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Orientation Problem of Two-Media 
Photographs with Curved 
Boundary Surfaces 
The analytical orientation problem of two-media photographs is 
discussed for the case where the airlwater interface is composed of 
simple harmonic waves. 

T WO-MEDIA PHOTOGRAMMETRIC MAPPING is difficult 
to carry out using conventional plotting instru- 

ments, first because corresponding imaging ray: in 
air generally do not intersect, and second because 
we cannot observe optically-mechanically the true 
position of underwater points. Thus, analog 
methods provide approximate solutions only, except 
when using modified double-projector instruments 
(Kreiling, 1970). On the other hand, two-media 

mot0 and Hoehle (1972), Okamoto and Mori (1973), 
and Girndt (1973). By classifying the orientation pa- 
rameters of a two-media photograph into six exterior 
ones and elements defining the water surface, the 
orientation theories already derived can readily be 
extended to the case of a curved boundary surface 
such as a wave surface. In the following chapters, 
analytical orientation methods of two-media photo- 
graphs are presented for the case where the refrac- 
tive interface is composed of sinusoidal waves. The 
interior orientation parameters of the two-media 

ABSTRACT: In the usual analysis of photographs taken of coastal underwater areas, 
the sea surfhce  nay be approximated by a Izorizontal plane at  the rnean height of 
the wave crests and troughs. Howecer, position errors due to this approximation 
are not negligibly small, in particular, in deep underwater areas or for photog- 
raphy from low altitude (Okamoto, 1982b). Thus, this paper discusses the analyt- 
ical orientation problem of two-tnedia photographs hacing wave surface so as to 
correct the approximation errors. First, this problem is considered theoreticall!, 
by representing the sea surface with simple mathematical functions. The orientation 
methods proposed, however, can readily be extended to the actttal sea surface 
expressed with complicated mnuthe~natical functions such as a Fourier series. Next, 
the orientation techniques presented are tested with simulated two-media photo- 
graphs in order to clarify the difficulties when applying them to practical case. 

photographs can be analyzed rigorously by means 
of analytical plotters. Also, to this end, we need 
exterior orientation parameters of the two-media 

, photographs and elements describing the boundary 
surface, both of which can be determined from ori- 

I 
entation theories in two-media photogrammetry. 

The orientation problem of two-media photo- 
graphs has been investigated mainly for placid water 
conditions. Also, many orientation techniques have 
been developed by Rinner (1948, 1969), Schmutter 
and Bonfiglioli (1967), Hoehle (1971, 1972), Oka- . 
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photographs and the refractive index of water are 
assumed to be known. Further, tests with numerical 
examples are reported so as to access the practica- 
bility of the methods proposed, and the results ob- 
tained are discussed. 

This chapter discusses how to select orientation 
elements of a two-media photograph for the case 
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Relationship between orientation and wave coordinate systems for the general case. 

where the boundary surface (the refractive inter- in which 
face) is a wave surface. The orientation coordinate 
system (X, Y, Z) is taken as a right-handed, rec- 612 
tangular-Cartesian system with its origin at an arbi- DS:Di = [!: 
trary point over the water surface. Also, a plane with 

e31 e32 e33 
the mean height of the wave crests and troughs is 
assumed not to be parallel to the X-Y plane of A sinusoidal wave can be expressed in the wave 

the orientation coordinate system (see Figure 1). coordinate 'ystem in the form 

Furthermore, the wavg cpordinate system (X, Y, 2) 
I 

z = A sin[ - k(x - x,)] 
is selected with its X-Y plane on the reference 

(3) 

plane of the wave and with its origin at the point where 

where the Z-axis of the orientation coordinate A = HJ2 (H,: wave height) 1 system intersects the plane with the mean height of k = 2dA, (A, : wave length) 
the wave crests and troughs. Then, the relationship 
between the orientation and wave coordinate sys- and 8, indicates the X-coordinate of the point 1 tems can be given in the form where the vertical displacement of the wave is equal 

to zero. By substituting Equation 2 into Equation 

I 3, we obtain the wave equation constructed in the [I] = D~D;D$ [ " ] (1) orientation coordinate system, i, e., 

Z - 2, 631X + G32Y + 2=(Z - Zo) 

in which Dg, D,, and D, are rotation matrices of = A sin[-k{alIX + 'IzY + - '0) - ' w ) I .  

