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Abstract

In applying GTD (ray techniques) to electromagnetic diffraction problems, some elemen-
tary knowledge of differential geometry is necessary. This report is written for those who
are not familiar with this subject and wish to acquire a working knowledge in a rapid
fashion. For more advanced readers, the report may provide a convenient collection of
formulas in differential geometry relevant to GTD applications.
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Preface

The material presented in this report was originally prepared for the Appendix of a monograph
on GTD (which explains the letter "A" in section and figure numberg*] A small number of
ditto copies of the Appendix were circulated in 1976. The monograph is far from completion.
A surprisingly many requests have been received for the Appendix. Hence the Appendix is
published herein as a technical report. The author appreciates comments and responses from
readers.

*Note on Retyping: The letter "A" prefix used in the original document’s section and figure numbering (e.g.,
A.1, Figure A-1) has been removed in this retyped manuscript for simpler referencing.
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1 Introduction

For understanding and application of ray techniques in electromagnetics, it is necessary for the
reader to have some elementary knowledge of differential geometry of curves and surfaces.
This report is written for those readers who lack this knowledge. For easier comprehension
of the subject, we will use ample examples and illustrations, while a few abstract concepts
and proofs are omitted. In the first part (Sections 2-6) we discuss curves, and in the second
part (Sections 7-12), surfaces. Key formulas and results are summarized in Section 13. All the
materials, except for part of Sections 10 and 11, can be also found in standard textbooks of
differential geometry.

*We recommend two books: B. O’Neill, Elementary Differential Geometry, Academic Press, New York, 1966; and
D. J. Struik, Differential Geometry, 2nd Edition, Addison-Wesley Publishing Co., Reading, Mass., 1961.
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2 Representation of Curves

A curve may be pictured as a trip taken by a point in motion. Let us first concern ourselves with
the description of the position of a point in three-dimensional space. In terms of the Cartesian
coordinates (x, y, %) of the point, a position vector 7 is defined by

F=xX+yy+22 2.1)

where (X, ¥,%) are unit vectors in the direction of the increasing (x, y, ), respectively. When
the point is in motion, the locus traced out by the tip of the vector is a curve (Figure 1) and
can be expressed as a vector 7 function of a parameter t in some open interval:

r(t) = (x(6), y(£),2(t)); t1<t<t, (2.2)

(a) b)

Figure 1: Curve defined by the tip of a vector in motion.

For engineers and physicists, it is convenient to think of t as the time, and we will use this
association throughout this report. Let us now consider several examples of curves.

(i) Straight lines. The simplest curve in three-dimensional space is a straight line given by
the equation
_r'(t)=c_i+bt=(a1+b1t,a2+b2t,a3+b3t). (233)

where @ and b are constant vectors, and b is not identically zero. Let the angles between the
line and the three rectangular coordinate axes be (6, 6, 65). Then the direction cosines of the

line are given by
=1,2,3
n
b 3 b
(b21 4+ b2+ b2)1/2

Alternatively, (2.3a) may be written as

cosB, =

(2.3b)

{y = ay + (by/b1)(x —ay)
z  =ag+(bs/by)(x—a;)

provided that b; # 0.

(i) Circular helix. A point travels in the x — y plane around a circle of radius a and rises
along the z-direction at a constant speed b. Its trip is a circular helix:

7(t)=(acost,asint, bt) (2.4

6



Mathematics Notes

When b > 0, the helix is right-handed (Figure 2); when b < 0, the helix is left-handed.

(iii) Conics. Let us construct a plane curve C as follows: In the xz-plane, let L be a straight
line (directrix) parallel to the x-axis, and F be a point (focus) on the z-axis (Figure 3). A typical
point P on C satisfies the condition

PL=e-PF (2.5)

where PL is the distance from P to the straight line, and PF is the distance to F. The proportional
constant e in (2.5), called eccentricity, is a positive real number. Curve C is a

* parabola, ife =1
* ellipse,ife <1
* hyperbola, ife > 1

The above three curves are known as conics, because they can be obtained as a section of a
circular cone by a plane. We list below representations of these curves.

Figure 2: A right-handed circular helix.

= X

Figure 3: Construction of a conic I'.

Parabola. (Figure 4).

7 =(2ft,0,ft?) (2.6a)

x2 b
“= 7 (2.6b)
R=2f(1—cosy)™!, forR>0 (2.6¢)



Mathematics Notes

eccentricity: e =1
foci: (x=0,z2=f)

Ellipse (Figure 5).
(acost,0,bsint)

()

R=a?*[b+ vV b2—a2cosy]}, assuming b > a

eccentricity: e = 4/1—(a/b)?
foci: (x =0,z =+f), where f = v/ b2—a2

Hyperbola (Figure 6).

7 =(asinht,0, bcosht)
Z x\2
Z) —(Z) =1
(b) (a)
R=a*[£b

— Va2 +b2cosyp] !

eccentricity: e =4/1+ (a/b)?
foci: (x =0,z = £f), where f = vV a2+ b2

In (2.12c¢), the plus (minus) sign applies to the right- (left-) half hyperbola.

\ 4
|
|
|
|
|
|
|

e f

Figure 4: Parabola.

2.7)
(2.8)

(2.9a)
(2.9b)

(2.9¢)

(2.10)
(2.11)

(2.12a)
(2.12b)

(2.120)

(2.13)
(2.14)
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3 Tangent, Arc Length, and Reparameterization

Consider two points moving in space following an identical trajectory. We would say that they
generate two identical curves. However, they may move at different speeds. To account for this
difference, we will introduce a tangent vector. For a curve ¥ = 7(t), its tangent vector at the
point 7(t) is the velocity vector

if::(dx(ﬂ dy(t) dz&)) (3.1)

dt dt ° dt ’ dt

evaluated at the instant ¢t. Its speed is the magnitude of the velocity vector:

dr dx\? (dy\?* [(dz)?
AR (ORI O
A curve with v(t) =1 for all ¢t is called a unit-speed curve; otherwise, it is an arbitrary-speed
curve. Later, for a given curve with one speed, we may construct many "new" curves which
have the same trajectory as the original one but travel at different speeds. For applications in
electromagnetic diffraction problems, we often use unit-speed curves.

The distance travelled by a moving point is the arc length along a curve. In physics, the
differential distance do is equal to the product of the speed and the time interval: do = v dt.
Thus, we define the arc length of a curve 7 = 7(t) from a reference instant t, to a variable

instant t as .
o(t)= J
to

Clearly, o(t = ty) =0, and o (t) can be positive or negative depending on whether ¢t > t, or
t < to.
Consider the circular helix in (2.4) as an example. Its velocity (or tangent) vector is
dr
dt

v(t) =

d7
—|dt. 3.3
dt ‘ 3:3)

= (—asint,acost,b) 3.9

and its speed is

dr dr d

T\ E = Vartrbr=c. (3.5)
dt dt’

Assuming ¢ # 1, then the helix, as given in (2.4), is an arbitrary-speed curve. Its arc length,
measuring from t =0, is

t
cr(t)ZJ cdt=ct. (3.6)
0

At this point, many readers may have already realized that a simple change of variable t = o /c
in (2.4) gives rise to an equation 7 = 7*(o) which is a unit-speed curve. We have not changed
the helix curve itself, we have changed its speed by passing from one parameter to another.
Such a process is called reparametrization. Clearly, as many reparametrizations of a given
curve exist as there are transformations for parameter t.

Of all reparametrizations, we are particularly interested in the one that results in a unit-
speed curve. It can be shown that, for a curve ¥ = 7(t), the reparametrization 7 = 7(0)
with

t=t(o) 3.7)

describes a unit-speed curve. In other words, a unit-speed curve is a curve whose arc length is
its parameter.

10
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4 Frenet Formula for Unit-Speed Curves

For a unit-speed curve ¥ = 7(o), the unit tangent vector

. dr
t=— (4.1)

do
indicates the direction of turning along the curve. Now, let us introduce two new parameters:
(i) curvature x, which measures the rate of turning; and (ii) torsion 7, which measures the

rate of twisting. Consider the derivative of the unit tangent vector:

dt _ a7 =K (4.2)

do  do2 '
Here the unit vector # is in the direction of df/do and is called normal. Since £-f = 1,
differentiation of this identity gives

, dt X
t-—=0, or t-A=0. (4.3)
do
Hence i is orthogonal to f The magnitude of df/do is curvature x, which by definition is
nonnegative. As the curvature increases, the turning of the curve becomes sharper. From (4.2)
we can deduce an alternative formula for curvature, namely,

4% 27 )”2

k(o)=+ (— 4.9)

do? do?

where the square root should take a nonnegative value.

At each point on a curve we have two orthonormal vectors £ and A. Define a third one,
binormal b, such that

b=txhn. (4.5)

Then (#, b, t) form a right-handed orthonormal basis for the three-dimensional space In
general, they vary continuously along the curve, according to the turning and twisting of
the curve. For this reason (#, b, £) are known as the moving trihedron. In the study of the
geometry of a curve, it is often more convenient to use (#, ?), t) as the base vectors instead of
(x,7,2), because the former contains information about the curve while the latter does not.
The planes spanned by (A, b), (b, ), and (£, ) are called normal plane, rectifying plane, and
osculating plane, respectively (Figure 7).

One of the most important applications of the moving trihedron of a curve concerns the
expression of the derivatives of (1, b, t). Consider first db /do, which measures the rate of
change of the osculating plane. The differentiation of b - £ = 0 leads to

db , ., dt

b o p. 9 bz 6
Io t Io kb-f (4.6)

where we have made use of (4.2). The differentiation of b-b=1 gives

b 3o 4.7)
do

*Since the curve has a constant speed (unit speed), the "acceleration" d*#/d o> must be orthogonal to its velocity
vector.

