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Abstract
Recursive evaluation procedures based on spherical linear interpolation and stationary subdivision algorithms
based on geodesic midpoint averaging are used to construct the analogues on spheres of arbitrary dimension
of Lagrange and Hermite interpolation, Bezier and B-spline approximation, Catmull-Rom splines and four point
interpolatory subdivision schemes. Applications include constructing surface patches on spheres and building
splines in quaternion space for key frame animation in 3-dimensions.

1. Introduction

Spheres are the simplest curved surfaces. Naturally, spheres
in 3-dimensions are useful for Geometric Modeling, but
spheres in 4-dimensions are also important in Computer
Graphics, since the unit sphere in 4-dimensions is the space
of unit quaternions, which represents rotations in 3-space.
Curves on the sphere in 3-dimensions can be used to bound
surface patches on the sphere. Curves on the unit sphere in
4-dimensions represent families of rotations in 3-space, and
smooth families of rotations are useful in Computer Graph-
ics for key frame animation. Thus it is natural to investigate
various kinds of curves on spheres of different dimensions.

Many methods are known for generating curves inn-
dimensional Euclidean spaces. The goal of this paper is
to extend some of these approaches to generate curves on
spheres of arbitrary dimension. We shall focus our attention
on two intrinsic techniques: recursive evaluation procedures
and stationary subdivision algorithms.

Recursive evaluation procedures are a convenient device
for generating many common curve schemes [4, 8]. For La-
grange interpolation, there is Neville’s algorithm, for Bezier
approximation de Casteljau’s algorithm, for B-splines de
Boor’s algorithm, and for Catmull-Rom splines a combi-
nation of Neville’s algorithm and de Boor’s algorithm [1].
In Euclidean space, all of these algorithms are based on re-
peated linear interpolation. In Section 2, we shall show how
to use spherical linear interpolation to construct the analo-
gous algorithms on spheres of arbitrary dimension. Using

this approach, we shall generate the analogues of Lagrange
and Hermite interpolation, Bezier and B-spline approxima-
tion, and Catmull-Rom splines on spheres of arbitrary di-
mension.

In a landmark paper, Shoemake introduced spherical lin-
ear interpolation to construct the analogues of Bezier curves
in the space of unit quaternions [7]. Spherical linear inter-
polation extends readily to spheres of arbitrary dimension.
Our contribution here is to show that spherical linear inter-
polation is compatible not only with approximating meth-
ods such as Bezier curves and B-splines, but also with in-
terpolatory techniques such as Lagrange interpolation and
Catmull-Rom splines. We also extend recursive evaluation
algorithms to include Hermite interpolation on spheres of
arbitrary dimension where, along with spherical linear inter-
polation, spherical translation is required. Finally we show
how to construct the analogues of rational curves – curves
where the control points have weights – on spheres of arbi-
trary dimension.

Stationary subdivision algorithms are procedures for
building smooth curves from discrete data by recursively in-
serting values between the data. To construct smooth curves
in Euclidean space, we commonly insert new data by aver-
aging the given data. Thus, to extend subdivision algorithms
to generate smooth curves on spheres, we need to interpret
what averaging means on spheres of arbitrary dimension. We
shall do so in Section 3. We will then show how to apply
subdivision to construct the analogues of Bezier, B-spline,
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and four point interpolating curves on spheres of arbitrary
dimension. Our averaging procedures are based on calculat-
ing the midpoints of the arcs of great circles on the sphere.
Other researchers have applied geodesics to extend the the-
ory of subdivision from Euclidean spaces to arbitrary man-
ifolds [2, 6]; our contribution here is to provide simple ex-
plicit formulas for subdivision algorithms on spheres of ar-
bitrary dimension.

