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A Study on the Development of PTV using Fuzzy Algorithm

by
Jang Duk, Woo

Department of Refrigeration and Air Conditioning Engineering

Graduate School Korea Maritime University

Abstract

PTV can not only probe small scaled eddy structures but also provide spatial
information of velocity vectors over the whole flow field. For these reasons,
PTV (Particle Tracking Velocimetry) is now widely used in the field of fluid engineering.
However, some erroneous vectors are obtained during PTV calculation for the
algorithms adopted in the PTV techniques. The main source of the erroneous vectors is
the paring method. To obtain the velocity vector distribution, correct particle paring
should be made in PTV. Since there are numerous particle images on the two images
used for PTV -calculation, it is not so easy to identify the same particle between the
two images.

In this paper, a new idea based on Fuzzy Theory is adopted to PTV so that the
number of correct pairs of particles becomes as much as higher that those of GA-PTV.
Mamdani method which is most widely used is used for the calculation of Fuzzy-PTV.

It was verified that the velocity vectors obtained by the constructed Fuzzy-PTV
belonged to the original vector data used for the test, which implies that the constructed

algorithm is available for the measurement of fluid flows.
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Table 2.1 PTV measurement algorithms
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Fig. 21 Two consecutive particle images according to the time

Fig. 2.2 . Image viewed by camera
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Fig. 3.1 Crisp set and fuzzy set
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3.2 PTVE 3% Fuzzy ¢85
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PTVOl 44389, PTVE sl4 Azgloz %7 498 dolth ool @ o= 7
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Zag atolth 7| A wE wvAF p 2, £,= A4 5 10, 15

Z FRom o= AEATE F 7 e A FHA 3oA HUY 167HA 2 229
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2l 3212 F YA (x1, yl), (x2, y2) Ato]e] ZtE & yERW Aolal, A 322+
SAw7 (D) tebd Aol

AngDif= tan 12— (3.2.1)
| X1~ X2|
A= Spixels/2,

R ,= 10pixels/2,

A 5= 15Pixels/2 (3.2.2)

@tk Fig 34 (a), (b)= 93 @t AngDif¢} Distance(SLR)

A d=E AWMy FFEE BHAFET. o7]A AngDife nAHE gholAwH

S Ao & Ao 5 10, 15Pixeld wiwltl v E o (Support)

& 7HXT =, ARS AT 304 TAFel o gts TS B¢ Fig 34 (b)ell A (2, 4), 7
=

el 12014 16 FAS 45 (§

il
N
N
Y
K
p)
e
o
>
o
ot
O

16)2] tt& dl(Support)
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SLR(Distance) I

AngDif(Angle)

x2,y2) !
|

Fig. 3.2 Schematic diagram of inputs

SLR(Distance)
Particlel(x1,y1)

Particle2(x2/y2)

Fig. 3.3 Schematic diagram of diameter

_19_



0.5

0.5

Small Middle Large
0.3 0.6 0.9
AngDif(Angle)
(a)
Small Middle Large
2(,4,8) 4(, 8, 16)

SLR(Distance)

(b)

Fig. 3.4 The input membership functions
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AW Fepol] mEw, ojd 2 =
Middle, Large}¢} #o] 3 x] =9 o] JFoz W
AngDif 7} 0.15C °F 859 ) o tid SHH HA P92 {05 05 0otk o3
Fig 3.4 (a)ollA] Small=0.5(50%) Middle=0.5(50%) 1 A& =gt} o3& 7842l
Wi FeEje 7w 2

W e W g A Smald) = 0.5, W 4 ;i (Middl) = 0.5, W ppopi(Larged)=0 + ° F T
th2 98 @<l SLR(Distance)= 919 AngDif¢t JA| wt7bA =2 vl =3 HA ¢
2 I ¥ Fig 34 (b)oll et i SLR(Distance)®] 82 n ,, olth

2o %A olE wold We sA o] Qtd, A/NAE F A AEHo

IF (x is A) THEN (y is B)
R:(xis A)— (y is B)

¥ %] F2(Fuzzy Inference)o]ldts Z2 oWl Folx Aoy} WA ZTE A=
+ WAY AL S FFE Urte dde] HAolgta AYE s =, “IF x is A
THEN vy is B"(AB= HAA JAgoltt)7t & &9 (- : Implication)e} 3 =] A o]
Al AofA "x is A"k A 2 A"l diEsiA yE €A 72 ¢ A
74?7 dte AE vFe A8 S udn. 474 qpFRojgs EE oW AR
HAE vetdlie, Abdolels w2 dAY oJwE HFEHE dede otk e