TUsually, the three vectors are written in the order of (£, i, ZA)). For our application, the order (4, i), t) is preferred.

11
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OSCULATING
PLANE

Figure 7: Moving trihedron of a curve..

From (4.6) and (4.7) we know that db /do is orthogonal to both b and ¢ and, therefore, in the
direction of A. Let us write it as .

db

o=
where the torsion 7 can be either positive or negative. For a planar curve, b(o) points to a
constant direction and, consequently, 7(o) = 0. Thus, T measures the twisting of a curve from
a planar one. Similar to the curvature formula in (4.4), we will derive a more explicit formula
for 7. Starting with (4.8), we have

—Th (4.8)

. db . d,, .
T(o)——n~£— i da(txn)

or, when (4.4) is used,

dF (d%F %%\ (4% %\
w(o)= E(daz 8 do3)(d02 "do? (49)
Next let us consider the representation of dfi/do in terms of the moving trihedral. Its
general form is
B (8085 (20): 10
do \do do do ' '
Differentiation of 71 -1 = 1 gives
dn
—--n=0. (4.11)
o
Differentiation of A- b =0 gives
dh db
b= o2 = A (TR = 7. (4.12)
Differentiation of #i - f = 0 gives
Ao, t
g_g.t:_ﬁ.j_o_:_ﬁ.(Kﬁ):—K_ (4.13)
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Substituting (4.11), (4.12), and (4.13) into (4.10) we have

dn 5 A
—n=7b—1<t. (4.14)
do

Combining (4.2), (4.8), and (4.14), we have a set of equations describing the motion of the
moving trihedron along a unit-speed curve:

da =1h—«f (4.15a)
do
Q =—Tn (4.15b)
do
ﬁ =Kn (4.15¢)
do

Equation (4.15) is known as Frenet formula or Serret-Frenet formula, which was indepen-
dently derived by E Frenet and J. A. Serret around 1850.

In summary, at each point ¢ on a unit-speed curve 7 = 7(o), there are five important fields:
(i) the moving trihedron (7, i), t), which may be computed from (4.2), (4.5), and (4.1); and,
(ii) the curvature x and the torsion 7, which may be computed either from (4.2) and (4.8), or
more directly from (4.4) and (4.9). The variations of (f, i), t) along the curve are described by
the Frenet formula in (4.15).

Let us give an example to illustrate the computation of the Frenet apparatus. In terms of
the arc length o, a unit-speed circular helix has the representation

b
(o) = (a cos g,asing,—o) (4.16)
c c’ ¢

where ¢ = va? + b? and a > 0. The unit tangent is

t(o)= ar = (_E sing,gcos E’é) 4.17)
do c c'c c c
and N
2 = (—i cos g_4a sin g O)
do \ ¢2 ¢’ c2 c’ )
Recalling (4.15¢) we have
dt a
— === 4.18
ko) =32 = 5 (4.18)
fi(o) = (—cos g,—sin E,O). (4.19)
c c

Note that 71 always points straight to the axis of the cylinder on which the helix lies. As sketched
in Figure 8, the osculating plane determined by ¢ and fi is formed by wiggle lines. The binormal
is

o R b b
b(o)=txhn= (—sing,—— cos E’E) (4.20)
c c c' ¢
and its derivative is .
ﬂ—(kcosg Esing 0) (4.21)
do  \c2 c’c? ¢’ ) ’
From (4.15b), it follows immediately that
db| b
=507 2

which is positive for a right-handed helix (b > 0), and negative for a left-handed helix (b < 0).

13
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y

Figure 8: Moving trihedron of a right-handed circular helix.

14
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5 Frenet Formula for Arbitrary-Speed Curves

The discussion in the previous section applies to unit-speed curves 7 = ¥#(o) with o being the
arc length. For an arbitrary-speed curve 7 = 7(t), its speed

dx\? dy)? dz\?
(&) (%) (%) &0

is not necessarily unit. In order to use the formulas in Section 4 and also those to be presented
in Section 6, we may exercise the arc length reparametrization by letting

St
_Jor]

t=t(o) (5.2)
and obtain a new representation
7 =7(t = t(c)) =R(0) (5.3)
For example, in the circular helix discussed in (2.4) and (4.16), we have
7(t) =(acost,asint, bt)

o o .0 .,0
R(o) = (a cos —, asin —, b—) .
c c
When there is no confusion, we will write 7(o) as (o)

. o .0 .0
(o) = (a cos —,asin —, b—).
c ¢’ ¢

When this convention is used, we should remember that 7(o) is obtained from 7(t) via the
transform in (5.2), but not by a simple substitution t = . After the arc length reparametrization,
those formulas in Sections 4 and 6 can be applied to 7 = 7(0).
Unfortunately, an explicit expression for (5.2) cannot always be found. Consider for example
the curve
7(t) =(1+cost,sint,2sin(t/2)), |t|<2n (5.4)

whose arc length, measured from t = 0, is

t
o(t)= J 1+ cos2(t/2) dt. (5.5)
0

Thus, an explicit expression in the form of (5.2) is not available. For these cases, we will give
an alternative set of formulas for computing the Frenet apparatus.
Note the basic relations of differentiation for 7(t) and 7#(o) (or more precisely }_é(cr))

d?(t) dO'dr(U) dr(o)
Tar dr do U Tde 't (5.6)

dz?(t) ( ) d_v vﬂ
dt2 - dt
—d—vf+ da dt
T dt dt do
dv .
:Et+1<v il (5.7)

*In mechanics, d*#/dt? in (5.7) is the acceleration of a moving point. It has two orthogonal components: one
along the tangential direction describing the change of speed, and the other along normal direction describing the
change of direction of motion. For a unit-speed curve, v = 1 and the tangential acceleration is identically zero as
given in (4.3). Also, note that f is the tangent vector and is not a vector in the direction of increasing t.

15



Mathematics Notes

Then straightforward manipulations lead to the following formulas for an arbitrary-speed curve
F=7(t):

A(t)=bxt (5.8)
5 7(t) x ()
b(t)= == 5.9
O Fox7o 52
)
t(t) = 0] (5.10)
(0) = T XT (D] (r?),(xt)rlg(”' (5.11)
_ (@) x 7))
T(t) = (0 % 7 (O (5.12)
where dr(t) d*7(t) d>7(t)
" _ar(t 1t _ r(t 11 . r(t
Fl=—= T)=—5" T(0=—03 (5.13)

The symbol | - | indicates the magnitude of a vector.
Let us consider the computation of the Frenet apparatus for an arbitrary-speed representa-
tion of a circular helix. This representation is obtained from (2.4) by letting t = t2,

7(t) = (acost? asint?, bt?).
Its first three derivatives are
#(t) = (—2at sin t2, 2at cos t2, 2bt)

#(t) = (—2a(sin t? + 2t% cos t2), 2a(cos t2 — 2t2 sin t2), 2b)
#(t) = (4at(—3 cos t? + 2t%sin t?), 4at(—3sin t? — 2t2 cos t2), 0).

Substitution of them into (5.8) through (5.12) leads to
A(t) = (—cos t?,—sint2,0)

b(t) = (é sin tz,—é cost?, E)
c c

c
» a . a b
t(t) = (—— sin t2, — cos t2, —)
c c c
a b
K(f)ZC—Z, T(t)ZC—Z-

Because o = ct?, the above results are exactly the same as those given in (4.17) through (4.21).
Thus, the Frenet apparatus depends on the shape of the curve in space, not on its speed. In
other words, reparametrization does not affect the Frenet apparatus.

16
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6 Approximation of Unit-Speed Curves

A fundamental theorem of a unit-speed curve is stated below: Except for its position in space,
a unit-speed curve is uniquely determined by its curvature k(o) and torsion 7(c). In other
words, for two curves ¥ =7 (0) and 7 = 7y (o) with k(o) = k4(0) and 7,(0) = £7,(0) for
all o, these two curves are the same except possibly for their positions in space. The proof
is simple. Concentrate on an arbitrary point ¢ = 0 on a unit-speed curve 7 = (o). In its
neighborhood, the curve can be represented by the Taylor series:

(U—Uo)d_F +(0—00)2d_2? ((7—0'0)3 d_?’?
1! do 2! do? 3! do3

Oo Oo Oo

(o) =7(og) + +... (6.1)

Note that, in terms of a moving trihedron, all the derivatives of 7#(o) depend solely on (o)
and 7(o):

dr
— =t 6.2
1o (6.2)
a2,
E = Kn (63)
d’7  d a N
d—o_gzﬁﬁ'i'l(’l’b—K‘zt (6.4)

Thus, the Taylor series for the curve ¥ = #(o¢’), namely,

_ 2 _ 3 d . .
(0 =90) Kﬁ+(0 %0) (—Kﬁ+mb—;<2t)+... (6.5)
2 6 do

(o) =7(og) + (o —0op)t +

is uniquely determined, except for its position in space, by k(o) and 7(o).

In many applications, a few terms in the Taylor series in (6.5) may be used to represent
curve 7 = 7(0) in a small neighborhood of o = 0. If only the first two terms of (6.5) are used,
we have a linear approximation (Figure 9a). If three terms are used, we have a parabolic
approximation (Figure 9b), which lies in the osculating plane, and is determined by the
curvature k at o = 0. If four terms are used, we have

2 3
O—0 oO—0O A
(0=00?, ., (6=00)

o)~ F(og) + (0 —0g)t + c KkTh (6.6)

which is known as the Frenet approximation (Figure 9c). The torsion, which appeared in the
last term of (6.6), controls the deviation from the osculating plane. The geometrical significance
of the sign of T can now be stated: If T > 0, the curve with increasing o cuts through the
osculating plane in the direction of the binormal b, and if T < 0, in the opposite direction. If
T = 0, no conclusion can be drawn. In that case, we have to study the higher-order terms in
(6.5).