2. Recursive Evaluation Procedures on Spheres

Many well known schemes for generating freeform curves
in Euclidean space can be evaluated by recursive procedures
based on repeated linear interpolation [4, 8]: Lagrange inter-
polation invokes Neville’s algorithm, Bezier approximation
de Casteljau’s algorithm, B-splines de Boor’s algorithm, and
Catmull-Rom splines have a recursive evaluation algorithm
based on a combination of Neville’s algorithm for Lagrange
interpolation and de Boor’s algorithm for B-spline approx-
imation. We shall see that each of these schemes can be
extended to spheres by replacing linear interpolation in Eu-
clidean spaces by spherical linear interpolation on spheres of
arbitrary dimension.

Linear interpolation (lerp) in Euclidean space takes in
two pointsP, Q and a scaling parameterα and creates a point
that splits the line fromP to Q into 2 segments whose ratio
is 1−α

α .

lerp(P,Q,α) = (1−α)P+αQ

Likewise, spherical linear interpolation (slerp) operates on
two points on a unit sphere represented by unit vectorsu, v
and generates a point along the geodesic connectingu andv
that splits the arc into two arcs whose ratio is1−α

α .

slerp(u,v,α) =
sin(φ(1−α))u+sin(φα)v

sin(φ)

whereφ = cos−1(u · v) [7].

Recursive evaluation procedures based on repeated linear
interpolation typically have the following structure: Fix two
collections of scalar parameters{sk

j},{tk
j}, j = 0, . . . ,n− k,

1≤ k ≤ n. LetP0, . . . ,Pn be a set of control points, and define

P0
j (t) = Pj j = 0, . . . ,n

Pk
j (t) = lerp(Pk−1

j (t),Pk−1
j+1 (t),

t−sk
j

tk
j−sk

j
) j = 0, . . . ,n− k.

(1)
The function

P(t) = Pn
0(t)

is the curve generated by this recursive evaluation procedure.
The scalars{sk

j},{tk
j} specify the type of curve generated by

the algorithm – different choices of scalars lead to different
types of curves schemes, e.g., Lagrange, Bezier, B-spline,
Catmull-Rom splines; the control pointsP0, . . . ,Pn govern
the shape of the curve.

To define the corresponding recursive evaluation proce-
dures on spheres, we replace linear interpolation in the re-
currence – Equation 1 – by spherical linear interpolation.
Thus if u0, . . . ,un are a collection of unit vectors represent-
ing points on a sphere, we set

su0
j(t) = u j j = 0, . . . ,n

suk
j(t) = slerp(suk−1

j (t),suk−1
j+1(t),

t−sk
j

tk
j−sk

j
)

for j = 0, . . . ,n− k. The function

S(t) = sun
0(t)

is the curve on the sphere generated by this recursive evalu-
ation procedure.

Generally, the curvesS(t) on spheres inherit properties
analogous to the properties of the corresponding curvesP(t)
in Euclidean spaces. For example, in Euclidean 3-space
curves generated by recursive evaluation procedures are ro-
tation invariant; rotating all the control points around a com-
mon axis rotates all the points on the curveP(t) around the
same axis. Rotation invariance holds in Euclidean space be-
cause rotation commutes with linear interpolation. Similarly,
rotation invariance holds for the curves generated by recur-
sive evaluation procedures on the sphere because spherical
rotation commutes with spherical linear interpolation since
spherical rotation maps geodesics to geodesics.

2.1. Lagrange Interpolation and Neville’s Algorithm

Consider the Lagrange interpolating polynomialL(t) of
degree n with nodes t0, . . . , tn and interpolation points
P0, . . . ,Pn – that is, the unique degreen polynomial curve
L(t) such thatL(ti) = Pi, i = 0, . . . ,n. The recursive step for
Neville’s algorithm is

Pk
j (t) = lerp(Pk−1

j (t),Pk−1
j+1 (t),

t − t j

t j+k − t j
) j = 0, . . . ,n− k.

The function

L(t) = Pn
0(t)

interpolates the pointsP0, . . . ,Pn in Euclidean space at the
parameter valuest0, . . . , tn. Notice heresk

j = t j andtk
j = t j+k.

