LeEE UHRIG BENDER*
Syracuse University
Syracuse, N. Y. 13210

Derivation of Parallax Equations

The coefficients in these general forms are
independent of the sequence of the rotations

(Abstract on page 1177)

INTRODUCTION

T THE OUTSET OF the derivation of the parallax equations, it is usual to choose a
particular set of three angular parameters. This immediately limits the derivation
to only those plotting instruments which incorporate these same parameters; for each
different choice of angular parameters a new derivation is required. The derivation
described in this article postpones the necessity of making a choice of parameters
until after a canonical parallax equation is obtained. This canonical equation is equally
applicable to every instrument whose point of rotation is the nodal point, and to every
photographic orientation.

DERIVATION

The model coordinates may be written as a function of the photographic co-
ordinates by the following formulas:

Il

% T 2y + 3
(X — Xo) = (Z — Zu) l:a”)_il_fy_a“fil
anx + azy = ll:;:;f

anx + aq2y + dz:;f]

anx + azay -+ ll;;:if

¥ — Vo = (Z — zo)[ (1)

where
X, Y. Z are the model coordinates of a point,
X, Yo, Zo, are the model coordinates of the nodal point, and
Ty & are the photographic coordinates, and
ay; @iz dig
A =1an ax a
az1 @3z as3
is the matrix of the nine direction cosines relating the two coordinate

systems.
By Definitions 2a, Equations 1 may be written in the form of Equations 2b:

[m an a2 a3 || X

n{=|ay a2 ass||y (2a)
L q asz; Qaz2 Qass f

X—A\’(,:(Z—Zo)%; Y—Yo=(Z—ZO)§- (2b)
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As the parallax equations are differential equations, Equations 2 must be differen-
tiated with respect to three translations and nine direction cosines. Differentiating
Equations 2 gives:

m
dX =dXo— —dZo+ (Z — Zy)

9

I:(dm) g — m(dq)]

q q9
EF = AWy —— iy AT = zo[“ﬁﬁﬁi}"amf} (3a)
q q-
where
dm 0a11 6ayp daqs |
dn | = |{08ax dax basxy ||y (3b)
dg bas; bazy dazp L)

The photographic coordinates in Equations 3b may be eliminated by taking the in-
verse of Equations 1;

fl:au(X — Xo) +an(Y — Vo) + an(Z — Zg):l
x =
ai(X — Xo) + an(¥Y — Vo) + ass(Z — Zo)

5= [0;2(1\: __,XD) + as(V — ¥Vy) +A¢?32(Z . Zo)jl (4)
a13(X — Xo) + as(¥V — Vo) + ass(Z — Zo)
which, by Definitions 5a, may be written in the form (5b):

M an ay axn |[X — X
Ni=|a a2 ap|{|V—1Y, (5a)

Q a3 ass aupldlZ — Zg

M N 0
x=f6w y=f6ﬁ f=f5- (Sb)

By substituting Equations 5b into 2a and 3b, and then substituting Equations 5a
into the result, the following equations are obtained:

l’m“ f [air aix ag ay; Q21 @z F'\’ — X
L,L = 6 @1 A2 Qg lfhz A2 Q32 I'V — Y
g Laz1 Q32 as3 a3 Q23 dAszz Z — Zj

dm] 5(111 5(112 5(113 ay; Ao91 az X — .\’0—‘

dn —é 0as1 0as 5033_| Ld12 Q22 A3z ¥— YOJ

(6)

Equations 6 may be further reduced due to the fact that the nine direction cosines are
subject to six conditions of orthogonality:

a3 as apllZ — Z,

dq| Loas1 dass oOass

an® + a1 +as? =1 @112 + @202 + a13a23 = 0
a21® + a20® + ass® = 1 a11a31 + a12032 + ayzaz; = 0

a3’ + as® + az? = 1 a21a31 + @200a39 + agzaszz = 0.
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The differentiation of these conditions gives:
116011 + ae0ars + ayzéa; = 0
910091 + A290a22 + @s36a23 = 0
a310a3; + azebazs + azdaz; = 0
(ay18as + arsdase + ayzdass) + (a28an + azdars + azba;) = 0
(andas, + aibazs + aizdagzs) + (azdan + azedars + asséars) =0
(asidas, + assdass + assdass) + (azidas + azedas; + azsdass) = 0.

If the sum of products in the first set of parentheses of each of the last three equations
be designated —K, ®, —, respectively, then those in the second set of parentheses
are K, — &, @ (Planck 1957).

ABSTRACT: The parallax equations are derived in a manner which is indepen-
dent of primary, secondary, and tertiary rotations, and of orientation. These
equations take exactly the same form as the equations for the vertical case, yet
are not so restricted. Three examples of the applicability to theoretical and com-
putational problems are given.