17
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(a) linear approximation
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(b) parabolic approximation (c) Frenet approximation

Figure 9: Approximation of a curve near o = 0, assuming 7 > 0.
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7 Representation of Surfaces

A curve may be considered as a locus of points traced out by the tip of a vector 7(t) when the
parameter t takes values in an open interval t; < t < t, (Figure 1). Analogously, a surface
is a locus of the tip of a vector 7(u, v) depending now on two parameters, when (u, v) vary
in a two-dimensional domain u; < u < u,, v; < v < v,, as graphically sketched in Figure 10.
Corresponding to (2.2) for a curve we have a representation of a surface

7(u,v) = (x(u,v),y(u,v),2(u,v)); u; <u<uyandv; <v<v,. (7.1)

We call (u, v) the curvilinear coordinates of a point 7 on the surface. By holding v constant
(v = vy), 7(u,vy) defines a curve on the surface, called a u-parameter curve; by holding u
constant (u = ug), #(ug, v) defines a v-parameter curve (Figure 11). At (uy, V), the tangent
(velocity) vectors along u- and v-parameter curves are denoted by 7,(ug, vo) and 7, (ug, v),
respectively, where

) dx dy 82)
=\ — > — 2
T‘u(uO,Vo) (au: aun du u=uy,v=vp (7 )
. ax a az
7y (U, vo) = (av’ ai;/’ E) Y
U=un,V=Vy

Thus, the subscript u of 7,, for example, indicates the partial derivative of 7 with respect to u.

S R I <\

Au y

(@) (b)

Figure 10: Surface defined by the tip o f a vector in motion.

Figure 11: Veolcity vectors for u— and v— parameter curves.

Suppose that the inverse functions: u = u(x,y), v =v(x, y) can be found. Then we may
use (x,y) instead of (u,v) as the parameters of a surface. Thus, an alternative form for a
surface is

r=70,y)= (x5 f(x,y)) 7Y

19
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or simply

z=f(x,y), or g(x,y,2z)=0. (7.5)

The two forms in (7.4) and (7.5) are often used in elementary calculus.
A familiar surface is a sphere which may be represented by

7(u,v) = a(sinucosv, sinusinv, cosu).

Clearly, the parameters (u, v) can be identified with (0, ¢ ) of the usual spherical coordinates.
The tangent vectors are

7,(u,v) = a(cosucosv,cosusinv,—sinu)

7,(u,v) = a(—sinusinv, sinucosv, 0)
with their cross product

2

7, X 7, =a”sinu(sinucosv,sinusinv,cosu) = (asinu) 7(u, v) (7.6)

which is normal to the surface everywhere. If we express (u,v) in terms of (x, y), then an
alternative representation of the sphere is

F= Gy, /@ (2 7 37)

or
x?+y*+22=a?

which are in the forms of (7.4) and (7.5). Its tangent vectors are

—x
r.(x,y)=11,0,
xly) ( \/az—(x2+y2))

. B —y
A= (01 m)

with their cross product

- -

x ( = 2 1) - Fy) ()
re X7, = , , 1] = F(x,y .
T \Vai= Gt ) V= (2 +yY) Var=(x2+y?)
which is again normal to the surface.

An elementary problem in calculus is to determine the area of a surface. Referring to
Figure 10, we note that a differential rectangle (Au x Av) in (a) is mapped into a differential
parallelogram with sides Au 7, and Av 7, in (b). The area of this differential parallelogram is

|Au?, x AvT,| =7, x T, |AuAv.

Then the area over a region D is given by

Area = Jf |7, x 7, |du dv. (7.8)
D
For the example of the sphere discussed above, we have from (7.6)
Area = J:[ a®sinu du dv (7.9)
D
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or, from (7.7),

(7.10)

AreazJJ a dx dy.
p Var—(x*+y?)

Both formulas of course lead to the same results.
Before concluding this section, we list below several frequently encountered surfaces.

(i) Elliptical cone (Figure 12).

7 = (ztan 6, cos v,z tan 0, sinv, 2) (7.11a)

x 2 y 2,
+ = .11b
(tan 0, ) (tan 0, ) z 7 )

where 6,(6,) is the half-cone angle in the plane y =0 (x = 0).

Z
[}

Figure 12: Elliptical cone.

(i) Elliptical paraboloid (Figure 13).

7# = (aucosv, businv, u?) (7.12a)
2 2
g = f) +(X) (7.12b)
a b
Z
\ L~
\ g
\ [
\ [
\ : /
\\ | //
y
X

Figure 13: Elliptical paraboloid.
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(iii) Hyperbolic paraboloid (Figure 14).

# = (aucoshv, businh v, u?) (7.13a)
(X2 (Y2
-(5)-(2)

Figure 14: Hyperbolic paraboloid.

(iv) Ellipsoid (Figure 15).

7 = (acosucosv,bcosusinv,csinu) (7.14a)

ORGRER

If a = b and a < c, the ellipsoid has a rotational symmetry about its major axis, and it is said to
be prolate. If a = b and a > c, the ellipsoid has a rotational symmetry about its minor axis,
and it is said to be oblate.

Figure 15: Ellipsoid.

(v) Hyperboloid of one sheet (Figure 16).
7 = (acoshucosv, bcoshusinv, csinhu) (7.15a)
2 2 2
(E) +(Z) _(E) —1 (7.15b)
a b c

(vi) Hyperboloid of two sheets (Figure 17).

—

7 = (asinhucosv, bsinhusinv,ccoshu) (7.16a)
2
(B -()-) -
C b
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Figure 16: Hyperboloid of one sheet.

Figure 17: Hyperboloid of two sheets.

(vii) Surface of revolution (Figure 18). Consider a curve z = f(p) lying in the plane

y = 0. If this curve is rotated about the z-axis, it generates a surface of revolution, which may
be represented by

x=pcos¢, y=psing, z=f(p). (7.17)

The curves p = constant are the parallels, and the curves ¢p = constant are the meridians of
the surface. A few examples are given below. For the special case 8; = 0,, (7.17) describes a
cone of revolution (circular cone). If a = b in (7.12) through (7.16), all those surfaces become
rotationally symmetrical. In fact, they may be generated by revolving conics (Section 2) about
an axis.
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Figure 18: Surface of revolution.
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8 Tangent Plane, Normal and Curvature

When the parameters (u, v) vary independently over a two-dimensional domain, the tip of the
vector 7(u,v) generates a surface (Figure 10). However, if (u, v) are not independent but vary
according to a parameter t:

u=u(t), v=v(t), t;<t<ty. (8.1)

Then the tip of the vector #(u(t), v(t)) or simply 7(t) traces a curve on the surface. The tangent
vector of the curve is given by
dr(t) _ du  _ dv
ac e e
where the vectors 7, and 7, were defined in (7.2) and (7.3). At any point P on the surface,
the independent vectors 7, and 7, define a plane, called the tangent plane at P to the surface.
The relation in (8.2) states that the tangents to all curves through P of the surface lie in the
tangent plane (Figure 19). The unit normal at P of the surface is defined by

(8.2)

=
!

A

N=u

u \4

| J
v

(Note that we use capital N for the normal of a surface, and # for that of a curve.) The choice of
the value of y = £1 in (8.3) is arbitrary and can be made to suit the convenience of a particular
problem. In application to EM diffraction problems, we always define the normal of a reflecting
surface or a wavefront pointing toward the source.

X
. where y = £1 (8.3)

R
=l

u

Figure 19: Tangent plane of a surface.

We will now study the bending of a surface by introducing a quantity of measurement
called normal curvature or simply curvature Kﬂ At a point P on a surface %, let us consider a
particular direction described by a unit tangent vector . The plane determined by ¢ and the
normal N cuts from ¥ a planar curve C called the normal section of ¥ in the direction of £
(Figure 20). If we give a unit-speed reparametrization to planar curve C, denoted by 7 = 7(o),
then according to (4.2),

a7
To7 =

$We use the same symbol « for the curvature of a surface and that of a curve. There is little chance of confusion.

KA. (8.4)
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The subscripts ¢ of k. and 71, signify their association with planar curve C. By definition, «, is
nonnegative. Since C lies in the plane spanned by N and £, it is clear that N = £7,.. Now, we
will define the curvature x of surface ¥ at point P in the direction f to be

x(8) = (A, - Nxk,. (8.5)

Thus, |k| = |x.|. The sign of k(f) has the following significance: (i) If k() > 0, then N = +#,.
The normal section C bends toward N at P (Figure 21a); (ii) If x(f) < 0, then N = —f1.. The
normal section C bends away from N at P (Figure 21b).

Figure 20: A normal section of surface 3 in the direction of {.

source
source A
DA
A N s "'nc«
oA
N="n ~
¢ P t
. C
fic
(a) x > 0 (convergent wavefront) (b) k < 0 (divergent wavefront)

Figure 21: Sign convention of the curvature of a normal section.

In application to EM diffraction problems, two types of surfaces are frequently encountered:
a wavefront and a reflecting surface of a scatterer. In either case, we choose N pointing toward
the electromagnetic source. Because of this choice, the sign of k has the following meaning:

(i) Let the surface be a wavefront. Since N points toward the source which excites the
wave, N is in the opposite direction of the wave propagation. If () > 0, the normal section C
of the surface in the direction of f is divergent (Figure 21a), whereas if x(f) < 0, the normal
section is convergent (Figure 21b).

(ii) Let the surface be a reflecting surface of a scatterer, and N point toward the source
which illuminates the scatterer. If k() > 0, the normal section is concave (Figure 21a), whereas
if x(f) < 0, the normal section is convex (Figure 21b).