To generate interpolating curves on spheres, simply re-
place linear interpolation by spherical linear interpolation
in the recursive step of the evaluation algorithm. Thus if
u0, . . . ,un are a collection of unit vectors representing points
on a sphere andt0, . . . , tn are a set of parameter values, the
recursive step for Lagrange interpolation on the sphere is

suk
j(t) = slerp(suk−1

j (t),suk−1
j+1(t),

t − t j

t j+k − t j
) j = 0, . . . ,n−k.

The function

SL(t) = sun
0(t)

is the analogue of a Lagrange interpolating curve on the
sphere – that is,SL(ti) = ui, i = 0, . . . ,n (see Figure 1).
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Figure 1: Recursive evaluation procedures generate different free-form curves on a sphere. From left to right: Lagrange inter-
polant, Bezier curve (with control polygon shown), a C1 Catmull-Rom spline and a C1 Hermite curve with two segments.

The proof that this spherical version of Neville’s algo-
rithm generates an interpolant on the sphere is essentially
the same as the inductive proof that the standard version
of Neville’s algorithm generates an interpolant in Euclidean
space [4]. To prove interpolation on the sphere, we need only
show that the functionssuk

j(t), j = 0, . . . ,n− k, 0≤ k ≤ n,
interpolate the vectorsu j, . . . ,u j+k at the nodest j, . . . , t j+k.
Clearly this result is true fork = 0. Suppose this result is true
for k−1. Then

suk
j(t j+i) = slerp(suk−1

j (t j+i),suk−1
j+1(t j+i),τk

j(t j+i))

whereτk
j(t j+i) =

t j+i−t j

t j+k−t j
. Hence, by the inductive hypothesis

τk
j(t j) = 0⇒ suk

j(t j) = suk−1
j (t j) = u j

τk
j(t j+k) = 1⇒ suk

j(t j+k) = suk−1
j+1(t j+k) = u j+k.

Moreover, if 1≤ i ≤ k−1, then by the inductive hypothesis,
suk−1

j (t j+i) = u j+i = suk−1
j+1(t j+i), so it follows thatφ(t)→ 0

ast → t j+i whereφ(t) = cos−1(suk−1
j (t) · suk−1

j+1(t). There-
fore for 1≤ i ≤ k−1

Limt→t j+i suk
j(t) = u j+i.

Notice that Neville’s algorithm for interpolation is valid on
any manifold, simply replaceslerp by the geodesic connect-
ing two points. The proof is essentially the same.

2.2. Bezier Curves and de Casteljau’s Algorithm

Consider the Bezier curve of degreen over the interval
[a,b] with control pointsP0, . . . ,Pn. The recursive step for
de Casteljau’s algorithm is

Pk
j (t) = lerp(Pk−1

j (t),Pk−1
j+1 (t),

t −a
b−a

) j = 0, . . . ,n− k.

The function

B(t) = Pn
0(t)

is the Bezier curve with control pointsP0, . . . ,Pn. Notice that
for Bezier curvessk

j = a andtk
j = b.

To generate Bezier curves on spheres, we again replace
linear interpolation by spherical linear interpolation in the

recursive step of the evaluation algorithm. Thus ifu0, . . . ,un

are a collection of unit vectors representing points on a
sphere, the recursive step is

suk
j(t) = slerp(suk−1

j (t),suk−1
j+1(t),

t −a
b−a

) j = 0, . . . ,n− k.

The function

SB(t) = sun
0(t)

is the analogue of a Bezier curve on the sphere. The points
u0, . . . ,un joined by geodesic arcs form the control polygon
for the Bezier curve (see Figure 1).

If we replace straight lines in Euclidean spaces with great
circles on spheres, then many of the standard properties
of Bezier curves in Euclidean spaces carry over to Bezier
curves on spheres. For example, the convex hull and vari-
ation diminishing properties of Bezier curves relative to
straight lines in Euclidean space become the convex hull and
variation diminishing properties relative to great circles on
the sphere. The proofs of the more difficult properties such
as the variation diminishing property are based on subdivi-
sion algorithms for Bezier curves, which we shall investigate
in Section 3.