FEL o] ApAY FATED AATER FARA dov £E, FTHEDR A

mm
B o e

112
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AV

S 2] 7]¥WH(Knowledge Base)ol Al “IF-THEN"& 22| odojx el 2oz FA
oA ok 1 AWt FH = o5 #Zrh.

oo

73 :IF (x is A) THEN (y is B)

AFA D xis A

o] 714 x, y&= Ao A WS4 (Linguistic Variable)o]il A, BE o] A<l

# (Linguistic Value)°lt}. “x is A" A7 (Antecedent)©] 3L "y is B"+
% A K- (Consequent) ©] T},

73 : IF (x is A) THEN (y is B)

AL D xis A4

FE2 47 y is ZB*

FEARE: B AT O R (3.2.3)

oA71A 0= ko] HA BAY FAA =009 v U= HA FE FA A
(Composition rule of Inference)ol™, pg*v= F2%F ZAIoltl. 99 FE2AAE o
g 7FA wHe] oy AA HdF FE(Modus ponens)T F3F FE(Modus
tollens) &= ol x| wek AHHY (o FRIV|E Sl HA A o]l A
= T2 AW S 4% FE S ARS8 a o] FE BN FE
o 4 rHel ARHEH F2 7 7MAE AR EH. 23S Mamdaniol ¢ g
Max-Min 712 % Yamazakiol ¢ Max-Product 7Tf& o] Q&d o7|A=
Max-Min¥ & AH-83t7] 2 gt}
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OlA

Mamdani®] Max-MinH < td3] d9etd oS3 2o
oW Ao A F wF FF o] E4 T o

WAL :IF ( x,is A) and ( y,is B) THEN ( - is ¢))
7&8m :IF ( x, is A4,) and ( y, is £,) THEN ( - is ¢, )

(3.2.4)

T4 FEANE e 2y

e

o= 1 () Ve VU2,V . eZ (3.2.5)

FEOENTH Ao HAFH( n () Al T &k A gho] opyth
wpeka H A Aojel] 2xol= PTVel Agxo]d wol= 2 wo] &5t 42 (Conf:
yOE vpito] Fojoput g} o] A S H| A I (Defuzzifier) 2l st =, F&
o #AHE FF ofvlH(Fuzziness) #tol obd A=A Fx= uFe A d2
= Aotk o] HIHA S} o= AA Al ZFA WRie]l =dl, HEAS Ao F
A ¥ (Center of Gravity)elt}. Bl¥ A s HHE 7tuA] FA AWM 714 &4

AN gE e Aem deA dan AL v 2ok
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0— zyi' 11A(J/i)

Y Sy

(3.2.6)

=]
8=

#al7] 98l =, “IF-THEN”
Table 3.101 4 1 o]z},

=1
N
tlo
=5

Ao oAF AL

Table 3.1 The rule bases for fuzzy PTV calculation

AngDif
Confidence
Small Middle Large
Small Medium Low None
SLR(Distance) Middle High Medium Low
Large Medium Low None

ith WA ©=5 A= golr. o7]A
gl +=o  {High=0.9,

=9( p'

Conf-out) &=
A =4 P = )
mEl A A= E e

g A G204 ( yi

Conf-out®= ©& ul7FA &%

Medium=0.5, Low=0.1, None=0} Max-Min4 oI

Conf )& = 2 (3.2.6)2 v o] dH
Conf( y?)= %U 11( ; )y)
A i

(3.2.7)

2 B2, (y))
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groltt.

e 2.

flo

Table 3.1°] W& "IF-THEN" & &4t

IF (AngDif is Small SLR is Small) THEN
Conf— Owt ,=Medium
IF (AngDif is Small SLR is Middle) THEN
Conf— Qut ,=High
IF (AngDif is Small SLR is Large) THEN
Conf— Ot ;=Medium
IF (AngDif is Middle SLR is Small) THEN
Conf— QOut ,~Medium
IF (AngDif is Middle SLR is Middle) THEN
Conf— Ot ;=Medium
IF (AngDif is Middle SLR is Large) THEN
Conf— Out ~LOowW
IF (AngDif is Large SLR is Middle) THEN
Conf— Qut ;=Low
ENDIF
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Fig 35904 9ol 3 wA oue 95 HEA @ ke olvA o o
o 94 FHES B, C, Dehal W 4 B2)I 4 G2D g FE GOz

e Wu4l BEE 9e Fe Table 329 Bk

Of
-

o &, Fig 350014 A% A& A 29w 249 YA«B, C, D) 7 vt s
A ogl= AFEE Ao galal A Ao WE = | AB, AC, ADo]t}. WA
TE5 ol §3td, dHe HAX dF goe=2 WA T 5 olrt. ¥WE ABS AngDif &

