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Abstract

The rapid progress of image processing and visual computing techniques enable optical
quantitative measurement techniques to be widely used in the measurements of fluid flow
fields. One of the major methods for computing pixel displacements in optical quantitative
measurement techniques is dense optical flow. In vision problems, optical flow requires three
basic assumptions: pixel intensities should maintain constant between frames; the motion of
objects between frames should be minor; pixels subjected to a region or an object should have
the same motion pattern. However, the physical mechanism of pixel displacement in fluid
measurement is that the fluctuation in temperature causes the random fluctuation of refractive
index. When a light ray is passing through the fluid field, there appear image blur and pixel
displacements in the image. Obviously, the basic assumptions may not be satisfied if we use
optical flow to compute pixel displacements in turbulence degraded images. In this way, the
pixel displacements in the images computed by optical flow are not correspondent to the fluid
field degradation characteristics. To address this problem, this thesis studies the dynamic
displacement characteristics using the refractive flow model, based on the physical
mechanism of degradation when imaging through the fluid flow field. Then we study the
properties of pixel displacement and apply them to the measurement of key parameters
measurements. The main contributions of this thesis are as follows:

(1) A model of imaging through a fluid flow field and causing refractive flow is studied. First,
we study the model of pixel wiggles caused by the motion of fluid flows, and prove that
the wiggle features are constant as the fluid flow are moving a very short distance. Then
we give the derivation of the computation of wiggle features and refractive flows. Finally,
we designed experiments to prove the effectiveness of refractive flow model.
Experimental results show that refractive flow model can detect the refractive flow region
in the space accurately. This model can be generalized to the analysis of statistical
properties of refractive wiggles and to the detection of thermal anomaly regions in the
space.

(2) A method of atmospheric turbulence degraded image simulation method with spatial and



temporal strength fluctuations is studied. First, we analyze the effects of the distribution
and motion of turbulence eddies on the images. Then, the degradation effects are treated
as the combination of the degradation effects produced by different turbulence fields.
Finally, by setting the spatial distributions and motion attributions of turbulence eddies
along the imaging path, turbulence degraded images are simulated under the condition of
spatial and temporal turbulence strength random fluctuations.

(3) A method of estimating turbulence strength using refractive flow is proposed. First, we
detect and segment atmospheric turbulence regions in the space based on refractive flow
model and super-pixel segmentation algorithms. Then, pixel displacements are computed
for each of the segmented regions based on the refractive flow model. Finally, turbulence
strength of each region is estimated in terms of the relationship between pixel
displacements and the variance of angle of arrival as well as turbulence strength.
Experiment results of simulation data at different turbulence strength show that refractive
model achieve a higher accuracy compared with optical flow. The turbulence strength
results estimated by refractive flow under the condition of moderate to strong turbulence
strength are more close to ground truth.

Key words: refractive flow, fluid field measurement, imaging in atmospheric turbulence

simulation, turbulence strength
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AR 2 18] vy 37 AL I A 4D i s AT

17 B 7R L2 H0y X 8] SR v R 7K ROBE L NS BRE L, B AR AUL A T 1Y
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R WA BB, ATEEG SRR EGE TRL, HARRNes, 75
HA B 10 o o b g le AROR AT OB BB N L= 1000m . fE i I 3 K N
C2 =54x10"m?P &4 TR B4 RN 16 (b). R R4 FmiERE R, FEIE
BGFBImT AR 2 1) B a BoAT B2 i BB Bl o A st DR A A T AR 58t e
W, SRRSO T B AR, T EL T SR R 0 A T R R AR

e

a m me - s T el R
----

(@) (b)
& 16 @BRRTFMRERBRTHELE: O)FREREFBEER THELR

3.5.2 Rz mERANELER
I 225 B AR R A R T B R RS S B B & 2SR 2% 3T IS H— 5

29



FEE KURRRE A

H T I 2 5 A AR P 7 B AR O B A TS 5 B AR T 1 B A b 2 52 BB L 23 A 1
TR REI , DR A7 2 D 4 PG b T S A AE I S R AR, AR5 BT U R A BA Y6 1) e
FENF=A e DR LA SR FH I S0 MR L S VDB A B 37 5, D 446%600 K/NIAK L,
W 17 R,

B 17 iEEEEREIRER

ARSI T R AR A Z IR 5 AR, 5 1Py K i P

REMAEWER 4 FHIR:

R 4 REXERRRERE (B BER)
112|345
JKF180|60|86 72|92
X1 |64 |45|72|60|80

IR 3.4.1 5 Pimin BRI IE, R AT 5t 2 BART T  FLAS BAR X TH) A i
o3y A 18 th NAE A . Hrp 18 () Jy MR EE B AU 55 AN R X
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6 (12545 A0 5 P PR 2 A T ORI G i 1K) 5 BEERAR o 9 BE AN B 20 1) 05 AR R AL 1A
B IR E A% e B A SR o A RRE A, A G 9 8 50 0 S 1 SERR R Ol 1
Tt IR A R 2 0 TR N 5 5 DY R S T R R SR

34



B8 1 1PN 2 T i 2 A

FNE RTINS RNmREENE
4135

it L 58 PR A AT B T P R A AR A M ST o i YA R P P — P R AR AR AT S e
HRCE, V33T S R G A T R BN [ AR FEE 3 R R X3 1 22 £ 11 o 45,
Hill K 3 5 0 2850 5 3 Dy — T 5 R 2

C? =[n(x)—n(x+r)]2-r‘2/3 (4.1)
Hon S dis 2, XOERALE, |r| v/ TR N RE 5 AR 2 18] i RO .
FEIX AP TR T 2 3 S 28 G50 1 80 — MR /N PR B 38 5 | R AT 5 2 07 2 ) R L 52
7 I P 368 i 1 FE 4 B 2 45 4] R B C 2 I8 Vi T e

et FREERE BRI CE N R i T 7 K B B BN,  FEBEAT IR A SRR
Y B 5 2 ) 3 AR 1R 1) 4% 328 bR £ (blurring modulation transfer function, MTF), 7E#)ifif%
36 PR A1 I sl 75 2 FH 2 B AR P X T S R S5 R R B C2 o NI AT TSR 2 B RS R0 7 v
BEAT C2 IR , 9] i K< A 4R4X (scintillation detection and ranging, SCIDAR)*¥, SLODAR
(slope detection and ranging)™®, #7314z 5fj(differential image motion, DIM)®®, 2 i [ #ik
38 (classical scintillometer)®7 %% , 33 e AR 5925 (i 5 7 T 75 LAl B R IR Py 4%
Fe o BN R AR A0 5 — N RS AR B L, PR 7 3 b 7 VR A SE B I & PRS2
o — MR TR AE H AR L E — A RO (BanEot), B N T E — e
BEE bR, Bl S s S, DA R RIA A RS O, X e T Y S K B B A
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i1 MG R AT REANAELE T DL T 10 4 . A SChIRATR AR R IR, o o BE
KI5 MK AR, SR £ X S i s e ™
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A G 2 A% B 10 77 22 JAT AT PATHEE A R4 T AT A 53 B2 o SR BRI 0 i RS
873 (8] LA I3 B T 2N A AE AN [ B, ORI o) B R 5 i 9 18 3R A i 87 22 FAO i 52
FE MG R AE & IR h 0 A o 4 MRIX AN AR TRAT R OB 3 B 07 2256 B BRI SR 2R
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K-means X} 4 —ANH0 sl T E A 888 5 0 e R, X P RES G NBCRITHE
B 0 L IRATIR I a7 B 2 M %R BB 2K 52002 (Simple Linear Iterative Clustering, SLIC)®Y, &
X} K-Means e 2 A FE TR A bt fUNCTE 55— 5 &R0 [ N s 5 b0 ORI R
T A AR 25 18] FP AR TR AR I . SLIC SR A G s B R IEAE R 0 8], 3.
N 1¥51% R M B 20 NFE, it SLIC w5 Z 4 M T 70 #1 .
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o — 8 BATVR T 22 R HE R 510 DBSCAN K B A AHABA I L 5 1)
X3 3 — A AR, A5 B I KB AL B, DA 7 S5 B ST T 58 B T (1) X
WA S E . DBSCAN HIERMLAAET: (DAZREAGRTHARRLEMIN, HIEMN
e I8 QR EBE RN ERN SRR E . @) iHHACE m . HA i si)xt
AN HEAELZER L, FNmm TR AE, B IR FaT DU H 98 22 16 B A2 4k

2 VA F o RIARAIBE, BRI A — MR AR R mBE RN T2, i H
BIA AR TT ZE R X B IR R L, I R i s 2 S 25 118 DX Sl &2 i L 5 B

4.2 BigEMERIAEE RIE

ot R MO S BOGBAL R m A, 25 RBP4 BE MR B0 Mk R AE
PGP A AR RN I 2 B RS AT BOE T MR T AR . £ T T B R IR L
BN, BE AR IR A B EE S HON 7 ZE M 22 A R