2.3. B-splines and de Boor’s Algorithm

Consider a B-spline curve of degreen over the interval[t0, tr]
with knots{t j} and control points{Pk}. The recursive step
for de Boor’s algorithm is

Pk
j (t) = lerp(Pk−1

j (t),Pk−1
j+1 (t),

t − t j+k

t j+n+1− t j+k
)

for j = α−n, . . . ,α− k, whent ∈ [tα, tα+1]. The function

BS(t) = Pn
α−n(t)

is the segment of the B-spline curve with control points
{Pα−n, . . . ,Pα} over the interval[tα, tα+1]. Notice that for
B-spline curvessk

j = t j+k andtk
j = t j+n+1.

To generate B-spline curves on spheres, we again replace
linear interpolation by spherical linear interpolation in the
recursive step of the evaluation algorithm. Thus ifu0, . . . ,un
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Figure 2: Neville’s algorithm for cubic Hermite interpola-
tion in Euclidean space.

are a collection of unit vectors representing points on a
sphere, the recursive step is

suk
j(t) = slerp(suk−1

j (t),suk−1
j+1(t),

t − t j+k

t j+n+1− t j+k
)

for j = 0, . . . ,n− k. The function

SBS(t) = sun
α−n(t)

is the analogue of a segment of a B-spline curve on the
sphere.

As with Bezier curves, standard properties of B-spline
curves in Euclidean spaces carry over with only minor mod-
ifications to B-spline curves on spheres. The proofs of the
more difficult properties such as the variation diminishing
property are based on knot insertion or subdivision algo-
rithms for B-splines, which we shall investigate in Section
3.

2.4. Catmull-Rom Splines

A Catmull-Rom spline of degree 2n−1 is a piecewise poly-
nomialCR(t) that interpolates the control points{Pj} at the
knots{t j} – that is,CR(t j) = Pj – and has continuity of or-
dern−1 at the knots. Catmull-Rom splines can be generated
by running Neville’s algorithm forn levels followed by de
Boor’s algorithm forn− 1 levels; equivalently one can run
Neville’s algorithm forn− 1 levels followed by de Boor’s
algorithm for n levels [1]. Thus the recursive steps of the
evaluation algorithm for Catmull-Rom splines are

Pk
j (t) = lerp(Pk−1

j (t),Pk−1
j+1 (t),

t − t j

t j+k − t j
)

for j = α, . . . ,α+n− k, 1≤ k ≤ n and

Pk
j (t) = lerp(Pk−1

j (t),Pk−1
j+1 (t),

t − t j+k+1−n

t j+n+1− t j+k+1−n
)

for j = α− n, . . . ,α + n− 1− k, n + 1 ≤ k ≤ 2n− 1 when
t ∈ [tα, tα+1]. The function

CR(t) = P2n−1
α−n (t)

Figure 3: The analogue of Neville’s algorithm for cubic Her-
mite interpolation on the sphere, replacing linear interpo-
lation by spherical linear interpolation (slerp) and replac-
ing translation by spherical translation (strans). Compare to
Figure 2.

is the segment of the Catmull-Rom spline with control points
{Pα, . . . ,Pα+2n−1} over the interval[tα, tα+1].

To generate the analogue of Catmull-Rom splines on
spheres, we again replace linear interpolation by spherical
linear interpolation in the recursive steps of the evaluation
algorithm. Thus if{u j} are a collection of unit vectors rep-
resenting points on a sphere, the recursive steps are

suk
j(t) = slerp(suk−1

j (t),suk−1
j+1(t),

t − t j

t j+k − t j
)

for j = α, . . . ,α+n− k, 1≤ k ≤ n, and

suk
j(t) = slerp(suk−1

j (t),suk−1
j+1(t),

t − t j+k+1−n

t j+n+1− t j+k+1−n
)

for j = α−n, . . . ,α+n−1−k, 1≤ k ≤ 2n−1. The function

SCR(t) = su2n−1
α−n (t)

is the analogue of a segment of a spherical Catmull-Rom
spline with control points{uα, . . . ,uα+2n−1} over the inter-
val [tα, tα+1].