1.31e]3 SLR-> 8(10)oltt. o] &el ok A 4=z {0, 0, 133 {0. 0.98,
0.08} o]tk o] A& 7FA AL Conf(AB)E st 53 2t}

et

ABHE oM w o, .= 1{0,0, 1), ng,=1{0,0 1}
ACHME oA p, . ={0.70, 030, 0} , ng,=1{0,0 1}
ADME] A 1, = {0,027, 073) , u ., = {0, 025, 0.75)

 0.5%040.9x0+0.5%04+0.1x0+0.5%0+0.1x0+0.1x0 .
Conf(AB)= —0
onf(AB) 0+0+0+0+0+0+0

 0.5%040.9%040.5%0.7+0.1x0+0.5%0+0.1x0.340.1x0 .
Conf(AC)= = 0.38
onf(AC) 0+0+0.7+0+0+0.3+0

_ 0.5%0+0.9%0+0.5x0+0.1x0+0.5x0.25+0.1x0.27+0.1x0.25 .
Conf(AD) 0+0+0+0+0.25+0.27+0.25 0.23
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0
002 BE@T. 29 oJue WEHABE ¥A FEo A8 9A Fr P Eol

7}
e 8 MEolth o 9ol VEA 24w 2E e AAE et 9
= otk 29 A9 FE HolE golA mi} me

7

LM 49 (High>Medium>Low)ol ko] o=

A(100, 100)
B(108, 90)
C(111, 101)
D(107, 104)
SLR=10

Fig. 3.5 Particle pairing with fuzzy PTV
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Table 3.2 Input data

Direction AngDif SLR(Distance)
AB -51.34° 0.896 8(10)
AC 5.19° 0.09 11(10)
AD 29.74° 0.52 7(10)

knowledge basement

decision making,

) defuzzifier
inference

pProcess -4

Fig. 3.6 Fuzzy—controller basic rule
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Obtain experiment

data or
create virtual image

~ Centroid tracking |

' Decide Input data

!

Change input value as fuzzy input
value through membership function

v

Draw up Look—up Table
(Fuzzy L\/Iatrix)

v

Draw up fuzzy relationship and
operation afterward deciding
composition of inference rule

I

Detect velocity vector
Through defuzzier

Fig. 3.7 Flowchart of fuzzy in PTV
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ol#] Fig 3.8, Fig 3.9+ x-streamwise W&o 2 o]F 77 10pixel == 7}4
Holg & TA AZS o 538 &4 Wyolth. GA, Fuzzy, &F 538 A HH

g 92 & AW, Y457 Bobgel mek GAE Fuzzyol ws) ARALS] ulef

W WE EAES UEY Ifolil B+ 33¥ 2o Fig 315 WA oe ¥

HE BAG 28 Zola A2 ofgeh o
E(%6)= L% ( A= 4)x100(%) (3.2.8)

of 714 N+ Z+2te] 3t¥] S (Particle) 47(2000, 3000, 4000, 5000)°]iL, A& o] 1] A]
% WAL sHE| 23 delwy AA Lzadow T@ v

AR FE W A A el A WEjel T, TeLelA o g%l e e
Zokel et @& E oF F7RSAR AL Puzzylt GARF e e WEE

e o & A
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(a) 4000 (b) 5000

Fig. 3.8 The instantaneous vector (2000, 3000, 4000, 5000) using GA
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TTIIT

TEGTTL ¥ TR T W T

=TT

(a) 4000 (b) 5000

Fig. 3.9 The instantaneous vector (2000, 3000, 4000, 5000) using Fuzzy
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(a) 4000 (b) 5000

Fig. 3.10 The error-removing vector (2000, 3000, 4000, 5000) using GA
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LRALE R Ly

—

(a) 4000 (b) 5000

Fig. 3.11 The error-removing vector (2000, 3000, 4000, 5000) using Fuzzy
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(a) 2000 (b) 3000