rotation parameters +, &,-and li about the wave co- (4) 
ordinate axes Y, X, and Z, respectively, and (0, 0, Parameters describing the sinusoidal wave_ in the 
2,) denote the space coordinate of the origin 0 in orientation coordinate system are-$, 3, li, Z,, A, k, 
the orientation coordinate system (X, Y, Z). Equa- and X,. However, the element X, is not adequate 
tion 1 is rewritten as to take as an orientation parameter to be solved, 

because this element cannot be determined x = alIx + a12Y + a13(z - 2,) uniquely in the orientation problem of two-media 
y = a2,x + a2,r + ~ ~ ( 2  - %) (2) photographs. Hence, Equation 4 will be modified 
Z = E3,X + s32Y + &(Z - 2,) as follows: ~ 
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631X + &Y + f333(z - $) 
= A sin[- k{d,,X + E,,Y + d13(Z - 2,)) + kX,] 
= -A sin[k{b,,X + d,,Y + d13(Z - z,))] cos(k~,) 

+ A cos[k{E,,X + + dl,(Z - z,J}] sin(k&) 
= a sin(kq) + b cos(kq) (5) 
in which 

a = -A cos(kX,), b = A sin(kX,), 
A = w, and 
9 = dllx + El2Y + d13(Z - i0). 

It follows from Equation 5 that 4, 6, li, z,, a, b, 
and k can also be selected as orientation parameters 
of the sinusoidal wave. Accordingly, a two-media 
photograph with a sinusoidal wave surface has 13 
orientation elements (six exterior orientation param- 
eters and seven parameters describing the sinu- 
soidal wave in the orientation coordinate system). 

A wave superposed of two sinusoidal waves (a 
long wave and a short wav?) canbe described in the 
wave coordinate system (X, Y, Z) as 

2 = 2, + Z, = A,sin[-k,(~ - x,)] 
+ A,sin[ - k , ( ~  - x,,)] (61 

under the assumption that the long and short waves 
propagate in the same direction. By substituting 
Equation 2 into Equation 6, we get 

Z3J + Z3*Y + &(Z - 2,) 
= A,sin[- k,{d,,X + d,,Y + El3(Z - z,) - a,)] 

+ Apsin[-kp{Zl1X + d12Y + E13(Z - Za) - XWp)] 
= a,sin(k,q) + b,cos(k,q) + a,sin(k,q) 

+ bpc0s(kp9) (7) 
in which 

a, = -A,cos(k,~,,), b, = ~ , s i n ( k , ~ ~ ~ ) ,  
A, = m, 

a, = -A,COS(~~X~,), b, = ~~sin(k,~, , ) ,  

A, = m, and 
9 = d,,X + d,,Y + d13(Z - 2,). 

Consequently, i t  can be understood that the 
boundary surface can be determined with ten pa- 
rameters (4, 6, A, Z,, a,, b,, k,, a,, b,, k,). 

In the usual case, where the reference plane of a 
wave is horizontal and given, the orientation coor- 
dinate system can be replaced by the ground coor- 
dinate system. Then, we can assume that 

_d, = 6 = Oand 
Z, = H (H: given). (8) 

By using the conditions above, the equation of the 
boundary surface is simplified to 

Z - H = A sin[-k(X cos + Y sin i - x,)] 
= a sin(kql) + b cos(kql) (9) 

for the simple harmonic wave, and 

Z - H = A,sin[- k,(X cos A + Y sin i - g,)] 
+ A,sin[- k,(X ax I? + Y sin li - x&] 

= a, sin(k,ql) + b,cos(k,ql) + a,sin(k,ql) 
+ bpcos(kpql) (10) 

for the superposed wave, respectively. The symbol 
q' in Equations 9 and 10 denotes 

q' = X cos I? + Y sin 17. 

Also, parameters describing the boundary surface 
are reduced to a, b, k, and it for the former, and to 
a,, b,, k,, a,, b,, k,, and 17 for the latter, respec- 
tively. 

We have three different solutions approaches to 
the analytical orientation problem of photographs: 

Methods to calculate orientation parameters of in- 
dividual photographs by means of the space resec- 
tion theory; 
Techniques to divide the orientation procedure of 
a stereopair of photographs into the two main 
phases; relative orientation and absolute orienta- 
tion; and 
Methods to determine all orientation parameters of 
photographs overlapped simultaneously. 

The orientation problem of two-media photographs 
can also be solved by applying any of the three ori- 
entation approaches above. This chapter treats the 
analytical orientation problem of two-media photo- 
graphs for the case where the boundary surface is 
composed of sinusoidal waves. 

ORIENTATION PROBLEM OF INDIVIDUAL 

TWO-MEDIA PHOTOGRAPHS 

We will assume that the ground coordinate 
system can be adopted as the orientation coordinate 
system, because a plane with the mean height of 
the wave crests and troughs is usually considered to 
be horizontal and known. Thus, the boundary sur- 
face is expressed by Equation 9 for a simple har- 
monic wave, and by Equation 10 for a superposed 
wave, respectively. By employing a superposed 
wave surface as an example of the airlwater inter- 
face, the orientation procedure will be, briefly out- 
lined, as follows (see Figure 2). (The detailed dis- 
cussion on the mathematical treatment of two-media 
photographs with a curved boundary surface has 
been made by Okamoto (1982b).) 