From (8.4) and (8.5), it is clear that curvature x(f) has a dimension of (length)™!. We
define its reciprocal as the radius of curvature R(f) of surface 3 at point P in the direction of

A

t:
o1
R(t)__x(f)'

(In EM diffraction problems, we often use the radius of curvature for a surface, and curvature
for a curve, in order to minimize confusion between x and «,.) It is important to remember

(8.6)
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that at a given point P on the surface, k() and R(f) are functions of tangent vector . Their
variation with respect to t will be discussed in detail in the next section.

We will now develop a formula for computing () for a given direction f. Differentiation
of t-N =0 gives

4 o ;AN __dF AN __di-d¥
do  do do do  dF-di’
Making use of this relation and (8.4) in (8.5), we have
N 2 . di . dr-dN
=— N=—:N=— . .
"= V=4 a7 -dr 7

The numerator and denominator of the right-hand side of (8.7) represent two important
quantities in the study of a surface. They are explained below:
The first fundamental form

I =d7-d7 =(do)? = (dx)?* + (dy)? + (dz)? (8.8)

represents the square of the differential arc length along a curve on a surface. In terms of the
parameters (u, v) we have

d7¥ =7,du+7,dv. 8.9
Then an alternative form for I is
[ =d7-d¥ = Edu® + 2Fdudv + Gdv? (8.10)
where du? means (du)?, and
E=7?,-7, F=7,-7, G=T7,-T7,. (8.11)

Despite the fact that E, F, and G depend on (u, v), the first fundamental form is invariant with
respect to change of parameters. This is obvious from the geometrical significance of arc length.
The second fundamental form

I =—d7-dN, (8.12)

which will be shown later, is twice the deviation of the surface at (u + du, v + dv) from the
tangent plane at (u,v) (Figure 22). For computational purposes we note

dN = N,du + N, dv. (8.13)

(Note that N is a unit vector but N, is not). Then an alternative form of I is

I =—d7-dN = edu® + 2f dudv + gdv? (8.14)
where
e=—#,-N,, 2f=—F,-N,+7,-N,), g=-7,-N,. (8.15)

Since 7, N =0 and 7, - N = 0, more convenient formulas for e, f, and g are

C T (FuxT)

e=7, N=pu*——"- (8.16a)
w VEG —F2
R (R xT)

f=7, N=uyr—% (8.16b)
w VEG —F2
- A 7:vv : (Fu X 7:v)
" VEG—F?
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where we used the definition of N in (8.3). The choice of u (u = +1 or —1) should agree
with that utilized in defining N. Unlike the first fundamental form I, which is always positive,
the second fundamental form I may be either positive or negative. It may be shown that the
absolute value of I is also invariant with change of parameters (u, v). Its sign is preserved if
the parameter transformation has a positive Jacobian, otherwise, its sign is reversed.

— oI —+

tangent plane

Figure 22: Second fundamental form I is twice the deviation of the surface from its tangent
plane.

Return to the curvature in the direction ¢ of a surface given in (8.7). Now, it can be written

as
~ I edu®+2fdudv+ gdv?
t)=—= 8.1
k(0 I  Edu?+2Fdudv+ Gdv2 (8.17)
where (E, F, G) are defined in (8.11) and (e, f, g) in (8.16). The ratio dv/du determines the

direction of . Alternatively we may write the tangent vector ¢ as

t=t17 +ta7,). (8.18)
Then the formula in (8.17) for the curvature becomes

A

2 2
<(F) = et? +2f tyty +gts
Et}+2Ft ty + Gt

(8.19)

To illustrate the computation procedure of curvature, let us consider a cylinder with radius
a as an example (Figure 23)

7F(u,v) = (acosu,asinu,v).

In terms of the familiar cylindrical coordinates, it is obvious that u = ¢ and v = z. Straightfor-
ward differentiation gives
7, = (—asinu,acosu,0)
7, =(0,0,1)

-

= (—acosu,—asinu,0)
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Then the normal is found from (8.3), taking u = +1,

N = (cosu, sinu, 0)

which points away from the axis of the cylinder (a convex cylinder). The two fundamental
forms are
I =a?du® + dv?
I = —adu?
and the curvature is given by (8.17), or
. 1 1
= oy
1+ (3)

Introducing the angle a such that (Figure 23)

1dv
tana = ——,
adu
we have 1
x(t) =—=cos®a.
a

Along the direction a = 0, i.e., the direction of , x = —a ™!, where the minus sign signifies the
fact that the surface bends away from the outward normal N. The magnitude of the curvature
decreases continuously as a increases. At a = 7/2 (z direction), k = 0 which is the direction
of minimum bending of the surface.

/
\ﬂ
! N >

:“

Figure 23: Curvature of a cylinder.
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9 Principal Curvature

At a point P on a surface, curvature x(f) of the surface as given in (8.17) is a function of
direction (or dv/du). A knowledge of k() for all f in the tangent plane determines the bending
of the surface in the neighborhood of P. In this section, we will study the following important
fact about x(f): As t revolves in the tangent plane, a pair of orthogonal directions exists for
which k(f) assumes maximum and minimum values. These two directions are called principal
directions, represented by two unit vectors é; and é,; the two extreme values of k are called
principal curvatures denoted by x; and k5. The curvature k() along an arbitrary direction
can be actually expressed in terms of x; and k,. Thus, there are only two degrees of freedom
in x(f). From the simple example of the cylinder discussed at the end of the last section (Figure
23), it is obvious that (é;,é,) are in the directions of (ql;,é), and xk; = —a !k, =0.

Let us concentrate on the expression of k() given in (8.19). To determine the extreme
values of k(f) when t; and t, vary, we require

ok oK

— =0, —=0 1
ot Oty ©-1

which gives two homogeneous equationﬂ
(e—kE)t;{+(f —kF)ty=0 (9.2)
(f —xF)t; +(g—kG)ty, =0 (9.3)
For nontrivial solutions, the determinant of the coefficient matrix must be zero:

e—kE f—«F

det
€ f—xF g—«kG

=0 (9.4)

Expanding the determinant, we have a quadratic equation for the extreme values of k:
k2 —2KyK+Kkg=0 (9.5)

where the coefficients are:

K1+Ky Eg—2fF+eG
2  2(EG—F2)

eg—f?

EG—F?2

Mean curvature: K,; = (9.6a)

Gaussian curvature: kg =K1Ky = (9.6b)

It can be shown that the quadratic equation in (9.5) has two real roots, which are the principal
curvatures k; and k:

Kl)z =Ky + K§4 —Kg (96C)

Substituting x; and k, into (9.2) or (9.3), we obtain solutions for (t;, t,), which determine
the principal directions according to (8.18). More explicitly, the two (unit) principal directions

“The formula of Rodrigues for lines of curvature reads
k(F du +7,dv) + (N, du+N,dv) =0

which is the vector version of (9.2) and (9.3). It is a necessary and sufficient condition for dv/du to be the principal
direction.
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(é;,e,) are given by

1
é, =—[17,+a?,] (9.7a)
Y1
1
e, = —[pB7,+17,] (9.7b)
Y2
where
e—k1E f—K,F
= 9.7
KiF—f x,G—g ©.79
f—KkoF  g—KyG
= = .7d
P KoE—e  koF —f (0.7d)
v, = (E +2aF + a*G)/? (9.7€)
Yo =(B2E +2BF + G)'/? 9.76)

If k; # K4, €; and é, are orthogonal, which follows from the fact that

1

Y172

é1:8, = [BE+(a+ B)F+aG]=0
If k1 = k4, the curvature at P is constant in all directions, and P is called umbilic.

Except for umbilics, at every point on a surface there are two mutually orthogonal principal
directions é; and é,. Curves on the surface that at all points are tangent to a principal direction
are called lines of curvature. Many results can be greatly simplified if the lines of curvature
are used for the u- and v-parameter curves.

Referring to Figure 24, when u- and v-parameter curves are themselves lines of curvature,
we have

it}
=~

U :él, _,v :éz (9.8)
|7

=l

ul

It can be shown from (9.7) that a necessary and sufficient condition for (9.8) is

F=0, f=0 9.9)

Line of Curvature
u=u,

§ VIV
4 Line of Curvature

Figure 24: Lines of curvature are used as u- and v-parameter curves.

For an arbitrary tangent vector ¢ at P, the representation in (8.18) now becomes

t =cosaé; +sinaé, (9.10)
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where a is the angle of f measured from é; in the tangent plane (Figure 24). Using (9.9) and
(9.10) in (8.19), we have

s € 2 8 ;2
k(t)= —cos“a+ =sin“a 9.11
(t) E G (9.11D)

By simple differentiation of (9.11) with respect to a, we determine the two extreme values of
K:
Ki=—=, ifa=0 (9.12a)

Ko==, ifa=m/2 (9.12b)

QJoa |

which by definition are the principal curvatures. Substituting (9.12) into (9.11) gives

k(f) = K1 cos? a + ko sin a (9.13)
Thus, the curvature along an arbitrary direction defined in (9.10) is simply related to the two
principal curvatures.
Ellipsoid. We will give an example for the calculation of curvatures. Consider an ellipsoid
(Figure 15)
2 2 L2
x“ y° oz
§+ﬁ+c_2_1 (9.14a)

which may be represented by the following parametric equation:
7(u,v) = (asinucosv, bsinusinv,c cosu) (9.14b)

Straightforward differentiation gives

7, = (acosucosv,bcosusinv,—csinu) (9.15a)
7, = (—asinusinv, b sinucos v, 0) (9.15b)
7, = (—asinucosv,—b sinusinv,—c cosu) (9.15¢)
7, = (—acosusinv, b cosucosv,0) (9.15d)
7,, = (—asinucosv,—bsinusinv,0) (9.15¢)