Since the smoothness and interpolatory properties of
Neville’s algorithm and de Boor’s algorithm extend from Eu-
clidean spaces to spheres of arbitrary dimension, spherical
Catmull-Rom splines inherit many of the standard proper-
ties of Catmull-Rom splines in Euclidean space. In partic-
ular, spherical Catmull-Rom splines with 2n − 1 recursive
steps have continuity of ordern−1 at the knots and interpo-
late their control points at the knots (see Figure 1). Thus we
can use Catmull-Rom splines to generate smooth interpolat-
ing splines in the space of unit quaternions. This technique
might be useful for performing key frame animation in 3-
dimensions, but there is one drawback to this approach: even
though Catmull-Rom splines are smooth we cannot specify
their derivatives at the knots. To specify derivatives, we need
to employ Hermite interpolation.

submitted to EUROGRAPHICS 200x.
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Figure 4: Rational B-spline on the sphere with unit weights everywhere except at the lower right vertex, which has weights
2,1, 1

2 , 1
10, −1

10 (from left to right).

2.5. Hermite Interpolation and Neville’s Algorithm

Hermite polynomials interpolate derivatives as well as posi-
tions at the nodes [4]. The simplest and probably the most
important version of Hermite interpolation is cubic Hermite
interpolation, where a single cubic polynomialH(t) interpo-
lates two pointsP1,P2 as well as the first derivative vectors
v1,v2 at each of the points – that is,

H(0) = P1 H(1) = P2
H′(0) = v1 H′(1) = v2

Given a sequence(Pj,v j) of points and derivative vectors,
cubic Hermite interpolation can be applied to generate aC1

cubic spline that interpolates all the data.

Neville’s algorithm for Lagrange interpolation can be gen-
eralized to handle Hermite interpolation [4]. Figure 2 illus-
trates Neville’s algorithm for cubic Hermite interpolation in
Euclidean space. Notice that except for the first and last steps
on the first level of this algorithm, each step is once again just
linear interpolation. To generalize cubic Hermite interpola-
tion to spheres, we shall, as usual, simply replace these linear
interpolations by spherical linear interpolations. The expres-
sionsP1

0(t) = P1 + tv1 andP1
2(t) = P2 + tv2 that appear on

the first level of Neville’s algorithm for cubic Hermite inter-
polation represent translations in Euclidean space. Therefore
to extend cubic Hermite interpolation to spheres, we shall
need to replace these Euclidean translations by translations
on spheres.

To perform translation on a sphere, we define an operator
strans that takes as input a pointu on the sphere and a tan-
gent vectorv at u, and translateu along the geodesic in the
direction ofv by the distance|v|. Equivalently,strans rotates
u in the plane determined byu, v by the angle|v|. Thus, since
v is perpendicular tou,

strans(u,v) = cos(|v|)u+sin(|v|)v
|u|
|v|

.

We illustrate this algorithm for Hermite interpolation on the
sphere in Figure 3. In Figure 1, we show an example of aC1

spline on the sphere generated by Hermite interpolation.

The proof that this spherical version of Neville’s algo-
rithm generates a Hermite interpolant on the sphere is es-
sentially the same as the proof that the standard version of

Neville’s algorithm generates a Hermite interpolant in Eu-
clidean space [4]. It is easy to verify directly from the defi-
nitions ofslerp andstrans that:

s1
0(0) = u0 s1

1(0) = P0 s1
2(1) = u1

s′
1
0(0) = v0 s1

1(1) = P1 s′
1
2(1) = v1.

