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Abstract In some problem domains, it is important to minimize the visually perceived
distance between a given curve and a Bézier curve approximating it. This paper provides an
algorithm for constructing a parabolic Bézier curve approximation which deviates the least (asymptotically)
from the given curve, according to the Hausdorff metric, which corresponds to minimal deviation

as perceived by the human eye.

The rapid development of new manufacturing technologies has ever stronger
demands for effective methods of geometric description. In the last decade, alongside
with classical methods of curve description - algebraic polynomials and trigonometric
polynomials-product and tool engineering have seen many new methods, based
primarily on polynomial splines and their numerous generalizations. These methods,
although possessing good approximation and computational properties, are not
always convenient for solving the tasks of engineering geometry associated with
real-world tasks and their technological constraints . Among the most widely known
methods for description of smooth contours in geometrical design are the Bézier
functions [1] — [4]. As a rule, quadratic Bézier functions are used when there is one
intermediate point between initial and final points of interpolation, and cubic, if
there are two intermediate points. If there are more points , Bézier functions are
applied by reducing the task to one of the two previous cases. The widespread use of
Bézier functions results from their ease of construction. On the other hand, the fact
that the intermediate points may relatively far from the Bézier curve sometimes
limits the use of Bézier functions for the description of contours.

In this paper, an algorithm is given for construction of a parabolic Bézier function
which provides the least deviation (asymptotically) from the approximated curve
according to the Hausdorff (visual) metric. The use of Hausdorff distance is explained
by its convenience for solution of those tasks in which distance is defined visually-
i.e., as it is perceived by the human eye [5].

As usual, we define Hausdorff distance between two sets L and I" by the equations:

p(L, p) = max {f’}l&ﬁg IMNI7;t£]1Mn€fFIMNI} ,
Where |M N| is Euclidean distance between points M and N.
Let T'(t) is smooth flat curve, given in its natural parametrization I'(t) = (x(¢), y(¢)),
t € [0,T], i.e., parameter ¢ is length, beginning at some fixed point, satisfying the
conditions:
(@) + ') =1 te0,T],
Let
AnZ{O:tl <t2<...<t2n=T}—
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for any partition of the range of the parameter. Then, if
hiyi/2 ="tiz1 —t; (i=0,1,...,2n—1),
and
Ui = (2, 53) = (x(ti), y(ts)) (i=0,1,...,2n),

for ¢ € (to;,t2;42),a parabolic parametrically defined Bézier function will be of the
form: BT'(t) = (Bx(t), By(t)), where

BT(t) = (1 — 7)°T'y; + 27(1 — 7)1 + 7°Tai40,

and
t—to;

T= .
hoitase + haiyi1)2

We consider the set of data
. 1 _
Foip1 =To41 — §A2F2i+1 (i=0,1,...,n—1),
where
A1 =T — 20911 + Daipo.

Then we designate

BI'(t) = (Bx(t), By(t)),
where

(1) Bf(t) = (]. — T)2F2i —+ 27’(1 — T)f2i+1 —+ 72F2i+2 =

1
(1 — T)QFQZ‘ + 2’7’(1 — 7') <F2i+1 — 2A2F2i+1> + TQFQH_Q.

The parabolic Bézier function corresponds to each number ¢ (or to interval [to;, t2;42]).
So number n equals to Bézier functions number, which form the parabolic Bézier
spline on interval [0, T.

We will call the partitions AY optimum if

p(D, BL(A})) = inf p(I', BD(Ay)).
The sequence partitions A will be called asymptotically optimum if as n — oo

p(D BE(A})) = inf p(I, BE(A)(1+o(1).

We define function

F(t) = K'(t) = 2"(t)y" (t) — =" ()y' (1),

where k(t) is the curvature of the curve T
Let {F,,(t)} a sequence of functions such that

[F' = Fyllo <n™%,
where o € (0,1/4)
Theorem 1. Let parametrically defined curve T'(t) = (z(t),y(t)), t € [0,T] be

such that x,y be four times continuously differentiable on [0,T] (x,y € C’[% T]),
number o € (0,1/4) and the sequence of partitions {AF} is defined by equations:

(2) t;‘ =0, t;i+1 = (9i+1 + 91‘)/27
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where the points 0; are found according to conditions:
0; i (T
® | R oyt = £ [ (01 0
0 0
(i=0,1,...,n).

Then the sequence of partitions {AX} will be asymptotically optimum as n — oo,
and

. 1 T s
p(T,BT'(AY)) = AW (/0 |Fn(t)|1/3dt> +o(n™?).

In a number of cases, it is the inverse problem which must be solved, i.e.,
given an existing error ¢ of the description curve, it is necessary to construct an
approximative apparatus with a minimum number of nodes.

Let ¢ be a given error in the description of a contour. We shall call a Bézier curve
BT (t) e- allowable for curve T'(t) if

p(I,BT) <e.

A e- allowable curve Bf‘(A%O ,t) is called e-moptimum if, for all e- allowable curves

BI'(A,,,t) the following inequality holds:
N, <n.