Substituting the above into (8.11) and (8.16) leads to

E = cos?u(a? cos? v + b?sin®v) + c¢?sinu (9.16a)

F = (b?—a®)sinucosusinv cosv (9.16b)

G = sin? u(a?sin® v + b2 cos?v) (9.16¢)

e=—— : —abc (9.16d)
[c2sin?u(a2sin? v + b2 cos2v) + a2b2 cos? u]1/2

f=0 (9.16e)

g =esin®u (9.16)

The surface normal is found by (8.3), choosing u = +1,

(sinucosv sinusiny cosu)
a ’ b > ¢

N=— .
[(smuacosv )2 + (smubsm\/)z + (%)2]1/2
Alternatively it may be written in terms of (x, y,2)

x Y z
a2’ p2> 2

V&P + ()2 +(5)2

N=
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From (9.6a) the mean curvature is found to be

_ abc[a?sin? ucos? v + b?sin? usin®v + ¢2 cos?u — (a? + b% + ¢?)]

fm = 2[c2sin?u(a?sin®v + b2 cos2 v) + a2b2 cos2 u]3/2 ©-17)
which becomes, in terms of (x, y,2),
2+ yr ) —(a?+ P+ c?)
O 2(abo)(E + L+ 22
The Gaussian curvature is determined from (9.6b) with the result
(abc)? 1 ©.18)

Kg = . 9 ) = 2
[c2sin®u(a?sin“v + b2 cos2 v) + a2b2 cos2 u]>? (abc)z(z—i + L+ i_j)z

The principal curvatures can be found from the quadratic equation in (9.5), or

K1,Ko =Ky £ /K% —Kg (9.19)
2

At points where k3, = ks, we have identical curvature in all directions on the tangent plane.
They are umbilics. For an ellipsoid with unequal axes, there are four umbilics. Assuming
a > b > c, the coordinates of the umbilics are

a2 — b2 b2 — 2

X ==a m, _)/ZO, z = =c

22 (9.20)

For the special case a = b = c, the ellipsoid reduces to a sphere of radius a. Then k] = k5 =
(—1/a) and all points on a sphere are umbilics.
As a numerical example, let us set

a=2, b=+2, c=1 (9.21)

The four umbilics are located at

1| 2 £ 2
x=22\|=, y=0, z==%\ =
3 3

one of which is approximately indicated in Figure 25. At a point P where u = v = /4 and has
coordinates

1 1
x=1, =—, 2=—
TV T
we have the following numerical values
1 1
7,=0—,—-—— (9.22)
= 5 2)
1
7, =(-1,—,0 (9.23a)
y = 7 )
E=2, F= —1, G= 3 (9.23b)
2 2
—4 2
e=—, =0, =—— (9.24a)
v11 f § v11
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—20 32
Ky = , Kg=— (9.25a)
MTnvir ¢ 121
—4
K1o=—-—(5F+V3 (9.25b)
BT 11v11 ( )
The two principal directions calculated from (9.7) are
1 3 1
6= ——(2+ «/5,—\ -, ——) (9.26a)
V9 +44/3 20 V2
1 1—+v/3 1++/3
by= ——=(-3-V3,——,—) (9.26b)
16+6v3 V2 V2
which are obtained with the help of intermediate values
1
a=—(14++v3), B= 5(1 +3) (9.27a)

1
v1=V9+4+3, )/225\/16+6«/§ (9.27b)

Figure 25: A sketch of the ellipsoid with a =2, b = +/2,c¢ = 1. U is an umbilic. The lines are
lines of curvature.

Caustic. As a last subject on principal curvatures, let us establish a fact that finds frequent
use in EM diffraction problems. Consider a point P specified by parameters (u,v) on a surface
W (in diffraction problems, W is recognized as a wavefront). Referring to an origin O, we may
also specify P by a position vector 7(u, v) (Figure 26). The surface normal at P is given by the
equation

R(u,v,0) =7Fw,v)—oN(u,v) (9.28)

Here R is the position vector of a typical point on the surface normal. N is the unit surface
normal vector (pointing toward the source of the wavefront). o is the arc length measured
positively in the direction of (—N), and o = 0 at P. A question of interest is, under what
condition does the normal at an adjacent point P’ specified by parameters (u + du,v + dv) on
the surface intersect with that at P? The answer is that, to the first-order approximation,
normals drawn from adjacent points on a line of curvature intersect. This will be shown
below. The distance between the normal at P and that at P’ is the magnitude of the vector

Ru+du,v+dv,o +do)—Rw,v,0)
= (R,du+R,dv +R,do) + higher-order terms
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If the two normals intersect to the first order, we require

D=R,du+R,dv+R,do (9.29)
to be zero. The substitution of (9.28) into (9.29) leads to
D =(#,du+7,dv)—Ndo —o(N,du+N,dv) (9.30)

If P and P’ are both located on the same line of curvature, we may use the formula of Rodrigues
(see footnotes in association with (9.2) and (9.3)):
(7, du+7,dv) + (N,du+N,dv) =0 (9.31)
Then (9.30) becomes
D=—-1+o0x)(F,du+7,dv)—Ndo
Clearly D is zero if
1
o =—— (a constant)
K
and hence do = 0. In summary, to the first order, the normal at P and the normal at an adjacent
point P’ on the same line of curvature intersect at
- 1 A
R=7(u,v)+—N (9.32)
K

Recall the sign convention of k discussed in Section 8. If the normal section of W along PP’
bends toward (away from) N, « is positive (negative). Therefore, regardless of the choice of N,
the intersection point Rin (9.32) always lies on the concave side of the normal section of W.

L
K

F o= -

Figure 26: Intersection of normals drawn from adjacent points on a line of curvature.

In optics, point R in (9.32) is called a focus. Since, in general, there are two distinct
principal curvatures k = x; and kK = K, there are two foci on each normal (ray). As (u,v)
varies on the given surface (wavefront), (9.32) describes two surfaces (one for k = kx; and one
for k = K,), which are known as caustics (or focal surfaces). The condition that D defined
in (9.29) is zero implies that R,,R,,R, are coplanar. Thus the normal N (u,v) is tangent to
caustics at their foci. Two caustics F; and F, of a surface W are sketched in Figure 27. (é;,¢é,)
are principal directions, and N, the normal. In this sketch, x; is negative (the normal section
bends away from N), whereas k., is positive.
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Figure 27: Two caustics F; and F, of a surface W. (é;,é,) are principal directions. In this
sketch, x; is negative and k, is positive.
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10 Curvature Matrix

At a point P on a curve, the knowledge of curvature and torsion at P determines the local
properties to the second degree of the curve in the neighborhood of P, as described in (6.6). At
a point P on a surface, a similar role is played by a linear operator S, called shape operator,
defined on the tangent plane at P. In our application to EM diffraction problems, it is convenient
to represent S by a 2 x 2 matrix Q We call Q the curvature matrix. The explicit form of Q, of
course, depends on the base vectors on the tangent plane. If the base vectors coincide with the
principal directions of the surface, Q is a diagonal matrix. Otherwise, Q is not a diagonal matrix
but can be related to the diagonalized one by a standard theory of linear transformation.
Instead of starting with the shape operator S, we will introduce Q directly as below. On a
surface %, there is a normal N at each point. As N moves away from a point in an arbitrary
direction, its variation follows the bending of ¥ in that direction. Take the cylindrical surface
in Figure 23 as an example, along the direction of 7, (z-direction), N is a constant, indicating
the fact that 3 does not bend in this direction. Along the direction of 7, (¢-direction), the
differential variation of N is also in the direction of 7, and has a constant magnitude. This
reflects the roundness of ¥ in the direction of 7,. Following this idea, we may introduce a
quantity measuring the variation of N at each point on ¥. Since N - N = 1, differentiations
with respect to u and v give
N,-N=0, N,-N=0 (10.1)

which means that (N, N, ) at a point P lie in the tangent plane of  at P. Hence we may express
(N,,N,) in terms of tangent vectors (7, 7,) as follows:

—N, =Q17, + Q17 (10.2a)
—N, = Q17 + Quo7, (10.2b)

The four parameters in (10.2) form a curvature matrix Q

= |Qu Qi
= 10.3
Q [QZl Q22:| ( )

In matrix notations, (10.2) may be rewritten as
[_Nu _Nv]T :Q[?u 7:v:lT (10.4)

Here T is the transpose operator. [7, 7,]is a 3 x 2 matrix and is explicitly given by

ax  9x
:gu gv

7, #1=|% % (10.5)
oz 0z
du Jv

Similarly, [N, N,]is given by

oN, 9N,
du dy

S o1 | 9N, en,

Ny NI=1|5r & (10.6)
oN, 9N,
du av

We regard (10.4) as the definition of Q
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For a given surface, it is desirable to develop a formula for calculating (3 directly. To this
end, let us introduce the first fundamental matrix I such that

- [E F| _[Fy -7 FuF
I= — _’u _’u _)u _’v —_ I3 = 1Tr= = 10.
E - [r 2 w07

and the second fundamental matrix I such that

Z_|¢€ f _ ]\:[u' u Nu'Fv &
=[5

N7 = [_Nu _Nv]T[?u ?v] (10.8)
u v v
Now multiply both sides of (10.4) by [7, #,]7, which yields

S

I=qI (10.9)

Since (u, v) are independent parameters, Iin (10.7) is nonsingular. Inversion of [ in (10.9)
gives

Q=1 (10.10)
or more explicitly
eG—fF fE—eF
= = 10.10b
Qn G _F2 Q12 FG_F? ( )
fG—gF SE—fF
=i __ ° =S 10.10
Q21 EG_F2 Q22 FG_F? ( )

The results in (10.2) and (10.10) are known as Weingarten equations. They enable us to
calculate (__2 directly for a given surface.