An imaging ray g in air is expressed in the ori- 
entation coordinate system (X, Y, Z) as 

in which I ,  m, n indicate direction cosines of g. Sub- 
stituting Equation 11 into Equation 10, we have an 
equation with respect to the auxiliary parameter p 
in Equation 11, i.e., 
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FIG. 2. Orientation problem of a two-media photograph having a superposed wave surface for the usual case. 

H = pn + Z,, - a,sin(k,ql) - b,cos(k,ql) 
- apsin(kpql) - bpcos(kpq') (12) 

in which 

q' = (pl + Xo) c o s i  + (pm + Yo) sin 17 

By solving Equation 12 with respect to p, the re- 
fraction point Q(5, q, 5) can be calculated in the 
following form: 

5 = pl + X,, q = pin + Y,, 5 = pn + Z,. (13) 

However, it is lnathelnatically impossible to express 
the solution p in terms of orientation parameters (+, 
w, K, X,,, Yo, Z,,, a,, b,, k,, a?, ljp. kp, 17) of the two- 
media photograph. Hence, p 1s deternlined with the 
orientation ele~nents together. 

Next, the equation of the imaging ray g in water 
will be constructed in the orientation coordinate 
system. For this purpose, we must find the direc- 
tion cosines (A, p, V) of the normal to the airtwater 
interface. They are given as follows (see Oka~noto 
(1982b)). 

(A, p, v) = ( (h  cos i)/A, ( h  sin i)lA, 1/A) (14) 

in which 

By means of h, p, v and the direction cosines (I, Tn, 
n) of the irnaging r_ay g in air, we can calculate the 
direction cosines (I, lit, n)  of the imaging ray g in 
water in the form 

Nliz = m - p[cos i - VN" 1 + cos"] (15) 
N n  = n - v [cos i - d N L  1 + cos"] 

where N denotes the refractive index of water, and 

cos i = Ih + ntp + nv. 

Then, the imaging ray g in water can be expressed 
in the orientation coordinate system as 

The determination equations in the analytical ori- 
entation problem of individual two-media photo- 
graphs are obtained from the condition that an un- 
de~water control point P(X, Y, Z)  nus st lie on the 
imaging ray g in water. Hence, they are given from 
Equations 13 and 16 as 

1 
X = pl + X,, + T (Z - pn - Z,,) n 

?it 
Y = pnz + Y,, + - (Z - pn - Z,,). 

f i  

However, in the actual orientation calculation, aux- 
iliary unknowns pi(i = 1, . . . , t (t: the number of 
underwater control points)) must be determined 
with orientation parameters (+, w, K, X,,, Yo, Z,,, a,, 
b,, k,, ap, bp, kp, i) of the two-media photograph 
together. Thus, the following equations may be re- 
quired: 

i. 
Xi = pili + X,, + +- (Zi - pini - Z,,) 

ni 
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The 13 orientation parameters and auxiliary un- 
knowns pi (i = 1, . . . , t)  are provided by solving 
Equation 18 with a least-squares adjustment. The 
number of underwater control points mathemati- 
cally required is seven, because the parameters de- 
scribing the boundary surface must be determined 
from given coordinates in this orientation method. 

ORIENTATION PROBLEM OF A STEREOPAIR OF 

TWO-MEDIA PHOTOGRAPHS 

The orientation problem of a stereopair of two- 
media photographs having a wave surface differs 
comparatively from that in the preceding paragraph. 

The reasons are almost the same as in the case of 
placid water conditions and can be explained as fol- 
lows. The relationship between the model and 
ground coordinate systems-is $ways unknown, and 
thus three parameters (+, o, 2,) describing the ref- 
erence plane of the wave must also be determined 
in the relative orientation, even when it is hori- 
zontal and given. Furthermore, the known refer- 
ence plane plays the roll of ground control points. 
Hence, the number of underwater control points 
mathematically required can be reduced. In this 
paragraph, the orientation procedure will be de- 
scribed in detail for the case of simultaneous pho- 
tography. 

Relative orientation. First, the relative orienta- 
tion of a stereopair of two-media photographs will 
be discussed. The model coordinate system (X, ,  Y,, 
Z,) is taken as a right-handed, rectangular-carte- 

reference pione 
(horizonto1 ond givm) 

FIG. 3. Orientation problem of a stereopair of two-media photographs having a superposed 
general and usual cases. 

wave surface for the 
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sian system with its origin at the projection center 
of the left picture and with its X,-axis through that 
of the right photograph (see Figure 3). Also, five 
rotation parameters (+,, KI, +,, w,, K,) are employed 
as relative orientation elements of the stereopair. 
Corresponding imaging rays g,(2,, m,, n,) and g,(l,, 
m,, n,) in air are expressed in the model coordinate 
system (X,, Y,, ZM) as 

V \, r l  

in which (l,, m,, n,) and (l,, m,, n,) denote direction 
cosines of the corresponding rays g, and g,, respec- 
tively, and B is the model base. 