Using these properties and the definition ofslerp, a more
lengthy computation reveals that:

s2
0(0) = u0 s2

0(1) = u1 s′
2
0(0) = v0

s2
1(0) = u0 s2

1(1) = u1 s′
2
1(1) = v1.

Finally using these results and the definition ofslerp, we can
show, as required, that:

s3
0(0) = u0 s3

0(1) = u1

s′
3
0(0) = v0 s′

3
0(1) = v1.

Since Hermite interpolation works on spheres of arbitrary
dimension, we can use Hermite interpolation to generate
splines in the space of unit quaternions. This technique
may be useful for performing key frame animation in 3-
dimensions, since we can specify both a value and a deriva-
tive vector for each quaternion.

2.6. Rational Curves

By replacing affine control points with mass-points in re-
cursive evaluation procedures based on repeated linear in-
terpolation, we can generate rational curves in Euclidean
spaces [4]. The only additional step we need is to divide by
the mass after we complete the recursive evaluation proce-
dure. Rational curves have two advantages: there exist ra-
tional curves, such as circles, that cannot be represented
as polynomials; in addition, the weights of a rational curve
can serve as shape parameters. Similarly, by replacing unit
vectors with vectors of arbitrary length, we can introduce
mass into the spherical control vectors in recursive evalua-
tion procedures based on repeated spherical linear interpo-
lation. This approach works becauseslerp is defined even
for vectors of arbitrary length. The only additional step we
need is to normalize the vectors to unit length – that is, to
divide by the total mass – after we complete the recursive
evaluation procedure. Thus we can generate the analogues
of rational curves on spheres of arbitrary dimension.

submitted to EUROGRAPHICS 200x.
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Figure 5: Analogue of a tensor product biquadratic Bezier
surface on the sphere.

Figure 4 shows a rational B-spline with several differ-
ent weights for a single vertex. These rational curves on
the sphere behave similar to rational B-splines in Euclidean
space. As the weight becomes large, the curve is pulled to-
wards the vertex; as the weight becomes small or even neg-
ative, the curve is pushed away from the vertex.

2.7. Tensor Product Patches on Spheres

Tensor product surfaces of bidegree(m,n) in Euclidean
space can be generated from recursive evaluation procedures
for curves by using the output of the procedure forn + 1
curves of degreem in s as the input for a single curve of de-
green in t. Similarly, tensor product surfaces on spheres can
be generated from spherical recursive evaluation procedures
for curves on spheres by using the output of the procedure
for n+1 curves ins as the input for a single curve int. This
approach permits us to generate surface patches on spheres
of arbitrary dimensions, whose boundary curves are curves
of a fixed type. We illustrate this procedure for generating a
Bezier patch on the sphere in 3-dimensions in Figure 5.

3. Stationary Subdivision Algorithms: Midpoint
Averaging on Spheres

Subdivision is a technique for generating smooth curves
from discrete data by recursively inserting values between
the data. Although we have seen that many freeform curves,
such as Bezier curves and B-splines, can be generated from
recursive evaluation procedures based on linear interpola-
tion, in practice these curves are almost always built us-
ing recursive subdivision. Recursive subdivision has many
advantages: Subdivision generates piecewise linear approx-
imations that converges rapidly to the desired curve, and
subdivision algorithms often require only simple repeated
averaging, Moreover, there are curve schemes that can be
generated from recursive subdivision, such as the four-point
subdivision scheme which we will discuss below, for which
there is no known recursive evaluation procedure. Here we
shall show how to extend subdivision algorithms from Eu-
clidean spaces to spheres. As an added advantage, we will

Figure 6: The de Casteljau subdivision algorithm for cubic
Bezier curves in n-dimensional Euclidean space. The Bezier
control points are placed at the base of the triangle. At each
node above the base, the midpoint is computed of the two
values on the nodes from which the arrows entering the node
emerge. The points denoted by {Q j} and {Rk} subdivide the
original Bezier curve at the parameter 1

2 . Iterating this pro-
cedure on the points {Q j} and {Rk} generates a sequence of
piecewise linear functions that converge to the Bezier curve
determined by the original control points {Pi}. Here we il-
lustrate the cubic case, but the algorithm extends in an obvi-
ous manner to Bezier curves of arbitrary degree.

see that subdivision on spheres can often avoidslerp alto-
gether.