Once Q is found at a point P on a surface, we may calculate from it the principal curvatures
and directions at P. This will be demonstrated next. From (10.10) and the definitions in (9.6),
it is readily shown that

1 = 1
B -trace Q = E(Kl + K,) = mean curvature K, (10.11a)

det (:2 = K1k = Gaussian curvature k; (10.11b)

Therefore, k; and «, are the two eigenvalues of (=2 Following a standard procedure, let us
diagonalize Q. The two eigenvectors of Q are denoted by

3 _ dll 7 _ dlZ
dl_[dm}’ dz_[dzz (10.12)

Qd,=x,d,, n=12 (10.13)

which satisfy the relations

Explicitly the solutions of (10.13) are given by

d _K1—=Qu _ _ Qn (10.14)
di Q12 K1 —Qa

dip _K3=Qyp _ _ Qu (10.14b)
day Qo1 Ka—Q11

which determine c_in within a normalization constant. Let us form a 2 x 2 matrix D such that

= . dy d
D=[d, dz]z[d; d:z] (10.15)
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Then the matrix

= 12352 K7 0
D QD = [ 0 K2:| (10.16)

is the diagonalized curvature matrix. The first and second rows of the 2 x 3 matrix

pir, 71° (10.17)

give the principal directions. After normalization, the unit principal directions in (10.17) are
explicitly given by

1
¢y = — (17, +af,) (10.18a)
Y1
1
&y = —(B7, +17,) (10.18b)
Y2
where
_dia _Qap—xy _ Qu (10.18¢)
dyy Qo1 Q11— K3
p=ta_QuTri__ Qu (10.18d)
di; Q12 Qa2 — K
v1 = (E + 2aF + a?G)"/? (10.18e)
v2 = (B2E +2BF + G)'/? (10.18f)

By straightforward manipulation, it can be shown that (10.18) is identical to (9.7). In summary,
curvature matrix Q is defined in (10.2) and (10.3). It can be calculated from (10.10). Once
Q is known, the principal curvatures and direction are determined by (10.11) and (10.18),
respectively.

The four vectors 7, 7,,é; and é, lie in the tangent plane at P of a surface (Figure 19). In
general, 7", and 7, are not normalized, nor mutually orthogonal, and not in principal directions,
as shown in Figure 28a.

Now, let us consider the special case in Figure 28b, where

@ 7 =17=1 (10.19a)
(iii) the angle measured counterclockwise from 7, to é; is ¢ (10.19¢)

Then from the relations
E=1, F=0, G=1, (10.20)

the following facts may be established:

(a) Apart from a constant, Din (10.15) isa unitary matrix given by

p=[i ]y

(b) The curvature matrix é is symmetrical and is given by

= |e f =K 0 |:=
o[ fl-ols o

LS cos? 1) + Kk, sin?1) (k1 — K5)sina cosa

= [(Kl - Kz)SiIl’(,b COS’Lp K1 sin? 'Lﬂ + Ky cos? ¢i| (10.22)
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Ify =0, (:2 is further simplified to become a diagonal matrix

(=2=[K1 O], if 4 =0 (10.23)

0 Ko

As discussed in (9.9), a necessary and sufficient condition fory =0is F =0and f =0.
We conclude this section with an example. Let us calculate the curvature matrix at a point
P with coordinates

1 1
x=1, =—, 2=— (10.24)
YT /2
located on an ellipsoid (Figure 25)
3 +(%) +
-+ = +2°=1 (10.25)
) +(%
This example was studied in Section 9. Substituting (9.24) into (10.10) gives immediately
= —4 |6 2
Q=—— |: ] (10.26)
11/11[1 4

We note that (3 is not diagonal because (7,,7,) in (9.23) are not in the same directions as
(é1,€,) in (9.26); nor is it symmetrical because 7, and 7, are not orthogonal. From the given Q
in (10.26), we can calculate principal curvatures from (10.11) and principal directions from
(10.18). These results are of course identical to those given in (9.25) and (9.26).

Sl
>

(@) (b)

Figure 28: Four vectors in the tangent plane at P of a surface. (é;, é,) are principal directions.
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11 Approximation of a Surface

In EM diffraction problems, there are typically two types of surface involved: (i) a perfectly
conducting surface ¥ where an electromagnetic field is reflected or diffracted, and (ii) a
wavefront W of a ray pencil. We are often interested in the local geometrical properties of %
or W at a point O. For this purpose instead of using the exact representation of the surface, a
quadratic approximation based on the Taylor expansion is sufficient. This approximation is
discussed in the present section.

At point O, let us introduce a set of right-handed orthonormal base vectors (5,55, 5 = §3).
In the case of a conducting surface X, we choose

+N, forx: (11.1a)

o

In the case of a wavefront W, we choose (Figure 29b)

&=-N, forw (11.1b)
Thus, the normal N always points toward the source (of the incident field in the case of %, or of
the ray pencil in the case of W), whereas & points toward the incident field, or the direction of
propagation of the ray pencil. The two orthogonal directions (&, §5) lie in the tangent plane
of the surface. They may or may not coincide with the principal directions. In the remainder of
this section, we will concentrate on the case in (11.1a). Results so obtained apply also to the
case in (11.1b) after obvious modifications (See (13) in Section 13).

rays

A A
o=N . o &
<o "
5 0 source
source
(@ (b)

Figure 29: Choice of normal N in an electromagnetic diffraction problem. Note that N always
points toward the electromagnetic source.

Consider a point P on X in the neighborhood of O (Figure 30). The position vector 7 of P
in reference to O is
?:(5'10'14‘6'20'2"‘6'0' (112)

where (04,0,,0) are the rectangular coordinates of P. Since P is on X, there are only two
degrees of freedom in (01,0,,0). Let (01, 05,) be the independent parameters, and play the
roles of (u,v). Then the relation

og=0(0,,03) (11.3)

describes X.. To obtain an approximate version of (11.3) valid for small |o;| and |o5|, let us
replace (11.2) by its Taylor expansion around O, namely

- - - ]- - 2 - - 2 3
7(01,09) =75, 01+7;,05+ E(r(,lgla1 +275,5,0102 +T5,5,03) +0(07 5) (11.4)
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where 7, , for example, is the partial derivative of 7 with respect to o, evaluated at (o, =
0,0, =0). In (11.4), O(o,, og) means terms of order oo’ with m + n = 3, which indicates
that terms higher than quadratics of o and o, have been neglected. From (11.4), o is found
to be

1
o:?-ézE(eaf+2f0'102+g0§)+0(0'§2) (11.5)

where e, f, and g were defined in (8.16) (recalling u — o1,v — 0, and N = &). Note that at
O we have

o 2 .. R R AL oa A
Foy = 55" (6,01+G,0,+60) o =01 +6(ecq,+ fo,) 0o =01
1 1—Y V2= 1—=Y% V2=

and similarly 7, = &,. When these results are used in (8.10), we have
E=1, F=0, G=1. (11.6)

With the help of (10.10) and (11.6), we may rewrite (11.5) in terms of the curvature matrix é,
namely

1
T=3 [Q1107 +(Q12+Q21)0105 + Q05 | + O(Uiz) (11.7)
or, in matrix notation
1 (on] =101 3
=— . (0] 11.8
=[] 82 ot mo

This is the desired quadratic approximation of a surface valid for small |o;| and |o|.

A
o

o /f/
/‘“"""(a},d‘z)

Figure 30: Quadratic approximation of a surface.

I

d |
Qb A —r—> 5,

|

|

A
0-1

When (64, 55,) coincide with the principal directions (&, é,), é is given in (10.23), and
(11.8) becomes

1
o= §(K10'%+K20'§)+O(O'i2) (11.9)

This simple representation in (11.9) brings out clearly the geometrical significance of the sign
of Gaussian curvature K; = KK, as discussed below : (i) If k; > 0, x; and k have the same
sign. The quadratic approximation in (11.9) describes a paraboloid (Figure 31a). (ii) If k; <0,
K, and x4 have different signs. The quadratic approximation describes a hyperboloid (Figure
31b). (iii) If k; = 0 with x; # 0 and k, = 0, the quadratic approximation describes a cylinder
(Figure 31c). (iv) If k; = 0 with k; = k4 = 0, the quadratic approximation reduces to a plane.
At most, the original surface can have small bending at (o; = 0,0, = 0). To study this small
bending, we have to examine the higher-order terms in the Taylor expansion. We emphasize
that the Gaussian curvature, which equals det Q, is an invariant geometrical quantity of a
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surface. Its value (and its sign) is independent of the choice of a particular coordinate system
which describes the surface. )

When (6, 55) make an angle v with the principal directions (é;,é,) (cf. Figure 28b), Q is
given in (10.22). It should be added that although (11.8) was derived based on the assumption
of orthonormal (&, §5), it is valid for any two independent vectors (5, 5) in the tangent
plane of the surface. For example, coordinates (o4, 05) may refer to the base vectors (7,,7,)
in Figure 28a, and (11.8) remains valid. In the latter case, Q is no longer symmetrical, and is
given by the general form in (10.10).

A A
o=N

9>
n
=2

(b) kg <0 withk; <0and x, >0

(@) kg >0 withx; <0Oand k, <0

[ 2R

I

|

!
/
/

/ &
A T
K- ™

/
(c) kg =0withx; >0and k, =0

Figure 31: Sign of Gaussian curvature k; = kK. In this sketch, & = +N is used.
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12 Geodesics

For two given points P and Q on a surface %, what is the shortest arc joining them? If X is
a plane, the answer is obvious: The shortest arc is the straight line segment joining P and
Q. For a general surface, the shortest arc, if it exists, must be a geodesic. A straight line is
characterized by the property that its curvature is zero, whereas geodesics are curves of zero
geodesic curvature.

