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Measurement of the location of projectile burst on water
surface by dynamic image method and its error analysis
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Abstract; In order to measure the value of projectile points on the water surface accurately, a model of dy-
namic images measurement based on CCD camera is established. The function of the value of the surface point
and its measuring error are analyzed by using the collected images information of the relative points taken by
CCD camera secondarily. First, with the knowledge of spatial geometry, the azimuth and the elevation angles
of three designated points on the target ship relative to the measuring ship are obtained. Then, combined with
image coordinates of the specified points at ¢ point, the relationship function of two sets of parameters between
the image plane coordinate and angle information is presented by taking the constant model, so the azimuth
and the elevation angles information of the projectile point is obtained. The function of three-dimensional pro-
jectile burst coordinates is presented by non-coplane intersection method. Finally, the coordinate’s errors from

the evaluation of the pinpoint of the image and the location measurement accuracy are discussed and the rela-
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tionship is investigated. Experimental results indicate that the three-dimensional projectile burst coordinate’s

measuring error are 2. 8, 4.9, 4.3 m, respectively, in the condition of the minimum intersection error, when

the position accuracy is up to 0. 05 m and the image pinpoint accuracy to be able to 0.5 pixel.

Key words: location of projectile points;image coordinates ;relationship function ;measuring error

1 31 =

SRAL TR L, RIS T8 H PR O HE R 8, 2
SHUALRE A 8 5 RE 23 R AL ESCE AT ) A B AT ol
AT B E T B TRG  BEE 4
U B AR R S A O, B K IR 7 A5 P 0
KPS R I T ol B B R T . R AL
AR A I — P T M G 2 AR S e ) 7 3k
7o ARSI P S SR 2% A Y
BRI, BN AR AR R 2 A AR LA
AR5 T AT A, AR oA vy, PR BB A A R X
KT RE FARPREE A A A 3 A B R i
HK T FR I B AN BRE 3 IR 25 K, e AR AT K
M5 Tl P A AL R, X TR B S A SR 2
g, TR A S R AN AU 4 2 ) e AR
VB B LSS AR K AR A, i A A9 07 Bt A A
Wi 0 e R E I ELX B F BPR BE HE AR A 2R
By N AR S A IR T AT, A B B
P EESAEAWTH AL, A B A & 5 HAR
AR BIRA AR SCHRAR Y T X e 25 SR A T
REEIE PSR S PR TR v (9 S IR AN 2R
HAR, SRALYR RO K TR AR R DU BTG B4
TEAE IR o Sy fifp R 7 T B 0 AR S )
PNFVL A2 4 T 3 CCD BRI B 43, Al
FAPIANEEES CCD 40 g 5 B0 L1 8 /K I v
AR SRR AR ME BE B/, O 1 e B (B A
TERT ZFP CCD [ 7 By [ AL, [7) i ik B2 5 11 7K TR
EZRAE Bl K7 B A 17K AR
H1 R K T i B 4 Sl 0 i 2R 8 58 i), 2 B A
P BB A % B K T 45 B PEAR , 58 A K i
KA LA B BB PR AR A B 2> B R
i LA AN PERE T R, S 20 A a] SR ARG
e RS

ARTCR A  B ZARP LR A B AE AR AT
A HARA AR, S B e i 20 5 a5 A%

A o 1 o 225 ] AR AR R ZR B RS O A S 2SR B
[ 9 5 28 A% 368 pR AL, RS v it PR AL s 21
JrL MR AR 5C 2R 15t E b v AR
RS EDEA Y SN T2 DR R N TR eSS RE N TR
KTV R 23 ) =R b, 7 vk A S B i
SE RO R E H G A bR P N E S RS
Y5 25 A% 1B pRRL, Bl i A R B (XSS 4

SN BRI ) W A AT 0 D7 SR S v A B0 A [ A
Bro SERRRO s AR SCHR Y 07 1 BE A AE R b
B2 FULIRZEAAE L N AL iR /MR LT
i F bR 7K T 7 5 5 4 A 38 0 A A A ) G
.