The two most famous subdivision algorithms are the
de Casteljau subdivision algorithm for Bezier curves and
the Lane-Riesenfeld subdivision algorithm for uniform B-
splines [5]. We illustrate these algorithms for cubic curves
in Figures 6, 8. The main step in each of these subdivision
procedures is midpoint averaging. Therefore to extend these
two algorithms to spheres, we need to extend the notion of
midpoint averaging to spheres of arbitrary dimension.

The midpoint between two points on a sphere is the mid-
point of the shortest arc of the great circle joining these two
points. (To make the midpoint unique, we shall exclude pairs
of antipodal points.) Therefore, we need a simple procedure
for finding this midpoint. We could invokeslerp and evalu-
ate ats = 1

2 , but there is an easier way.

A point on the sphere can be represented by a unit vector.
Two points on the sphere are represented by two unit vectors,
and their midpoint is simply the vector from the origin to
the arc through the tips of the two vectors pointing midway
between the two vectors. Thus the midpoint between two
vectors on the sphere can be represented by the vector that
bisects the angle between the two vectors normalized to unit
length. Therefore, ifv1,v2 are two unit vectors representing
points on a unit sphere, then their midpoint on the sphere is
represented by the unit vector

vm =
(v1 + v2)/2
|(v1 + v2)/2|

=
v1 + v2

√

2(1+ v1 · v2)
. (2)
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Figure 7: Subdivision for a uniform cubic B-spline curve on a sphere.

Figure 8: The Lane-Riesenfeld subdivision algorithm for
uniform B-spline curves (knots at the integers) in n-
dimensional Euclidean space. The B-spline control points
{Pi} are repeated and placed at the base of the diagram.
At each node above the base, the midpoint is computed of
the two values on the nodes from which the arrows entering
the node emerge. The points on the nth level of the diagram
represent the control points for the same B-spline curve with
knots at the half integers. Iterating this procedure generates
a sequence of piecewise linear functions that converge to the
B-spline curve for the original control points {Pi}. Here we
illustrate the case of a cubic B-spline curve with one seg-
ment, but the algorithm generalizes in the obvious fashion
to B-spline curves of arbitrary degree with arbitrarily many
polynomial segments.

It is straightforward to verify that the right hand side of
Equation 2 is identical to the value ofslerp(v1,v2,s) at
s = 1

2 .

Now all we need to generate splines on spheres is to rein-
terpret the midpoint averaging rule in the de Casteljau and
Lane-Riesenfeld algorithms – that is, we replace the Eu-
clidean midpoint averaging rule

Pm =
P0 +P1

2

by the spherical midpoint averaging rule

vm =
(v1 + v2)/2
|(v1 + v2)/2|

=
v1 + v2

√

2(1+ v1 · v2)
.

Notice that there is no need forslerp here. We illustrate
this subdivision procedure for generating the analogues of
B-spline curves on spheres in Figure 7.

In Euclidean space if the control points are evenly spaced

along a straight line, then both the de Casteljau algorithm
and the Lane-Riesenfeld algorithm generate a straight line
with a linear parameterization. Similarly, on the sphere, if
the control points are evenly spaced along a great circle, then
both the de Casteljau algorithm and the Lane-Riesenfeld al-
gorithm generate a great circle with a uniform parameteriza-
tion. In particular, since a circle is a sphere in 2-dimensions,
if we start with evenly spaced points on a circle in the plane,
then the curve generated by each of these spherical subdivi-
sion algorithms is a circle with a uniform parameterization.