(a) 4000 (b) 5000

Fig. 3.12 Interpolated vector (2000, 3000, 4000, 5000) using GA
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T
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JTTTTT
!
l
I

111717

(a) 2000 (b) 3000

(a) 4000 (b) 5000

Fig. 3.13 Interpolated vector (2000, 3000, 4000, 5000) using Fuzzy
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- Fuzzy —e—GA
_ 4000
o
©
(0]
>
o
[
£
[¢]
k3]
5]
= 3000 |
2000 # . :
2000 3000 4000 5000

Create Paticle Number

Fig. 3.14 Matching vector (2000, 3000, 4000, 5000) using Fuzzy & GA

Table 3.3 Matching vector number(N)

Particle Number(N) GA Fuzzy
2000 1960 1967
3000 2940 2950
4000 3916 3942
5000 4895 4928
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Relative Error(%.

‘-I-GA ——Fuzzy

2000 3000 4000 5000
Particle Number

Fig. 3.15 Relative error(%s) (2000, 3000, 4000, 5000) using Fuzzy & GA

Table 3.4 Relative error(%) in particle number(N)

Particle Number(N) GA(%) Fuzzy (%)
2000 3.40 3.05
3000 3.33 3.20
4000 4.03 4.23
5000 4.62 4.70
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Al 44 DNS 45 A2 f5l @ 4557}

4.1 DNS 7} 949 AA

3Fo = HA dagES o]&e 23U PTVHHE 714 deolgo 9 H=
ol 4 g A3E HYS & F oAt o] AolA = DNS(Direct Numerical
Simulation) ©lo]Elel] x| Lael5S AL sFo=A HX daugFel &8rek

of thel 7bstaar ot

]

Willert and Gharib(1991)< DPIV (Digital PIV)7|® 2] H71& 913 PIV 79
(32x32 pixel®] G AelA 1170 A= QA7 FH A= 4ol 8pixeld
Hoo] thak =3 0 27} 0.8pixel)S A AT o, Okamoto et al.(1999)& AE F%=
o 3A¥ A +F= el PIV £594Y #4843 PIV 3+ A€ ((PIV-STD3D)<=
AA G & Aol eE HA dugFe] H5S H7Ee7] 9@ PIV Challenge
03(http://www.pivchallenge.org)oll A #| &g DNS WF AQd H5 olvux]E o] &3}
Atk 2 om A= =, dE L Fo PIV E PTV #A AFatE5e 9s|A PIV
2 PTV g5 A5S A AHgH

AbE® olF A= DNS HlolHE 7Hgolm A= AAFAZ Aow sdes (1536
512)pixele]l ¥, Z} pixel2 256(gray level, 8bit)o]t}. AAE o]n x| == 1007 o]t}
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AGE oA ZEE wWAS AASE FHS AAY, ov| A= &5 YA
EASHA Bu o2 A Agw olulx = AA g 93 o] FI v sHFAFH
(boundary trace)= 3to] stubY YAZ AA = Ao dis] A

o s AR FHS AT F, 94 249 ANAN, FAYA 4L FahE
A& Furdth A% 249 MEE FY gAY RE A o A

7H =13

rt
&
f
N
)
=2
o,

2 l AHsom AdeEn. AAE dAe
aEE, AA dadses AEete] HATAA 2ad HHE Z2A4%d. Fig 412

DNS @ 2d €A oju Aot}
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Fig. 41 Raw image
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4.2 DNS 47 Ad AFZAH

%7 ¢ueFe FAFEE 227 S5e] DNSE o] 4% URALHFE o
MAE 2 =EelA FEd dugEs 486kt Fig 42 = 9

= (Centroid) 3t9 ©lolE] Z 5 ¥ 2| (Fuzzy), & A (Genetic)#} 418 &S A}438}o]
T, ool AA BE A

A~
-~
AAY AA BnAFE AED AN FA4 BuaFe 48D Aol v B
Z

2
2
si
N,
o,
£l
iy
iy
o
o
=
o
o)
A
o
B
o,
=2
>

g 43 ]
T o x/D=15AAA Y FAL FEUVIE e

I, A dagFoR
agolth. A B F e AA"E y/D=02XAEH 0744 BAS WIE GA
ArATRE HuA s Hola AiiH o= Fuzzy AxMAAR7E AAS F&ol
A Bk gES 4 F dd FF AA FEASed 485 Hdde AASTE
Aol gRE HEoH] AT M2 HA FE Gag s Jido] Hastiy.