IIT UL O AR R R AR UEAR R 2R 2
CCD BhZRAE R IEIMGAE B S A 5 28 AR AY
AMEA R G T K T AR IR EA AR ) 2
DR 22 FI1 E T b R fr) AR A3 B A BR AR 1%
ZEFNAR BRI 12 22 LA X CCD AHAILAS B (1 4137 W
AR EH TS — A i BE AR T 3L A5 A A A
T, O LU S e, AR IR T 9 a5 I
Dk AR RS RE RO EAE R AR TR

2 Mz R

2.1 ZhBEEE

1 K A s R, B AT A
AR 00 A 0 R N A O S AR R R SR Y
CCD ML) 4, FIH TR SMARS GPS 1%
it EATE =S A B LC RIS Q.0 Y Kb
A (R I Y L 2 25 b K T Ay S5 o 1 S
B AR bR FR LD S5 0 A B K B 2R R R
Kb B R ), 4 I (B, L, H,) i =0,
1,2 (B,L,H)FI(B" L' ,H") , B FH K A b5 F b
AR R Z R R T e O
FPRAR T A B .C = SR FR(x,,y,,2),i =0,
1,2 K Q Q" WIHR (x,,y,,2,) (x),,y),,2,) o K
ES WP



132 DA

8 &

], (1)

x (N + H) cosBcosL
{y} = (N + H) cosBsinL
z [N(1 -¢*) + H]sinB

AN = = PK, 90074 J&l i il 5 2

VAl —ezsm B
ﬁ?tFWﬁlB’J — L a,b 4y
wﬂﬁﬂ‘ﬁﬁ?ﬁilﬁﬁ{t%#ﬁo
FEHLCM AR AR 2R I 25 6] TUAT 3K H AT 2

MALBLC oI TIEA QL0 El’Jﬂﬁ‘ﬁDJ?hﬁJ
JEAFE A E o XA Q

Z—Z

A, = arctan
X =X,

, (2)
Yi _yq

(z —zq)2 + (x, —xq)2

E, = arctan

Wk A2

S I T 3 ST A
Fig.1  Schematic diagram of overall measuring system

of water surface

Arfr,i=0,1,2, XTI S QA Jr (i Fift
A ME,,

ASCRF CCD A ML 7 #E MY b s AR A
SURIGE R ASFE CCD &R b By AR s ] 1Y OC R pRER
IXFE AT DLAT R8s 1E AH AL BE Sk W AR A Y R
2 T E SV S CCD AALEE i R
FEHES IR AR T B, A B T AR T
BHAMIRFR, E R H AR s SR AEARLB B LA~
T3 2L HAMEIT b AR A A5 AT A BT
E MBI AL,

H T CCD 2 # 2 MFr F- — A~ 1 A o
B, O TR RN T RO A AR
H(512,512) (AFEHL 1 024 x 1 024 14508000 A
+) , NI T A 049 45 T A8 s (L A0 2 8 e 5 2
FeULE EME, H T CCD AL R IR /N,

TR S W85 728 RG22 ) 52 i R AR, oA T A T A A
(X,Y) R EEARAR (A, E) B R EK , A CH % &
PR AR AT 22 0 D AN AL Bl 1, DA R R AR A il 1Y)
LU R AN, AT LR 87 B A e M OC 21K R 4K
RN AR R, B 2 A P A A R R A A
LT R,

B

0’ o
o A

K2 R AR AN B A BR B LA G &
Fig.2  Geometrical relationship between angular coordi-

nates and image coordinates

FHIAT2 TR, A BE AR AR 0-AE (9 A S5 E Bl
SRR AR O'-XY 1 X Bl Y Bl N o,
Bo T X HIATREATE T VA2 ETBE o A5F
T Bo BUBAERIGR A R Z& b XY By L i R o3
SR Ry Ry, H O'TEMEALIR R T BAARH (a,
d) B SR AR R (X, Y) B2
AR AR AR AR A -