Using midpoint averaging, we can also develop subdivi-
sion algorithms for the four point subdivision scheme [3] on
spheres of arbitrary dimensions. In the plane, the subdivision
rules for the four-point scheme are

pk
2i = pk−1

i
pk

2i+1 = −1
16 pk−1

i−1 + 9
16 pk−1

i + 9
16 pk−1

i+1 + −1
16 pk−1

i+2

wherepk
i is the ith control point at thekth level of subdivi-

sion.

Arbitrary affine combinations are difficult to extend to the
sphere. However, there is an equivalent geometric construc-
tion for these rules. If we find the midpoint of each line seg-
ment:

mk
i,i+1 =

pk
i + pk

i+1

2
,

then we can rewrite the vertex insertion rule using only affine
combinations of two vertices at a time.

pk
2i+1 =

−1
4

(
1
2

mk−1
i−1,i +

1
2

mk−1
i+1,i+2)+

5
4

mk−1
i,i+1

Notice that this rule only uses midpoints with the exception
of one extrapolation (weights of54 and−1

4 ).

We have seen that

vm =
v1 + v2

√

2(1+ v1 · v2)

corresponds to interpolation at the midpoint ofv1,v2. Simi-
larly,

vd = 2(v1 · v2)v2− v1 (3)

corresponds to extrapolation ofv1 past v2 so that v2 is
the midpoint ofv1 and vd . Equation 3 can be derived by
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Figure 9: Subdivision curve on a sphere generated using the four-point rule.

evaluatingslerp(v1,v2,s) at s = 2. Moreover, Equation 3
is easy to verify simply by observing thatvd · vd = 1 and
vd · v2 = v1 · v2. We shall use Equation 3 for the four point
subdivision procedure on the sphere.

All of the steps except one in the geometric version of the
four point scheme use only midpoint averaging (vm on the
sphere). We can avoid using slerp to perform the extrapola-
tion by first computingvd followed by twovm’s to generate
the desired vertex position on the sphere.

Since midpoint averaging and extrapolation work for
spheres of arbitrary dimension, we can use subdivision to
generate splines in the space of unit quaternions. Once again,
this technique may be useful for performing key frame ani-
mation in 3-dimensions.

4. Conclusions and Open Questions

We have investigated two methods for generating curves
on spheres of arbitrary dimension: recursive evaluation pro-
cedures and stationary subdivision algorithms. Recursive
evaluation procedures can be applied to generate the ana-
logues on spheres of arbitrary dimension of Lagrange and
Hermite interpolation, Bezier and B-spline approximation,
and Catmull-Rom splines. Stationary subdivision algorithms
are convenient for constructing Bezier curves, uniform B-
splines, and curves generated by four point subdivision on
spheres. Subdivision algorithms based on midpoint aver-
aging have two advantages over recursive evaluation pro-
cedures: subdivision algorithms on spheres can be imple-
mented without recourse to slerp, and subdivision algorithms
can be used to generate curves such as those created by the
four point subdivision scheme for which there is no known
recursive evaluation procedure.

Recursive evaluation procedures and stationary subdivi-
sion algorithms depend only on intrinsic properties of the
sphere (geodesics) and are independent of any parameteriza-
tion of the sphere. Therefore these methods can be extended
to arbitrary manifolds. To extend recursive evaluation algo-
rithms to arbitrary manifolds, all we need is a method like
slerp for computing points at an arbitrary distance along an
arbitrary geodesic joining two points. To generalize station-
ary subdivision algorithms to arbitrary manifolds, all we re-
quire is a method for calculating the midpoint between two

points on an arbitrary geodesic. Many manifolds permit such
calculations; spheres are particularly nice because the calcu-
lations are particularly simple.

Several problems remain open. We constructed the ana-
logues of cubic Hermite interpolants and tensor product
patches on spheres of arbitrary dimension. We would like
to extend curve techniques to arbitrary Hermite interpolants
and surface methods to arbitrary multisided patches. Both of
these topics will require further research.
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