TEF I RIBRETBE AR, BU5A A e AR Ty 2 ) S Sl o A

J.OLan(z)dz, l, < D <~/AL

o, =2.941D7"*s NE
[ c (f) dz, JAL<D<L,

(4.2)

AT TS, AT CAE R B B o (R30S BE B N C2 AR B ] LA AR
B, M RUREE BT, CAE BRI S H. BURT, BE Ak R T ZE i e an R AT
NP
2914, I, «D<+AL
11, JAL<«D« L,
56 A a2 AR AR MR B OV B AL o x PFOV M AS &, I E)IA A
AR 51 EE I B A% 5 7 228

ol = Dl’?’CnZL*{ (4.3)
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g (4.4)
i bEprid, R BRI REAT it s LAl T KB 70 N BUR [ = E 2D IR
(D WEBERMWEER T2,
(2) PGB mAE BT Z A T 23k AR AR 75 22
(3) L BE AR T Z M THmR R CF -

AR EATR A7 38 B et A — A s BB B 107 2, AR5 BA LIRS 2
WM B 5 22 03 B RIS T IX I, X6 — A X S #2 B 7 22 BT S Bk A ke AR
72, Rt — DGR IR R FECE o it aR A T R B AN 23 T

7N

i sLIC | DBSCAN|  RTERRED e g
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HMR F RIS ER — DX, NG REA IR . 7822 ARSI R A7 SLIC 5
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RGB HFiE.

SLIC 7EBRIN S T UE—FOBL S HOR K, B0 15 B R ob 6 4 A DX S B . 3
0 S R R R R 220 R, SRR — RIS v =]y, v, ], EIEA R
VSRR KT O PR RS BT 2 . TERIIAMLIT , XA SR P 153 (i 2 5 22
HIFE, CATIRAA S = N TK LK Ao K KA STE R IR SIE] 3%3 43 A L1
OB AR AR TR, CRE AT LA AL R 3 b Lt BAERD 20, I FLD AR 7 T4

BRI B, XHG—ANRERAOBE MR, M3 LA R
PO R B TR & RS B MR R 1 AT R P AR P B B & B B K
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0125 x 25 KN I LR 52 BRI 19, AHLL T K-Means X4 BT 19 AL 47 157
IRORCRRBERETE T B o 3k B A B 5 — BB B DA 1 A 5 K P 2 T AR
B, A ] 5 R R e R T LU M th R
A1 ZERAS kR R R R B = [, v, %,y || o SRR 2% (RS 5072 b5 i Ay
PRl — NS, T ERBTREAE A BE— . IERTE— RSB IR R K3 1 K
G 7 2 R KA 40 B NG RIN, - TBE B URE 52 SR

d, = (v, )+ (v, ) “5)
dc=\/(xi—xj)2+(yi—yj)2 (4.6)

-] (]

A RIS S IR R RE R L LS, WA RO AR R T4
HhCe B BT A DU AEARFAE ) B PR SAME,  JF R X b (i DU 4 ) & 0 B SE BT R 2R b . K
FI L2 YA SR O RS 2 BT RO R R A B, B A HEAT TR R0 S8 D R
FiRZEWSH.

TE G SR AL R B eh R Bph AT B SRR IR R B B RS T R E R &=
GRS IR R R R
4.3.2 IR,

FE i Vi 2% T DX A2k 23 ) 7R 20 R b 3RATT R 40 T T E R R X, AR R gk — PR A
DBSCAN Xf#E{% % F KO, Mg Rl 7 2 Bl M KR A IR E—iE, BAE BN
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(1) 5 XS pi Eps 818K -

Ne, (P)={qeD|dist(p,q)<Eps} (4.8)

(2) T 3% B Al ik (directly density-reachable)
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BBAFAE— DR Ry, Dy, oo Py HIB DL = g5 pp = D5 B30 Mp B W]
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6.4 x 10-18 3.3995 | 3.6513 | 9.1702 | 4.2233 | 6.0111 | 9.6072 | 6.2923 | 1.8156 | 8.3626
e-18 e-18 e-20 e-18 e-18 e-20 e-18 e-17 e-20
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' e-18 e-17 e-19 e-18 e-17 e-19 e-17 e-17 e-19
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