The sequence of e- allowable curves {BT'(A% ,t)} will be called asymptotically e
optimum if

e = no(1 4 0(1)).
Theorem 2. Let the parametrically defined curve T'(t) = (x(t),y(t)), t € [0,T] be

such that x,y € C’[% ) and let the number n, be defined by conditions:

1 T

(4) N = [/ |FY/3(t)|dt
V9v3e Jo

(here [a] denotes the integer part of a) and the sequence of partitions {A}, } is

defined from equations (2)- (3). Then the sequence {BF(A;*,t)} is asymptotically

e-optimal.

+1,

Remark 1. In the theorem formulation in equality (3) instead of function F,(t),
in particular, one can take the function F(t). But then the formulation will be
more weak. On practice, the approximated curve is given in the kind of some
approximation, that is why the using of function F(t) practically is rarely possible.
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Remark 2. If function F(t) is continuous and its number of zeros on segment
[0,T] is finally, moreover, all zeros are simple (i.e. if F(7) = 0, then F'(1) # 0)
then addend n=% in formula (3) may be removed and the nodes of asymptotically
optimal partitions sequence will be defined from conditions:

0; i T
) | oo =L [ o
(i=0,1,...,n).

From the approximation theorem point of view, the case when there is the segment
on which function F(t) vanishes:

(6) F(it)=0 (t€]a,b], [a,b] C[0,T])

or that is the same, k(t) = const is practically impossible.

In this case there will be the situations, when mazximal length of parameter change
interval (at using formulae (5)) will not tend to zero. Then there is no reason to
say about asymptotic formulae optimality.

But case (6) is sufficiently wide-spread at engineering problems. The curves
with constant curvature (as linear curve and circles) sufficiently frequently meet
at drawings. That is why in general case the presence of addend n™% in formulae
of nodes choice is necessary. The presence of this addend ensures the solvability of
equation (3) at any significance of function F(t).

Remark 3. If curve F(t) is defined in natural parametrization, the theorem gives
us concrete algorithm that is easily programmized. To obtain this algorithm it’s
necessary to find derivatives, calculate the function F(t) and define nodes from
formula (3).

On practice the function T' is usually defined in discrete form. In this case
it’s necessary to construct the discrete analogies of all values, being in theorem
formulations. Such algorithm is given in paper end.

Remark 4. Some graphic illustrations are given on Figures.

(1) The approzimated curve T'(t) = (cos(t)+ 0.2sin(4t); —sin(t)— 0.2 cos(5t)
cos(5t)) (t € [0,2n]) is drawn on Figure 1.

(2) The Bézier curve BT at the case, when nodes are chosen on equidistant
partition is drawn on Figure 2. The number of intervals n = 15.

(3) The Bézier curve with nodes chosen from condition (8) is drawn on Figure
3. The number n = 15 is the same.

(4) The nodes by Bézier functions, chosen from conditions (3), are drawn on
Figure 4 by means of painting over balls.

(5) The graphics illustration of nodes choice from conditions (3) is given on
Figure 5.

Insofar as approximation of smooth curves is concerned, it is important to know
to what extent they are smooth, and to have a technique for reconstruction of the
curve from the given points. For any curve L(t) = (u(t),v(t)), where u(t) and v(t)
possess one-sided derivatives at each point (this property is shared by Bf‘(A;, t)),
we denote L(t + 0) = (i(t + 0), 9(t + 0)) and, similarly L(t — 0)).

We denote as ¢(L,t) the smallest angle between vectors L(t + 0)) and L(t —
0)). The angle o(BT'(A%),t) characterizes the degree of non-smoothness for curve
BT(A%) at point t.
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Theorem 3 Let parametrically defined curve T'(t) = (z(t),y(t)), t € [0,T] be
such that x,y € C[%,T]; and the sequence of partitions {A*} be defined by equation
(3); then

N 1
mtano(BF(An),t) =0 <n3> .
If curve T' such that F(t) > 0 at all t € [0,T] and the sequence of partitions
{A%} is defined by equations
thy =07, 51 = (07, +07)/2,

where the points 07 are found from conditions
(7) / FY3(t)dt = f/ FY3(t)dt

0 nJo

Then

where

Fl, Dy
Ain:I3 21 24
2 (36 T 16m, )

and
T
I:/ FY3(t)dt,
0

o(t) =z W (t)y' (t) — y M ()2 (t).