{A = a + XRycosae — YR, sinf3
E = d + XR,sina + YR,cosB
— RysinB = ¢, Rysina = e,

(3)

W Rycosa = b,
R cosB =/, A
{A =a+bX + cY‘
E=d+eX +fY
FrBUE BG As bR X Bl 208 0E J5 7™ A H T
HT Y#i(a=p)WAIRE LB R AR R, =R,,
Wb =T LIRS A
{A =a+bX +cY
E=d-cX+0bY
LA, Ry cosa =R cosB =b,RysinB = Rysina = —c,
XHEMES RYNC R AL 5 KA, B2
HERM(X,,Y, A E)i=0,12 fERIEF HE q,
b,e,d BIREFE . XTTIEAY Q 2 A, B PARE 21505
XEREA (X, Yy, Ay, Ey) FI(X, Y, A E) fRA L
XK a,b,c,d F{E, BETTRRSE HARYE 50 M B9
EURALPR(X,,,Y,) AT LKA T 00 & fF Q 195

(4)

(5)



%51 BUTEUR , A5 - B AR TN K TR s L B S R 22 A 133

A MM EEAE B (A, E) , [R] BRI & i Q" 4k
M R(AE")
2.2 REXSEESH

TE PR AR AT 22 23 £ 1) 3 B vh ol 1A%
JERARAS B B 50 22 5 SR s B I [] [ 28 H A
255, N EANE TAERREE BVE R, PR 4%
JEEAF LI []— B A B PG A AN 2 AH 52, T2 R
Sz ) S E R RH S E S S5k (FH R
TS B ARYE s DGR T IR BT AL
B AR MRS (R ARAE S T AR
T E bR £ )7 BB v, = (m,
n,,p,) = (cosEcosA ,sink , cosEsinA) Fl Vi, =(m',
n',p',) = (coskE'cosA’,sinE’ cosk'sind") , NI
AR Y = (A,B,C) =v, x V, BEATE
LBV BT M, M, M, Q, Q"I
MO EL TR FRR IR

x-x, ¥y -y, 2=z _,
cosEcosA ~ sinE ~ cosEsinA ~ ¢
x—x’q y—y'q z—z’q )
= = =1
cosE’cosA’ sinE’ cosE’sinA’ q

(6)

HRPE2s ] UA] R 0] LAAS S M, A M, W6 S

2 AEAR M (x, +myt,,y, +n,t,,z, +p,t, Fl M,
(x'q +m Lyt a2 plt)

WA M GBI AEARFR IR

x x, +mqt, x' +m ]
{y} = y(] + nqtq
! rog!
z z, +pt,  Z, +pt

., (7)

! A
y(/+n'ltq

N|»— l\)|»—*

! !
A X, —x, m,

!

By, -y,
C 2, -z, p,

q q

A m, m
B n, n'q
¢ p, P,

m, oy p, ABUEEAR O AFT EHRVE S 6 L4 7
[a] [ %ﬁ}i;m;,n;,p'qﬂﬂim%ﬁ% Q"X T HAnv
SOGB4 554, B, C A TEZ A U7 1)
] 5 0 o,

HAERRBERRWT

[ s 4 g £ .|

1
AT H Ardl niny
DA frA,

E

¥
RO H b i
P faA £

}
WA Qe 9 7 T 7l

"lhrq

15 Gl
AL Ji [ ik

6 il 2 T R

2y TELR B G
M, M ER

PR B M
B0 b

R e R 27 B 4 A HLT 2 A R R U 5
KT 38 25158 2 K5 B 19 43T, 58 23 A BE B /DN
BRI FUARE RO BE . A8 2 TE 60° ~ 90° I,
SENIIRZE BRI/, 7E 90° B3A e/, il % 58 45 i
JE 938 K (90° ~ 120°) Wik Ak, i AS2pr T
554 F R EL 90° Fik Ay AR 1012

