginally outperformed RGB color model.

Figure 4 illustrates how mecasurement crrors of cach
subject distributed without crror suppression for MMS. We
disabled crror suppression here to show how results from cach
individual time window were. It scems that maximum crror
from a certain window could be high (27 bmp), but since the
probabilitics of such high crrors to occur was low, crror
suppression could rcject them.

==
: B =

™ Subject 1 B Subject 2 BSubject 3 B Subject 4 M Subject 5

Figure 4 Distribution of measurement errors from each subjects before
applying error suppression.

E.  Impacts of Time-Window Length

For the last part of analysis, errors obtained from different
time-window lengths were compared. The lengths we studied
varied from 5 to 60 seconds. The results are calculated by
utilizing MMS, MCA, RPS, and ES altogether (Figure 5). The
outcomes indicated that longer time window tended to give
better accuracy. However, increasing the length too much can
reduce performance as the heart rates within the duration may
vary in greater extent. A time window of length 45 seconds
gave the most accurate outputs both our method and Poh’s
2011 with errors of only 2.53 and 3.16 bpm on average. The
proposed method outperformed Poh’s in most cases.

Comparison of errors from different time-window lengths

14
1

12

10

Heart rate (bpm)
-

4 //\
5 10 15 20 25 30 35 10 15 50 55 60
Time-window length (sec)
——MMS ——Poh's 2011 [2]

Figure 5 Comparison of errors from different time-window lengths.




F. Comparison of Proposed Method

In this section, we summarize the results of proposed
methods in order to discuss their impacts on accuracy. These
methods include using MCA exclusively, MCA & ES, MCA
& RPS, and MCA & RPS & ES. The results in Table 8 were
averaged [rom all subjects and all time-window lengths. These
indicated that utilizing all proposed methods together (MCA
& RPS & ES) had best accuracy in terms of both average and
maximum crrors.

Focusing on impact of ES, we found that using ES reduced
average and maximum errors. By applying ES with MCA
average and maximum crrors were reduced by 1.03 bpm and
12.61 bpm, while applying ES with MCA & RPS decreased
errors by 1.19 bpm and 12.81 bpm. Exploring how RPS
affected accuracy, we observed that employing RPS with
MCA reduced errors by 1.02 and 1.99 bpm. Similarly,
applying RPS with MCA & ES decreased errors by 1.18 and
2.19 bpm.

Table 8 Comparison of proposed method from all subject and all errors are
display in bpm.
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Heart rate measured by RGB color model with 20s window size
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) ARPS ES of ICA (Poh 2010) —— Maximum Magnitude (Pah 2011)

Figure 6 Comparison of ICA-based pulse-measurement methods using a 20-
second time window. The proposed method. Poh’s 2010, and Poh’s 2011 were
compared against the reference (Arduino).

Method Avg errors Avg of max errors
MCA 10.403 35.006
MCA & ES 9.376 22.394
MCA & RPS 9.384 33.014
MCA & RPS & ES 8.199 20.202

G.  Comparison with Other Prior Work

In this part, we summarized the performance of our
methods with Poh’s. We set the time-window lengths to 20
and 30 seconds and cmployed RGB as a color model (similar
to Poh’s scttings).

Figure 6 visualizes output heart rates from various methods
overtime, including reference Arduino-based Pulse Sensor.
We found that output hcart rates of 2" component of ICA was
not reliable [1], unlike the others that were much less varied
and generally accurate. For this time-window length, our
proposed method produced similar outputs to Poh’s [2]. Table
9 compares the proposed method against Poh’s 2010 [1]. and
Poh’s 2011 |2]. We can see that using only 2™ component of
ICA [1] is more susceptible to errors and our method had
lowest average errors, even in their preferred time-window
scttings.

Table 9 Comparison of proposed method against prior work with the RGB

V.  CONCLUSIONS AND FUTURE WORK

We proposed multi-component accumulation and range
power spectrum to gather more useful statistics from FFT and
deal with a situation where a subject’s heart rate changes
during measurement. Our study showed that the proposed
method was effective in accuracy improvements, regardless of
color model. Excessively combining color models, however,
could be detrimental to performance.

We arc going to perform tests on a larger number of
subjects to further validate impacts of the proposed methods
on accuracy.
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