The boundary surface (a superposed wave surface) 
is described in the model coordinate system in the 
form of Equation 7, if all parameters (4, 6, li, Zo, 
a,, b,, k,, a,, b,, k,) of the airlwater interface are de- 
fined newly with respect to the model coordinate 
system (X,,,, Y,, Z,). The corresponding refraction 
points Ql(SI, 51) and Qz(t.2, .lie, 52) can be calcu- 
lated by means of Equations 7, 19, and 20 in the 
form 

However, as was explained in the previous para- 
graph, auxiliary parameters p, and p, must be cal- 
culated with orientation elements required for the 
construction of a model similar to the object. For 
this purpose, we need the following equations: 

ld31~111 + 1 ~ 3 2 ~ 1 ~ 1  + ld33(plnl - 
= a,sin(k,q,) + b,cos(k,q,) + aasin(k,ql) 

+ bpcos(kp91), 91 = I @ ~ I P I ~ I  + I @ I Z P ~ ~ I  

+ Lzl3(~ln1 - '0) (23) 
for the left photograph, and 

2631(~212 + B) + , % Z P Z ~ Z  + zGrn(~2n2 - %) 
= a,sin(k,q,) + b,cos(k,q,) + apsin(kpq2) 

+ bpcos(kpq,), q, = zdi1(~elr + B) 
+ 2d1,~,1n2 + ,d13(~,n, - io) (24) 

for the right photograph, respectively. 
The direction cosines (A, p, v) of the normal to 

the boundary surface are given in the form 

h = - k,[a,cos(k,q) - b,sin(k,q)] 
- k,[a,cos(k,q) - bpsin(kp9)]. (25) 

In the above expression, the subscripts 1 and 2 are 
omitted, because the formula is the same for the left 
and righ! pictures. Also, direction cosines (l,, ml, 
ti,) and (l,, m,, fi,) of the corresponding imaging rays 

g, and g, in water can be calculated by means of 
Equation 15. 

The corresponding refraction po!nts QILS1, rlJ, 5,), 
QZ(S2, q,, 5J and direction cosines (I,, m,, n,), (h, 6, 
fiJ of the corresponding imaging rays g,, & in water 
having been provided, the equations of g, and & are 
constructed in the model coordinate system (X,, YM, 
Z,) in the form 

By means of Equations 26 and 27, the coplanarity 
condition of corresponding imaging rays in water 
can be derived as 

The coplanarity condition (Equation 28) includes 
15 ~rientation parameters (+,, K,, +,, o,, K,, 4, 6, 
I?, Z,, a,, b,, k,, b,, k,). Also, all of these pa- 
rameters must be %termined only from the copla- 
narity condition, because the relationship between 
a photographed underwater object point and its 
image point becomes non-linear by the presence of 
the refractive interface (see Okamoto (1982a)). In 
the actual relative orientation calculation, Equations 
23, 24, and 28 are solved with respect to the 15 
orientation unknowns above and auxiliary unknowns 
p,,. pZi(i = 1, . . . , u (u: the number of orientation 
points in water)) by least-squares adjustment with 
conditions having unknowns (Gotthardt (1968)). 

Absolute orientation. In the orientation problem 
of a stereopair of two-media photographs having a 
superposed wave surface, we must determine 22 
orientation parameters, if the plane with the mean 
height of the wave crests and troughs is perfectly 
unknown. They are 12 exterior orientation elements 
of the stereopair and ten parameters describing the 
boundary surface. In the relative orientation pro- 
cess, 15 among these 22 parameters have been pro- 
vided from the  coplanarity condition of corre- 
sponding imaging rays in water. Thus, the  re- 
maining seven elements are determined during the 
phase of absolute orientation by the three-dimen- 
sional similarity transforlnation between the model 
and object spaces. For the unique determination of 
these seven orientation elements, we must have the 
"minimum" number of control points, namely, 
seven coordinates such as two planimetric and three 
vertical points. 

On the other hand, in the case where the refer- 
ence plane of the wave is horizontal and given, 19 
orientation elements (12 exterior orientation param- 
eters of a stereopair of two-media photographs and 
seven elements defining the wave) must be pro- 
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vided. However, also in this case, 15 among these 
19 parameters can be calculated mathematically 
from the coplanarity condition of corresponding im- 
aging rays in water. Hence, the absolute orientation 
has only four parameters to be solved. Also, these 
four orientation elements can be determined by the 
two-dimensional similarity transformation (Rinner, 
1948). 