3 RESH

3.1 RERESH

F 0 FE T AT, R 25 R IR GPS E A
P25, CCD BB UM BE 38 B RS o BB A 152
2 RS2 %E, GPS 2 Bl E N E s iy
SRS, TSNS B AR Rk A A
a5 S, e ARG BE AT LA 3] 0. 05 m, JIE A
BRI R SN T 2 AR A R () A B JRE A A B i
D5 I R RUBE 480G 2 Ol T /D i i, sl
FE bR B, PO EORE AL AT LR A, BT CCD
15 ICL RSH AN U UE, x T 1) Ay 7 18] B9 R <F
AT BRSNS AE A T 0 < PO R FOB R TR Y



8%

134 r
%

BEREARER « 15 R T R R AT
J—_E[13.14}O
et A B I 01 S T 2 2 B
1 R B R S CCD A %9 1925 1] £ 45
BB A COD 20 Rt R RE AR
RN 10 pm ZE AT INET 4 ~ 6 ) AR T
Wi T RO X TS S N
FRR A R ARIZITHCH N x N BIATHL, H2 )
IR £ S (MBI RIS F 1 M)
()]
& = N (8)
XN A CCD s ARG ok, @ =
2arctan( 242 LA LI AG E . th TR KU

MY R NI T W ) | B i A =
E) AR, RO ZERTIA 0.5 MEE L EN 0. 5¢,
HARIE SR A B IR E R S S e A ss 2

FARNTE BN T PIAG B 10 R AR B . T
£ BE 1R 25 E B BTORT L AT GPS A B2 Sk m] P
MR 22 B BB, T T 45 B 9 1R 22 40 BT
.
3.2 RESW

T 5 17 128 58 £, b A e 5 138 1) T
VESE s Rt fil 52 25 R Tt A2 UL 7 4 45 FL3E
SIATE 90° il . Mg iy A bn =X (6) AT,
EISY VIR Y 705 = 07 71| b AN AN
A EE T eRE, B ARE mURE X T P S A Y
IR iR 2% o, 0, ,0,,0, T LLHEH
AT B T 15 25 LR TG B R 15 22 43 M 7
th, GPS 5[ E A B AR A E SO B IR 2E N 0 s o
5 L3 15 2 — P IR DN e 0T A AR AR R 25
BT A TC RNV A A A AR 22 1 52
Wi, o, 0,0, 7354

o, = [<8_x)20_2 +(6x Yo +(%)20'2 +(6x)20_2 + Po, ]]/2
% aA 4 oA’ A oF’ 7k oF" E GPA
d d J ) 2
o, = [0} + (20 + (20t + (2)oh + 0ot (9)
0z Jz 0z 0z 2
a-z = [(ﬁ)zoi + (aAr>20-i’ + (ﬁ)zai + (6E7>20-i" +R0—%}P/\:|
K
ax 2 ax 2 2 ax 2 ax 2 ax 2
P=0C=) + (o) + () + () () +(o5)
ax, ox’, Y, v, 0z, 9z,
Iy \ 2 Iy \2 Iy \2 dy 2, 9y 2 dy |2
Q=) + () + () + () (50" +(55)
ax, 9x’, 9y, v, 0z, 9z,
az 2 8z 2 2 az 2 6z 2 az 2
R= ()" + () +() + () () +(5)
ax, 0x’, Y v, 0z, 9z,

i AR Sk O CCD ALY 2 6]
BRI R B RO Y A 33 H b v 5B A 1Y

[, 04 - 0A
E P

9A |,

ot o
[<6A0) a0 + Gy

2 [N (9Eya, N (O
o = [g;<axg * > Gy

[ (g_AE;ydo

Ao

AR AT A R 2 AR I E

2 aA 2 aA 2 2
4 (G0 + (0 ol +
0A 0A
Py + G+ () [, (10)
2 aE 2 aE 2 2
- = +
2+ (50w (802l

aE 2 BE 2 8E 2 2
+(8_Al> (]’1+(0_Ev0) b°+(8—El> bl]a'cps’ (11)