Because of these orthogonality conditions, Equations 6 reduce to:

m X — X{‘
|Ln = Q_ Yy — I'OJ
! s (7)
dm 0 K—®X — .\'0"
dn | = f— —K 0 Q|| V=7V,
dg ¢ -0 0lLZ — ZOJ.
The substitution of Equations 7 into Equations 3a gives the parallax equations:
iX = d%; — <iﬁ X“) 32 + (¥ — Y& — (Z — Zu <1 4 <X - X°>2>q>
Z — Zg Z — Zy
(X — Xo)(V — 1'07)‘ o
(Z — Zo)
2V =d¥;— <x—_ﬁ> dZo — (X — XK — (E—ZF =Tl
Z — & (Z — Zo)
Y — Yo\
+ (Z — Zy) <1 + (———) >Q. (8)
Z — Ziy

If in Equations 8 the origin is taken at the nodal point, an especially simple form
(which may be designated as the canonical form of the parallax equation) results:
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(o

X X\? XV
dX =dXy——dZo+ YK+ Z<1 +(—>)¢+—Q
Z Z Z

QY = dVe— - dze— XK+ L 04 7 <1 o+ <I> >Q. (9)
Z Z Z

Equations 9 are of the same form as the parallax equations usuallyderived under the
assumption that the photograph is vertical. It is evident that the parameters K, &, Q
may be interpreted as infinitesimal rotations about an axis system which is parallel
to the model system. However, as no assumption was made as to the numerical values
of the elements of orientation, Equations 8 are equally applicable to any orientation.
Also, as no primary, secondary, and tertiary rotations were incorporated in the
derivation, the equations are applicable to every plotting instrument (provided the
nodal point is the point of rotation of the projector).

Following are several examples of the use of Equations 9.

EXAMPLE 1

In order to adapt Equations 9 to a specific instrument and orientation, it is only
necessary to determine the order of rotations for the instrument. As an example,
suppose that the formula for a convergent photograph is desired, and that the orien-
tation matrix is:

|'1 0 0 cos¢ 0 sin g cosk  sin k 0"|
0 cosw sinw 0 1 0 —sink  cosk O
LO —sinw cosw]lL—sin¢g O cos¢ 0 0 1J.

By differentiating the above and evaluating at ¢ =¢, k=0, w =0, one obtains:

—(111 a2 (113—| I_ COS¢ 0 sin ¢

A1 dAge A2z | = 0 1 0
Lagl a3z2 033J L_Siﬂ ¢ 0 Ccos ¢

[(day; Oas dag —sin ¢d¢ cos ¢dx cos ¢de
das; 0asy dazy | = | —(dx + sin ¢pdw) 0 cos ¢pdw
L daz;  dazy dass —cos ¢do —(sin ¢dk + dw) —sin ¢d¢_].

The product of the above two matrices gives:
K = cos ¢dk
b = do (10)
= sin ¢dk + de.

Substituting Equations 10 into 9 and rearranging:

4 o

dX=dX0——Z—a'Zo+ I:Ycos¢+

X2 XY
sin¢:|dx+ Z(l +—>d¢+—dw
b Z
) 2
dY=dYo——Z~dZo+ [—XCOS¢-}-Z(1 +——>sin¢]dx

Z2

Xy y?
+7d¢+Z<1+~Z—2)dw. (11)
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EXAMPLE 2

It has been proven (Zeller 1952) that for a vertical photograph the critical surface
of relative orientation is in general a second degree surface. This is now shown to hold
for any values of the parameters, for from Equations 9 when d ¥V =0,

dY =0=QV +QZ 4+ ®XYV — KXZ — dZ,V + dY 2. (12)

Equation 12 is of the same form as that given by Zeller for a vertical photograph;
however Equation 12 is not restricted to the vertical case.

EXAMPLE 3

If Equations 8 or 9 are to be used in an analytical solution for relative or absolute
orientation, there is no need to choose three rotations as in Example 1. An orthogonal
correction matrix can be constructed directly from K, &, and Q, (Schut 1958-59).

(e - @R 20+ K) 2(2K — @) ]
G = % 2(2® — K) 1— Q2+ &2 — K2 2(PK + Q) J
2(0K + &) 2(PK — Q 1 —Q— @+ K?
D=1+ Q'+ & + K2 (13)

This C-matrix may be multiplied by the first approximation to the A matrix so as to
obtain a new approximation.
The schedule of computations is:
1. Calculate X, V from Equations 1.
2. Calculate the orientation corrections from Equations 8.
3. Calculate the correction matrix from Equations 13.
4. Calculate new approximations to parameters.
The complete absence of trigonometric functions makes this particularly attractive
for a desk calculator.
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Errata

In the Membership list of the July 1967
issue, Mr. Morris M. Thompson was inad-
vertently credited with being a registered
land surveyor (LS), which he informs us is
incorrect, although the PE (Professional
Engineer) citation s valid.

Because of the numerous difficulties en-

countered in compiling and reproducing the
list of more than 4,000 entries, it is under-
standably improbable to prepare an errorless
product. We hope that members will inform
us of all of the discrepancies so that we can
maintain current records.