The geometrical meaning of the absolute orien- 
tation in the second case can also be understood 
from the following facts: 

Three absolute orientation elements (@, Q, Zoo) can 
be calculated from three parameters (4, 5, Zo) de- 
scribing the reference plane of the wave, which 
have already been determined during the phase of 
relative orientation (see Okamoto and Hoehle 
(1972)). 
In the case where we have surface points imaged, 
Z-coordinates of three surface can be ised 
mathematically as those of control points. 

SIMULTANEOUS DETERMINATlON OF ALL ORIENTATION 

UNKNOWNS OF TWO-MEDIA PHOTOGRAPHS OVERLAPPED 

The simultaneous determination of all orientation 
unknowns of photographs overlapped can be for- 
mulated in some different ways. When introducing 
the well-known technique in bundle adjustment, 
namely, the method to employ directly the collin- 
earity equations for pictures overlapped as the de- 
termination equations, we can simplify the orien- 
tation procedure by treating space coordinates of 
object points (not ground control points) as un- 
knowns. In this paragraph, this method will be dis- 

cussed in two-media photogrammetry with a super- 
posed wave surface (see Figure 4). Furthermore, 
simultaneous photography is assumed to be taken. 

We can adopt the ground coordinate system as 
the orientation coordinate system under the as- 
sumption that the reference plane of the wave is 
horizontal and known. Thus, we have 19 orientation 
parameters to be determined for a stereopair of two- 
media photographs, the six exterior orientation ele- 
ments (+,, o,, K,, X,,, Yo,, Zo,) of the left photo- 
graph, those (+,, w,, K,, X,,, Yo,, 2,) of the right 
photograph, and parameters (a,, b,, k,, up, bp,. kg ,  
I?) describing the boundary surface. The equations 
required for determining these 19 orientation ele- 
ments are derived from Equation 17, because the 
collinearity equations are very difficult to construct 
in two-media photogrammetry. Writing down 
Equation 17 for the left and right two-media pho- 
tographs together, we obtain 

ll 
X = pill + Xol + (2  - plnl - Zol) 

n1 

Equation 29 includes mathematically one equation 
equivalent to the coplanarity condition of corre- 
sponding imaging rays in water. Also, the copla- 

p2(x, ,c- " 

H : given 

I 

water N I  
z t t  

FIG. 4. 
surface 

- - 

Simultaneous determination of all orientation parameters of two-media photographs ha\ 
for the usual case. 

ring superposed wave 
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narity condition provides mathematically 15 inde- 
pendent orientation parameters. Accordingly, we 
must set up Equation 29 for 15 underwater points 
for the unique determination of the 19 orientation 
elements of the left and right two-media photo- 
graphs. Then, we have 60 equations. 

By solving these 60 equations with respect to 60 
unknowns (the 19 orientation elements and 41 un- 
known coordinates of the 15 underwater points con- 
taining two ground control points with the plani- 
metric coordinates given), we can perform the an- 
alytical orientation of a stereopair of two-media 
photographs having a superposed wave surface. 

In the actual orientation calculation, the following 
equations may be required, because auxiliary pa- 
rameters p,, and p,, (i = l, . . . , 15) must be de- 
termined with the 60 unknowns together: 

X i =  pZ li  ~i + XOI + T i~ i @i - I',in~i - Z ~ ~ )  
n ~ i  

H = p2,nZi + Zoz - a,sin(k,qh) - b,cos(k,qh) 
- apsin(k,qgi) - bgcos(kpq~,) (30) 

in which 

41, = (Plilli + X,,) cos I? + (pIim,, + Yo,) sin K 

9;, = (P2i12i + XO2) cos K + (pzimZi + Yoz) sin IT. 

The shape of a wave surface varies steadily, be- 
cause the wave is propagating with the time. In the 
preceding chapter, we have assumed simultaneous 
photography to be taken from two aircraft so as to 
keep the shape of the boundary surface unchanged 
between photographs. However, theoretically, the 
aidwater interface can be determined separately for 
a stereopair of two-media photographs taken with 
non-simultaneous photography by means of the ori- 
entation theories presented previously, if the sub- 
script 1 is added to parameters describing the  
boundary surface at the exposure instant of the left 
photograph, and the subscript 2 to those of the right 
picture, respectively. In addition, no difficulties 
occur even when long and short waves propagate in 
different directions. 