%51 BUTEUR , A5 - B AR TN K TR s L B S R 22 A 135

0A; , 0A; , 04,
ai_(Mg +(&? +(Mq

oF, oF, or
bi= ()7 + (55)7 + (

x; ay; dz;

i=0,1, [FHE o) o7,

HC(9), (10) ATLLE N A E, A" E' iR 1E
25 L E SO B AR SRR A AR I 5T 015 25 R B
FE 28 (B A AR BT A B IR 22 R,
LAGB R Hb i B IR 2Z T, VR R AL B R 2E 5 &R
VAL ZZNEAE Y

4 FhhhHER

4.1 EIGHIEALIE

ARSCHEAT T S PR LI AR 2 SE 0, SR R
FHARADE 2555 GPS 2 35 7 B, Q Al QI 2t iy
fii B FAML AL 5 2 A ORCA-flash 4. 0, M HLAY
BIE 4 3l 2 048 x 2 048, R £ RN~k
6.5 wm x6.5 um, FE & TRHORN 70% , H25 6]
SR 2 X L 4R 37 L £ AR Ak, LI T
TR 2 T 7 T A AL R Sk K B ds ) # A
M AR ER AT S T RE RS A2 T CCD il % CCD
A3 P95 A A B AR s B R AT RE ) 5 CCD
AT, S I AR e s L R e e, X T
877 AR TR AL PRI X, L SR FH 0 580 AL T
KRR ALY 5, 21 g (1) B
Je HC BB R 2R T R A (A AR R

R 1 ERERAR EE AR E ARG O A4 FR
Tab.1 Geocentric coordinates of points

and measuring ships

No. x/m y/m z/m

A -2481438.920 4 172 027.248 4 123 447.395
B -2481451.865 4172 019.178 4 123 447.768
C  —2481464.340 4 172 011.337 4 123 448.191
Q -2479586.645 4176 130.661 4 120 427.098
Q' —2485831.796 4 172 054.275 4 120 791.172

LRGN R — 152 CCD K&, 733 —
HIELER) I R, B3 o I 20— 1 P45
NTARGI o B 220 64 5, 45 20 2 A H AR
GO EARME R, S WK 2,

—? 4

0A,
+(az )?
q
oF, oF, oF,
(5;—)2 + <EF_>2 + (Eg—)z
q yq q

K3 I Q FASRAY ¢« I 20 S PRIER

Image of the projectile point obtained from meas-

Fig. 3
uring ship Q(¢ time)

®2 ERMBRRANGITAELER
Tab.2 Image coordinates of specified

points and projectile point

AT Q A Q'

No. fssdbr b BEARRR SR
X/ pixel Y/ pixel X'/pixel  Y'/pixel
A -25.4 3 -23.9 0
B 2 3 1.5 0
C 28.3 3 26.3 0
M -10.8 3 83.1 0

HITHEAIR AT Q W= AR IS A H 5L a, b,
¢, d 7PN 121.7 1.6.0 F1 —49. 2, [A]H i &
P RS R 2 0 31.2.0.7.0. 8 Fil —0.4, 4R
PR BT AT LS ) B bR 53 AR X T
PR DT AL IR AR, Hi=C(4) ~ (6) TTHRK
T R A, 2N (8) ~ (10) 715 HARv% s iz
BiRE, K3 GHTKIETE S E A ARME IR HE
22 (LN 90 TEBL T ) o

®3 HKEERLARAER T ) ERIRE

Tab.3 Result of value of the projectile point and its error

EAH/m RZE/m
x -2 481 459.4 2.8
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