Fig 4.4, 45, 46< Zt7z} W4 F 7 =(Turbulent intensity), d#olst Hu3-&
(Reynolds shear stress), ¥ <& oy A (Turbulent kinetic energy)& ¥ %%

Az dmgZor AL Aot HiF 22Xy EE oA B £ g AAHY
AAA o2 HA(Fuzzy) €8S AT 237F 4 dugsetd dodoe=
g FAIST =3 (profile)S 7HAW o= ot F A AuHom dF B
Lo Fam st oW ARV & 72 (Distance:SLR) 7}

A = zt=d HlE, obd G £ AAST FEolA
ZHuE JA AE Z2A Fetle ARE fEEv. ole HA FE H ol E(Fuzzy
2 Zkel ZF=(Angle), A (Distance)?t A A f& el A

g A2 axed AgaA Fee % & AL, FF PTVA 4442 Aze A0A

_43_



Fig 4.8 SAAAA 7217t b2 A (Distance) #o =2 A Aol £&
7b =% obd] FEoAE AYE AA F Aol & WEH IEES MEE Y F
At Fig 4102 # %3S Fig 499 Iy d9doz o] 7z Jogdz vy 35
g Tl Aol adeld & F 9xeo] Section-Av A2 HAAR F
(slr=5) ¢ w =& Wg 3IEELS 7[A Section-B, Section-CE Hxo=zw &
A FgolA = WE IEBES BT olE FF HAA HA dudFe A&
PTVe] oA M= HAA F2 73S MEd 2840 d5S F2L & U
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NNRNNNN AANNRNNN DNARRN
NNRNNNN ANRNRNNRN 1]

Z=anmnnn ARNRNAN INNNNRNAN INRNNAN]

(b) GA

ANNNNNN NNRRRNAN RN EANNRRRNE

(¢) Fuzzy

Fig. 4.2 Mean velocity profile of the interpolation files
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y/D

y/D

—e— U/U0 (GA) —=—V/U0 (GA)
—4— U/UO(Fuzzy) —a— V/UO(Fuzzy)
1 -
0.8
0.6
0.4
0.2
O 1
0.2 0 0.2 0.4 0.6 0.8 1 1.2
Fig. 4.3 Mean velocity profile
——TIU(GA) —=—TIV(GA) —a-TIU(Fuzzy) —=m—TNV
0.02 0.04 0.06 0.08

Fig. 4.4 Turbulent intensity profile
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TU. 0000844371 000482128 000899815 D.D1'305

x/D

(a) GA(TIU)

TU: 0000325317 000268537 000504543 0

0.008765584

787 7EE-03

mﬁgﬂﬁt;ﬂk

(b) GA(TIV)

Fig. 45 Turbulence intensity distribution
T ,/ 22 T ,/ 2
S/ A
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TU: 000351563 N 0Z6R373 (0437602 N0RDBBZ5 00780048

X(x/D)

(d) Fuzzy(TIV)

Fig. 45 Continued
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TU: 4891351E-0A 53K2?8BE-05 0000102344 0000151058 0.000188775

24401 L]

xD

(a) GA

R TTTITTIE

TU 0.14911E.05 0000898103 00013048 000191181 000251832

. rﬂ:ﬁﬂﬂ'ﬂr"

x/D

(b) Fuzzy

Fig. 46 Reynolds shear stress distribution (RES= — 4%’ / Uoz)
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TU: 1.76126E-05 0000167131 0.00031665 0000466768 0.000815887

x/D

(b) Fuzzy

Fig. 4.7 Turbulence kinetic energy distribution( 74%= é 7l 0 )
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(c) slr=15

Fig. 4.8 The instantaneous vector using Fuzzy according to searching area
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1536 pixels ;

Section—-A

512 pixels Section—B

Section-C

Fig. 4.9 Calculation domain according to searching area

Table 4.1 Vector recovery ratio(%) according to distance

Distance(slr) Section-A Section-B Section—C
5 16.0 19.61 64.36
75 25.43 37.82 36.75
10 34.85 35.70 29.45
15 34.62 35.12 30.26
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Recovery Ratio(%)

70

—e—section—A —— section—B —A&— section—-C

10

5 y( 5 10 12.5 15
slr(D)

Fig. 4.10 Vector recovery ratio(%) according to distance
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