The coplanarity condition of corresponding iin- 
aging rays in water provides mathematically five ex- 
terior orientation elements of a stereopair of two- 
media photographs and parameters defining the 

boundary surface in the orientation coordinate 
system. Practically, however, all of these orientation 
parameters cannot always be determined accurately 
because of high correlations among them (see Oka- 
mot0 and Hoehle (1972)). In order to overcome such 
difficulties, the  following techniques may be  
adopted: 

USE OF MORE THAN THE UNDERWATER CONTROL 

POINTS MATHEMATICALLY REQUIRED 

As is obvious from the orientation theory of in- 
dividual two-media photographs, parameters de- 
scribing the boundary surface in the orientation co- 
ordinate system can also be calculated from given 
coordinates of underwater control points. Thus, the 
potential to determine accurately orientation pa- 
rameters (containing the elements defining the air/ 
water interface) of a stereopair of two-media pho- 
tographs may be increased, if we have more than 
the underwater control points mathematically re- 
quired. Also, the simultaneous determination of all 
orientation unknowns may be the most pertinent 
method to this end, because the orientation ap- 
proach with the two main phases has a disadvantage 
that the elements describing the boundary surface 
must be calculated only from the coplanarity con- 
dition of corresponding imaging rays in water, even 
when we have many underwater control points. 

UTILIZATION OF IMAGED SURFACE POINTS 

If imaged surface points are available, such points 
may be effectively utilized in the orientation cal- 
culation of a stereopair of two-media photographs 
taken with simultaneous photography. The reason 
is explained as follows. In the orientation method 
having the relative and absolute orientation pro- 
cesses, the coplanarity condition of corresponding 
imaging rays in air can be set up for the surface 
points imaged, which contains only five relative ex- 
terior orientation parameters. These five elements 
having been provided, we can construct a stereo 
model similar to the object. It follows that the shape 
of the water surface can be determined from the 
surface points, if it is represented by a functional 
form. 

In the actual relative orientation calculation, the 
five exterior orientation elements and the parame- 
ters describing the boundary surface in the model 
coordinate system may be determined by solving 
the three conditions (the coplanarity condition of 
corresponding imaging rays in air, that of corre- 
sponding imaging rays in water, and the condition 
that surface points imaged exist on the water sur- 
face) simultaneously with a least-squares adjust- 
ment. - - - -  

In the case where the reference plane of the wave 
is horizontal and known, the simultaneous deter- 
mination of all orientation unknowns may be more 
effective, because three parameters describing the 
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. : given points 
FIG. 5. Many sinusoidal waves propagating through a limited number of points given. 

reference plane need not be provided. The deter- 
mination equations may be (a) the coplanarity con- 
dition of corresponding imaging rays in air for sur- 
face points imaged, which includes nine exterior ori- 
entation parameters of a stereopair of two-media 
photographs (see Finsterwalder and Hofmann 
(1969)); (b) the  coplanarity condition of corre- 
sponding imaging rays in water for underwater 
points (not control points), which has 12 exterior 
orientation elements of the stereopair and parame- 
ters defining the boundary surface; (c) the equation 
of the water surface expressed in terms of the same 
parameters as in (b), and (d) Equation 30 for un- 
derwater control points. This is because the simul- 
taneous determination technique proposed previ- 
ously has the large number of unknowns to be 
solved. 

lNTRODUCTION OF ASSUMED VALUES TO THE PARAMETERS 

DESCRIBING THE WATER SURFACE 

Parameters describing a wave surface in the ori- 
entation coordinate system may be classified into 
elements defining the reference plane of the wave 
and those determining the wave itself. Also, the fun- 
damental wave parameters are H ,  (the- wave 
height), A, (the wave length), and X ,  (the X-coor- 
dinate of the point where the vertical displacement 
of the  wave is equal to zero). For the  limited 
number of points given, we may not determine 
these wave parameters uniquely, because there may 
be many sinusoidal waves which propagate through 
the points (see Figure 5). Therefore, the wave 
length A, is assumed to be given in the orientation 
problem of two-media photographs having a wave 
surface. 

The foregoing chapters have presented some ori- 
entation methods of two-media photographs with a 
curved boundary surface such as a wave surface. 
Among these orientation techniques, the simulta- 
neous determination of all orientation unknowns 
using Equation 30 may be applied most easily to the 
case where we have comparatively many under- 
water control points with the space coordinates 
known. This orientation method will be tested with 

simulated two-media photographs having a super- 
posed wave surface. 

In order to construct the simulation models, the 
refraction points of underwater points are sought 
with the general refraction calculation (Okamoto, 
1982b), and the plate coordinates are calculated by 
means of the collinearity equations. Theoretically, 
perfect plate coordinates are given in micrometres 
for an array of 231 underwater points (see Figure 
6). Then, perturbed photo coordinates are provided 
in which the perturbation consists of random normal 
deviates having a standard deviation of 10 micro- 
metres. The flying height is selected as H + h = 
500 m in order that the refraction effect may appear 
as remarkably as possible. The number of under- 
water control points is ten (see Figure 6). The fur- 
ther conditions of the fictitious two-media pictures 
are the same as those in the previous paper (Oka- 
moto, 1982b). 