Let us first define geodesic curvature. Consider a curve C (not necessarily a geodesic) on %
(Figure 32). The normal and tangent of C at a point P are denoted by # and £, respectively.
The curvature vector x# of C lies in a plane perpendicular to £, and can be resolved into two
components

KA = KHN + Kgﬁ (12.1)

where N is the normal to ¥ at P (pointing to any one of the two possible directions), and
ii=N x t. We called K, in (12.1) the geodesic curvature of curve C at point P. From Figure
32, we note that, with a possible minus sign, Kg is the curvature of curve C’, which is the
orthogonal projection of C on the tangent plane. As an example, consider the small circle C on
a sphere of radius a (Figure 33). At any point on C, its geodesic curvature is

1
Kq =xKkn-il=-cosB (12.2)
a

which varies between +a~! and —a™!, and vanishes when C is a great circle (6 = 1t/2).

A
N

b= > ]

Figure 32: A curve C on a surface and its projection C’ on the tangent plane.

In calculating x,, the following quantities, called Christoffel symbols, are needed:

. _ GE,—2FF, +FE, o _ 2EF, —EE, —FE,
1 FE, 2 _ (12.3a)
2(EG —F?) 2(EG —F?)
GE,—FG EG, —FE
1 14 u 2 u v
_ ’ _ 20w FE, 12.3b
127 5(EG — F?) 12 2(EG—F?) ( )
, _ 2GF,—GG,—FG, 2 _ EG, —2FF, +FG, (12.30)
22 2EG—F2) 22 2(EG—F?)
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Figure 33: A small circle and its normal 72 on a sphere.

where the subscripts as usual indicate partial derivatives.

Eu = ZFH : ?uu Ev = 2?11 ’ ?UV (12.4a)
F,= ?u . ?uv + ?v : ?uu F,= 7:u ’ 7:vv + 7:v : 7:uv (12.4b)
Gu = 2?‘; ° Fuv Gv = 2?1’ ' ?VV (124(:)

Note that Christoffel symbols depend only on the coefficients of the first fundamental form and
their derivatives (not on e, f, g etc.). An explicit formula for x, in terms of Christoffel symbols
can be found in standard differential geometry textbooks (See P 128 of D. J. Struik).

The definition of geodesics is that they are curves of vanishing geodesic curvature

=0 (12.5)

From the condition in (12.5), two differential equations of the geodesic can be derived, namely

d?u du\? du dv dv\?
d®v =, (du)? , dudv _, (dv)?
d—o_2+r11 (E) +2F12£E+F22(£) =0 (126b)

where o is the arc length of a curve (geodesic). A solution of (12.6) is of the form
{u = fi(o)
v=fy(o)

which describes a geodesic. It should be remarked that (12.6a) and (12.6b) are not independent.
They are related through the first fundamental form in (8.10) or

do? = Edu® + 2Fdudv + Gdv? (12.7)

Eliminating do from (12.6), we obtain a single differential equation of the geodesic, namely
d>v L (dv? 1 NS 1 5 dv
@ = F22 (a) +2(F12—F22)(a) +(F11—2F12)E—F11 (12.8)

which has the following interpretation: At a given point (u,v) on a surface, once dv/du is
given, d?v/du? is determined, that is, the way in which the geodesic curve is continued. We
list below several properties of geodesics:
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(a) When Kk, =0, we have from (12.1) that

A==+N (12.9)

Thus, the normal of a geodesic is in the same (or opposite) direction of the surface
normal.

(b) At a given point (initial point) on a surface, a geodesic is uniquely determined once a
tangential direction is specified. This follows from (12.8) and an existence theorem of
differential equations.

(c) For two given points P and Q on a surface, the minimum arc joining them, if it exists,
must be a geodesic. The converse, however, is not true. For example, great circles of a
sphere are geodesics. A great circle passing through P and Q has two arcs. In general,
these two arcs are not equal and only one of them gives the shortest distance.

We conclude the section with several examples for determining geodesics.

(i) Plane. A point on the x y-plane may be described by
7(x,y) = (x,y,z = constant)

With u = x and v = y, it may be shown that all Christoffel symbols in (12.3) vanish. Then
(12.8) becomes
d?y _
02—
Its solution is
y=ax+b

which is a straight line. Alternatively, the same problem may be solved by using cylindrical
coordinates with

7(p,®) = (pcos¢, psin¢g,z = constant)
With u = p and v = ¢, Christoffel symbols in (12.3) are all zeros except

1
Fl = _p) FZ = —
22 27,
Then (12.6) and (12.7) become
d2p d¢ 2
—o|l =) =0 12.10
do? P (da) ( )
d’¢ 2dpd¢
—t———=0 12.11
do? pdodo ( )
do? =dp?+ p2d¢? (12.12a)

As remarked earlier, not all the above three equations are independent. For example, let us

write (12.12a) as )
2
1= (d—p) +p? (@) (12.12b)
do do

Taking the derivative of both sides of (12.12b) with respect to o gives

o~(ie) T (i) oo (@)l -5
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which is a proper combination of (12.10) and (12.11). Hence, we may concentrate on the
solution of (12.11) and (12.12). Rewrite (12.11) as

(d2¢/do?)  2dp _

=0 12.13
@¢/do) *pdo (12152)
or i do
A 2_)]=0 12.13b
do [ n(p do ( )
whose solution is 1
do = ~p2d¢, where c = constant (12.14)
c
Substituting (12.14) into (12.12a), we have
cdp d¢ (12.15)

pVpi—c2

Integrating both sides of (12.15) leads to the solution

p =csec(¢p —¢g) (12.16)

where ¢ is another constant. As expected, (12.16) is also a straight line.

(i) Cylinder and developable surfaces. Consider the helix curve on the surface of a
cylinder shown in Figure 8. At every point the normal 7 of the helix is equal to £N of the
cylinder. Therefore, by (12.9), a helix is a geodesic on a cylinder. For any two given points P
and Q on a cylinder (Figure 34a), there are infinitely many helix curves (geodesics) joining
them. This point may be best explained by using a "developed" cylinder. A developable
surface is the one which/[l]

(a) may be generated by a continuous motion of a straight line (the straight lines on the
surface are called generators), and

(b) has the same tangent plane at all points on any given generator.

Examples of developable surfaces are cylinders and cones. If one cuts the cylinder along a
generator (¢ = 0 in Figure 34a), it may be opened up to become a rectangle on a plane,
without stretching or shrinking (Figure 34b). A helix on a cylinder now becomes a straight
line on the developed cylinder. To account for the periodicity in ¢, the rectangle may be
repeated an infinite number of times in the manner shown in Figure 35. Then P has images
P;,P_4,P,,P_,,.... All possible geodesics joining P and Q on a cylinder may be constructed by
drawing line segments between Q and P, P;,P_,,.... For example, geodesic QP; goes from Q to
P on the cylinder after revolving the cylinder once; and geodesic QP_, goes from Q and P after
revolving the cylinder twice in the opposite direction.

(iii) Surface of revolution. As discussed in Section 7 (Figure 18), a surface of revolution
may be described by

x=pcos¢, y=psing, z=f(p) (12.17)
Simple calculations lead to (u =p and v = ¢)
E=1+(f)*, F=0, G=p? (12.18a)
17 /
e=—J_ foo, 2 (12.18b)

VIt G SV w5

I Surfaces with property (a) but not necessarily (b) are called ruled surfaces. A hyperbolic paraboloid (Figure
14), or a hyperboloid of one sheet (Figure 16) is a ruled surface, but not developable.
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e e 2mra
{
Q
$:0 $=0 2w
@ (b)

Figure 34: A cylinder may be developed into a rectangle on a plane.

le— 270 —=f
— R P i .
\\\RQ%—’/

- Q
=27 ¢=0 2w 4

Figure 35: Developed cylinder and its "images."

where f’ is the derivative of f(p) with respect to p. Then Christoffel symbols in (12.3) are
found to be

/ol
1 ff 2
117 7 + ()2 11 ( a)
1
I, =0, I, =— (12.19b)
Jo)
1Y 2
L=— " T2=0 12.19
2T 15 ()2 22 ( 0)

Since the two equations in (12.6) are dependent, it is sufficient to take (12.6b), namely

P9, 2dpds _

0 12.20
do? pdodo ( )

The above differential equation is the same as (12.13), whose solution is given in (12.14).
Substituting (12.14) into the first fundamental form in (12.7) or

do?=[1+(f)*1dp? + p2d¢? (12.21)
we have -
or I
¢=¢0+cf%[%] dp (12.22)

which is the desired equation of a geodesic defined by two constants ¢, and c. For the special
case ¢ =0, (12.22) becomes

P = (12.23)
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Thus, all generating lines (meridians) of a surface of revolution are geodesics. As an example,
let the surface be a circular cone with a half-cone angle 6,. Then

f(p)=pcoth, (12.24)

Substituting (12.24) into (12.22) and carrying out the integral, we obtain the equation of a
geodesic on a cone, namely

p =csecl(¢p — ¢p)sinb;] (12.25)

Using the spherical coordinate r = p csc 6,, we may rewrite (12.25) as

rcos[(¢ — o) sinby] =ry (12.26)

where r is another constant. On a developed cone in Figure 36, (12.28) represents a straight
line MP with ry = OM and r = OP. The fact that the geodesics of a cone are straight lines on
a developed cone is in agreement with our discussion in Example (ii).

'

2wsinG,

-27rsin 6,

¢, sin b, ¢ sinb,

Figure 36: A geodesic MP on a developed cone and its "images."
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13 Summary

Let us first summarize the results in Sections 2 to 6 for a curve:

(1) An arbitrary-speed curve can be represented by a parametric equation with parameter

F(6) = (x(£), y(£),2(t)), t; <t<t,. (13.1)
Its speed is defined by
dr dx)? dy)? dz\?
= |—| = e — - . 1 ~2
T J(dt) +(dt) +(dt) (13.2)

The same curve may have other representations with different speeds through a change of
parameter (passing t to a new parameter).

(2) The arc length o (t) of a curve is defined by

o(t) :f

(3) A unit-speed curve is a curve 7(o) whose parameter is arc length o. The Frenet
apparatus can be computed by the following formulas:

dr

d 13.3
77 |4t (13.3)

in which ¢ is a reference point.

. a2 (| d?#
Tl(O') = @/ @ (1343)
b(o)=txn (13.4b)
. dr
to)= = (13.4c)
do
d?r
di (d* _ &%\ || %
- . 13.5b
w(o) do (daz 8 do3)/ do? ( )
The variation of (A, b, £) is given by the Frenet formula:
dn 5 A
ﬁ = tb—xt (13.6)
db
1o =—Th (13.7)
o
j—; = K (13.8)

(4) For an arbitrary-speed curve 7(t) the formulas for the Frenet apparatus are given by

A=Dbxt (13.92)
=/ =//
b(t) = |_r., z f,/| (13.9b)
r r
7;/
t(t)= 7 (13.90)
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7 Xr//

K(t)—| B | (13.10a)
7 ><r// —>///

T(t)——( 7 x 3,,|2 (13.10b)

where

dr(t) d27(t)
= , 7= yeee 13.11
dt dt? ( )
(5) For a unit-speed curve 7(o), the Frenet approximation of the curve in the neighborhood
of o0 =0 is (Figure 9)

(0—00)2 R (0_00)3

b 13.12
5 6 kTh (13.12)

7o)~ 7(0g) + (0 —0p)t +

where (#, b, t) are evaluated at o = -
Next, let us summarize the results in Sections 7 through 12 for a surface:

(6) A surface can be represented by a parametric equation with parameters (u, v):
Fu,v)=(x(u,v), y(w,v),2(u,v)), u; <u<u,andv; <v <v,. (13.13)

The unit surface normal at (u,v) is defined by

!

u X

“:l

N(u,v)= u (13.14)

where u = +1. In EM diffraction problems, u takes a value such that N always points toward
the source.

“ﬂl

u X

?t

(7) In calculating the properties of the surface in (13.13), the following parameters are
often needed:

¢ Coefficients of first and second fundamental forms

E=?,-%, F=7% %, G=F % (13.15a)
P (B X T 7, (F, X T 7o (P X T
e=‘u, uu ( u V)’ f =M uv ( u V)’ gzu A% ( u V) (1315b)
EG—F2 EG—F2 EG—F2

* Christoffel symbols
GE,—2FF,+FE, _, 2EF,—EE,—FE,

Iy, = 2EG—Fy T o@D (13.16a)
L KLoGORG y FOCWRLIG, g,

When the surface is described by the special form
7(x,y) = (x,y,f(x,¥)) (13.17)
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the above parameters become

E=1+f2 F=f.f, G:1+fy2 (13.18a)
e=Afvx, f=Afy, &§=Af,y (13.18b)
A=+ 2+ (13.19)
I}y = A% fefexs Th =A%, frx (13.20a)
Ty =A%fofvy, Th=202f 1 (13.20b)
Ly =A%fofyy, Tp=20%f,, (13.200)

When the surface is one of revolution, those parameters are given in (12.18) and (12.19).

(8) The curvature x and the radius of curvature R in the direction dv/du are given by

= 1_ e(du)® +2fdudv + g(dv)?
R E(du)?+ 2Fdudv + G(dv)?’

(13.21)

The sign of k¥ (or R) computed above is positive if the normal section of the surface bends
toward N, and is negative if the normal section bends away from N (Figure 21).

(9) At any point on a surface (except at an umbilic) a pair of orthogonal directions exists
for which x assumes maximum and minimum values. These two directions are called principal
directions (€, é,), and the two extreme values of k are called principal curvatures (x,K5).
The principal curvatures are given by

Kig =Ky =+ KIZVI —Kg (13.22)

where the mean curvature is

_ky1+ky Eg—2fF+eG

Knp = = 13.23
M 2 2(EG — F2) ( )
and the Gaussian curvature is
eg —f* (13.24)
Ke =K K9 = ————. .
G 2= -
The two principal directions are given by
N 1 - -
é,=—[17,+a?,] (13.252)
Y1
1
6y = —[BF, +17,] (13.25b)
Ya
where
—K.E —Kk.F
emmE ok (13.25¢)
KiF—f x,G—¢g
—KoF —KoG
pofzrof 87K (13.25d)
KoE—e koF—f
y1 = (E+2aF + a?G)"/? (13.25¢)
Yo =(B2E+2BF +G)'/? (13.25f)

Referring to the principal direction é;, we find the curvature in the direction a (Figure 24) is
given by
K=K cos® o + Ko sin®a (13.26)
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(10) A necessary and sufficient condition for u- and v-parameter curves is also the lines of
curvatures: F =0 and f = 0. When these two conditions are met, then

7 7
8 ===, &= (13.27)
|7l |7

(11) The 2 x 2 curvature matrix é is defined on the tangent plane of a surface by the
definition in (10.2). Its elements may be computed from the formula

eG—fF fE—eF
Q= FG_F2’ ) (13.28a)

_fG—gF _8E—fF
Qq = EG_F2’ 2= g (13.28b)

(12) Instead _of using the formulas in (9), the principal curvatures and directions can be
calculated from Q:

1
Ky = E(Qll +Q2) (13.29a)
Kg =Q11Q22 —Q12Q2; (13.29b)
Qa2 — Ky Q12
= = (13.29¢)
* Q21 Q11 —K2 c
Qi1 — K, Q21
= = (13.29d)
b Q12 Qoy — Ky

Substitution of (13.29) into (13.22) and (13.25) gives the principal curvatures and directions.

(13) To the first-order approximation, surface normals drawn from adjacent points on a
line of curvature intersect. The intersecting point is located on one of the two caustic surfaces
(Figure 27).

(14) Consider a conducting surface ¥ in an EM diffraction problem. At a point O (point of
reflection) on %, let us introduce three right-handed orthonormal base vectors (5, 55,$) such
that § = +N, pointing toward the source of the incident field (Figure 29a). Then a quadratic
approximation of X} in the neighborhood of O is

T
o _ Lol 2|0 3
Y:0= +2 |:02:| Q |:02i| + 0(01,2) (13.30)

If (64, 65) coincide with the principal directions, Q is a diagonal matrix given by

Q= [Kl 0 ] (13.31)

0 Ko

where (k, k,) are positive (negative) if their normal sections bend toward (away from) § = N.
If (6,,08,) make an angle v with principal directions, then

= |cosy —siny ||x; O ||cosy —simpT
Q siny  cosy) 0 xqf]|siny cosy

(13.32)

(15) Consider a wavefront W of a ray pencil in an EM diffraction problem. At a point O
(a reference point on the axial ray) on W, let us introduce three right-handed orthonormal
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base vectors (61, 5,$) such that § = —N, pointing toward the direction of wave propagation
(Figure 29b). Then a quadratic approximation of W in the neighborhood of O is

T
. _ ]. O-] = O-l 3
W:o= 2 [02] Q [02] + 0(01’2) (13.33)
where é is given again by (13.31) or (13.32). The principal curvatures (k;, k) are positive
(negative) if their normal sections of the wavefront are divergent (convergent).

(16) A geodesic on a surface is a curve of vanishing geodesic curvature. It may be described
by any one of the following three differential equations:

d*u _, (du)? 1 du dv L (dv?
—F+47T — | +2I, ——+T. — ] =0 13.3
do2 11(do) 2dodo Zz(do) (13:342)
d?v du? du dv dv\?
— 42— 22 — — + 12 (—) =0 13.34b
d(72+ 11(d0) + 12d0'd0'+ 2\do ( 4b)
d>v L (dv)? 1 NS 1 5 dv
du =15 (E) +(2F12_F22)(a) +(F11_2F12)E_ 11 (13.35)

where o is the arc length of the geodesic. With the aid of the first fundamental form
do? = Edu® + 2F dudv + G dv? (13.36)

we may eliminate o in (13.34) and recover (13.35).

(17) For two points on a surface, the minimum arc joining them, if it exists, must be a
geodesic.

(18) For a surface of revolution, the differential equation in (13.31) has been solved, and
the solution for the geodesic is given in (12.22).
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Subject Index

arc length, geodesic,
on developable surface,

binormal, on surface of revolution,

caustic, helix
Christoffel symbol, Frenet apparatus,
cone hyperbola,
geodesic, hyperboloid,
representation,
conic, meridian,
curvature
Gaussian, normal
geodesic, of curve,
line of, of surface,
mean, [30} [33] normal plane,
of curve, normal section,

of surface,

principal osculating plane,

radius of, parabola,

sign of, paraboloid,
curvature matrix parallel,

calculation, principal directions,

definition,

diagonalization, rectifying plane,

eigenvector, reflecting surface
curve approximation of,

approximation, normal of,

arc length, Rodrigues

Frenet apparatus, [50] formula of,

reparametrization, ruled surface,

representation,

speed, sphere

torsion arez, 20 .

’ representation,
developable surface, straight line, [6]
surface

eccentricity, approximation,
ellipse, area, [20]

curvature, [25]
normal,
principal direction and curvature,
representation,
tangent plane,
surface of revolution
Christoffel symbol,
fundamental form,

focus,
Frenet formula,

fundamental forms
first and second,
fundamental matrices
first and second,

generator, [47]
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representation,
torsion,

umbilic,
of ellipsoid,

wavefront
approximation of,
curvature of,
normal of,
Weingarten equations,
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