The orientation calculation is carried out for si- 
multaneous photography and also for non-simulta- 
neous photography. Orientation parameters of a 
stereopair of two-media photographs are taken as in 
Table 1. In addition, the next constraints must be 
considered among the parameters of superposed 
waves for the left and right photographs taken with 
non-simultaneous photography: 

A, = da;, + bz, = dugp + bz2 

Ap = da;, + b;, = dai ,  + bi, 

under the assumption that the sinusoidal waves are 
propagating with their form unchanged. The con- 
straints above can also be regarded as observation 
equations. However, it has been clarified from the 
orientation calculation with various sinusoidal waves 
that the solution often does not converge, even 
when (perfect) photo coordinates (in micrometres) 
of underwater control points are employed. Also, 
careful investigation of the problem has revealed 
that the convergency of the solution depends on the 
following two ratios: 

the ratio of the water depth to the flying height. 
The greater this ratio becomes* better conver- 
gency we have, because the refraction effect in- 
creases with this ratio. 
the ratio of the wave length to the water depth. 
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. : chcch point 

@I : control point 

I 

FIG. 6. Position of underwater control and check points. 

When the wave length is smaller than the water We can find in Tables 2 through 7 the following 
depth, we may have many refraction points for an characteristics of the orientation problem of two- 
underwater point, which results in the ill conver- media photographs having superposed wave sur- 
gency. face : 

In coastal waters, the first ratio is usually very small 
because of water penetration. The second ratio also 
becomes small for short waves. Thus, the wave pa- 
rameters (a,, b,, a,, b,, k) may not be provided 
accurately in the orientation calculation with (prac- 
tical) two-media photographs. In order to overcome 
such difficulty, we will assume that the direction 
angle IT of wave propagation is known, because this 
element may be measured with respect to the 
ground coordinate system rather easily. 

The obtained results regarding the standard er- 
rors of the orientation parameters, the correlation 
coefficients among them, and the standard errors of 
the 221 underwater check points are shown in Ta- 
bles 2 through 7. 

The planimetric accuracy of calculated underwater 
points corresponds to that of the perturbed photo 
coordinates. 
In conventional photogrammetry, the height accu- 
racy may be two times poorer than the planimetric 
accuracy. However, in two-media photogrammetry, 
the height errors are about four times as large as 
the planimetric errors, which is due to the pres- 
ence of the boundary surface determined with 
error. 
Correlations between the exterior orientation ele- 
ments and the wave parameters are not so high. 
Because one of the wave parameters (a, b) often 
has the very small value, its standard error be- 
comes larger than this element itself. However, 
this fact does not cause the large orientation error. 

TABLE 1. ORIENTATION PARAMETERS OF A STEREOPAIR OF TWO-MEDIA PHOTOCRAPHS HAVING A SLIPERPOSED WAVE 
SURFACE FOR SIMULTANEOUS AND NON-SIMULTANEOUS PHOTOGRAPHY 

Photography Picture Exterior Orientation Elements Wave Parameters 

Left picture 41. W17 K 1 .  Xo l .  Yo,, Zol a,, b,, ag, bg K 

Simultaneous 
Right picture K 

Left picture 41. (4, K 1 .  Xol, YO,, 201 ad .  k 1 ,  apl. bgl K 

Non-simultaneous 
Right picture $2. Wn. Ke, X,,, Y,2, Z,.z aWp, bw2, apn, bBP K 
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correlation coefficient p>0.2 

water depth h= 5m 

nmber of underwater control points : 
rannber of underwater check points : 221 

standard errors of underwater check points 

ax, aY. aZ : object scale 

ox, ay, az : picture scale 

ax = 0.032 m, R = 9.6 rrm 

aZ=0.145m, oZ=43.5m 

a,, : standard errors of orientation h o w n s  

TABLE 3. ORIENTAT~ON RESULT FOR A SUPERPOSED WAVE SURFACE (LONG WAVE WITH HLL. = 1.14 hl AND T = 15 
SECONDS AND SHORT WAVE WITH H,,. = 0.15 M AND T = 4 SECONDS) IN THE CASE OF SIMULTANEOUS PHOTOGRAPHY 

correlation coefficient p > 0.2 

water depth h = 10m 

number of underwater control points : 
number of underwater check points : 221 

standard errors of underwater check points 

ax, oy, aZ : object scale 

ax, ay, az : picture scale 

oU : standard errors of orientation unknoms 
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correlation coefficient p > 

water depth h = 20m 

number of underwater control point 

number of underwater check points : 221 

standard errors of underwater check points 

ax, ay, az : object scale 

ax, ay, az : picture scale 

aX=0.032m, a x =  9 . 5 ~  

aU : standard errors of orientation mhm 

TABLE 5. ORIENTATION RESULT FOR A SUPERPOSED WAVE SURFACE (LONG WAVE WITH Ha = 1.33 M AND T = 15 
SECONDS AND SHORT WAVE WITH HI1 = 0.14 u AND T = 4 SECONDS) IN THE CASE OF NON-SIUULTANEOUS PHOTOGRAPHY 

correlation coefficient p > 0.2 

water depth h = 5m 

nunber of underwater control points :10 

nunber of underwater check plnts : 221 

standard errors of mderwater check points 

ax, oy, uZ : object scale 

ox, a,,, oz : picture scale 

uz = 0.155 m, oZ = 46.5 urn 

oU : standard errors of orientation unknowns 



ORIENTATION PROBLEM OF TWO-MEDIA PHOTOGRAPHS 

TABLE 6. ORIENTATION RESULT FOR A SUPERPOSED WAVE SURFACE (LONG WAVE WITH H w  = 1.14 M AND T = 15 
SECONDS A N D  SHORT WAVE WITH He = 0.15 M AND T = 4 SECONDS) IN THE CASE OF NON-SIML~LTANEOUS PHOTOGRAPHY 

correlation coeff icient  p > 0.2 

water depth h - 1h 

n m k r  of mderwater control points : 10 

n h r  of mderwater check points : 221 

standard errors  of underwater check points 

ax, ay. oZ : object scale 

ox, ay, az : picture scale 

ox - 0.037 m, ox = 11.2 um 

ay = 0.046 m, ay = 13.7 wm 

oZ - 0.141 m, oz = 42.2 urn 

oU : standard errors  of orientation unknowns 

TABLE 7. ORIENTATION RESULT FOR A SUPERPOSED WAVE SURFACE (LONG WAVE WITH HIL. = 1.00 Y A N D  T = 15 
SECONDS AND SHORT WAVE WITH He = 0.15 M AND T = 4 SECONDS) IN THE CASE OF NON-SIMULTANEOUS PHOTOGRAPHY 

correlation coefficient p > 0.2 

water depth h - 2 h  

nunber of underwater control points : 10 

nunber of underwater check p a n t s  : 221 

standard errors  of underwater check points 

ax, uy, oZ : object scale 

ax, ay. oz : picture scale 

ax - 0.034 m, p = 10.1 un 

ay = 0.045 m, a,, = 13.5 um 

a: = 0.151 m, a, = 45.4 u m  

oU : standard e r m r s  of orientation unhouns 
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There are no clear differences between the orien- 
tation results for simultaneous photography and 
non-simultaneous photography. 
The orientation accuracy is almost constant regard- 
less of the water depth in coastal waters. 

The analytical orientation problem of two-media 
photographs has been studied for the case where 
the airlwater interface is not a plane but a wave 
surface. First, this problem has been considered 
theoretically, and the following orientation methods 
have been presented: 

orientation method of individual two-media pic- 
tures; 
orientation technique to divide the orientation pro- 
cedure into the two main phases: relative orienta- 
tion and absolute orientation; and 
simultaneous determination technique of all ori- 
entation unknowns of two-media photographs 
overlapped. 

Ground control points and orientation points are se- 
lected mainly in water. However, all orientation 
methods above can also be applied easily to the case 
where we have orientation points both in air and in 
water. ..-. - 

Next, the characteristics of the orientation 
problem have been investigated with simulated 
two-media photographs. Also, the wave length and 
the direction angle of wave propagation have been 
clarified to be difficult to provide in coastal waters. 
Hence, these two wave parameters have been 
treated as known so as to obtain the satisfactory ac- 
curacy in the orientation calculation with the sim- 
ulated two-media photographs. 

The actual sea surface may deviate greatly from a 
superposed wave form (Masry and MacRitchie, 
1980). Thus, the desired results may not be ob- 
tained by applying the proposed orientation tech- 
niques themselves to practical two-media photo- 
graphs. In such cases, however, we may use many 
sinusoidal waves in order to model the complicated 
sea surface. Also, when surface points imaged are 
available, the complicated boundary surface could 
be traced accurately by employing the orientation 
method described earlier. 

If the actual sea surface has a very complicated 
form, the least-squares interpolation (Kraus and 
Mikhail, 1972) may be effectively applied to two- 
media photogrammetric mapping in coastal waters. 
Also, the well-known technique in block adjust- 
ment, namely, a method to introduce additional pa- 
rameters for correcting systematic position errors, 
may also be adopted in two-media photogrammetry 
with complicated boundary surface. The orientation 

theories discussed in this paper may provide a math- 
ematical background to such problems. 
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