Proof of Theorem 1. From the Taylor formula at a point to;11 we have for
t € (tos, taito)

1
2(t) = T2i01 + 41 (E — taipr) + 5$’2’i+1(t — taiy1)’+
1 )
655/2/1{-5-1(75 —t2i41)° + O((hgi41/2 + h2i+3/2)4)7
then
ATy = To; — 2@0i41 + Taigr = @1 (haitsye — hoiy1/2)+

1 1
§x/2/i+1(h%i+1/2 + hdia0) + 633/2/1{+1(h§i+3/2 — h3iy179) + O((haig1y2 + haivs/2)*),

Substituting the representations just obtained, we have

Bi(t) = (1 — 7)%we; + 27(1 — T)Z9iq1 + T2Tai42 =
1
(]. — T)2£C27; + 27’(1 — T) <.’E2i+1 — 2A2£L'2i+1> —+ 7_21'2i+2 =

Toi4+1 + 1’/214_1(*(1 - 7)2h2i+1/2 - 7(1 - T)(h2i+3/2 - h2i+1/2) + 72h2z’+3/2)+

1

1
§$2i+1((1 - T)2h§i+1/2 -7(1- T)(h%i+3/2 + h§i+1/2) + T2h§i+3/2)+

1
555/2/1{+1<_(1 - T)2hgi+1/2 —7(1— T)(hgi+3/2 - hgi+1/2) + 72h§i+3/2>+

O((haiy3y2 + hait1/2)").
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It is clear from this that for ¢ € (to;, t2;12)

- 3
z(t) — Bi(t) = §$'2i+17'(7' — 1)(haiyssa — haiy1/2)—
1// (1_ )(h —h +1 " 1— h +h 3_
2x2i+17 T)\N2i+3/2 2i+1/2) 6$21+1T( 7)(7( 2i+3/2 2i+1/2)
(3h2i+3/2h§i+1/2 - h2i+3/2)> + O((haits/2 + h2i+1/2)4)'
The first terms on the right-hand side of the last equation are zero (we shall
hereinafter consider only such partitions) whenever

hait1/2 = haiyz/a = hi,
Under this condition, the error will be of the form
4
z(t) — BZ(t) = §$,2l£+1’7'(1 —7)(r = 1/2)h3 + O(h}).

As
w x///( )

5 S8+ 08,

x(t) — 2(¢) = 2/ (1) + &+

where £ =t — (, then uniformly on ¢

z(C) — Bi(t) = z(t) — BE(t) + z(¢) — z(t) =
Safar( - - 1/2m e - T e - W oy,
In addition, for t € (t2;, t2;42)

p(l, B(I)) <
Vo) = B2, 1,1+ 10O = BIO 2, 1,y = OD)

holds uniformly on 3. Therefore, according to the definition of the Hausdorff distance,
we need only consider those ¢ which satisfy the condition & = O(h?) uniformly on
i. Then we obtain

#(Q) = Bi(t) = 3l ar(1 = 7)(r — 1/2)h — 2'()E + O(h),

and also

Ly (L= ) — 1/2)h8 — o/ (D)€ + O(hd).

y(¢) — By(t) = 3

Let
ID(¢) = BL(An, t)]* = (x(¢) — BE(t)* + (y(¢) — Bij(t))*.

Then, if maxh; — 0 as n — oo, then for n large enough, the equation

mcaxmtin IT(¢) — BL(A,, t)2 =
i 0<7<1

1 2
——Fpihd) + O] .
mf‘x<<9\/§ w > ( )>

mfmxm{inw(() — BT'(A,,1)]* = max ((

max max <<§ng+17(1 —7) (1 — l/g)h:lg)Q + O(hf)) =

will hold. Similarly,

1 2
—— b3 ) +0OM) ).
9\/3 2141 z) (z))
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Thus, if max h; — 0 as n — oo, then for large enough n, the equation

9v3

will hold uniformly on i. Using the last equation, and following the outline of the
proof in references [6] — [8], we obtain the statement of the theorem.

The proof of Theorem 2 easily follows from Theorem 1.

Proof of Theorem 3. From the equations derived earlier to be convinced that

sin (p(Bf(An), t2i) =

(T, BT, Ay)) = max <(1F21+1h§>2 + OUJ)) :

1 "1 1

(g(fﬂmyzi — x50 (R — hi 1)+

1
1 (05 v — @iy Y (B2 + )+ O((hims + hi))).

Examining choice of nodes, as indicated in a condition of Theorem 3, we receive
I L F,I?
27’L(F2i)1/3 24n2(F21)2/3

*
hi_y =

+0(n™3),
and

e I B F}.I?
! 2’[1(F2i)1/3 247’12(F2i)2/3
From these and previous equations we obtain, for all 7,

~ B (E, @y
inp(BL(AY), tg;) = — | =2 -
sn (B, t) = 1 (2 + 152 ).

+0(n™?).

This completes the proof of the Theorem 3.

We can apply the algorithm, and receive the desired result. Assume that curve
is given by a set of points describing the given contour with sufficient precision. It
could be a set of data taken manually from a surface, by scanner output, or in some
other way (by smoothing them,for example), or a set obtained by updating given
points by means of an approximating curve (for example, a spline).

So, let N points of smooth curve be given:

M; = (zi, 1) (i=1,2,...,N),

and let the allowable error be .
We calculate quantities:

Livi2 =V (@i41 — )2 + (Yir1 —vi)? (i=1,2,...,N —1),

and A
oi =3 L1 (i=1,2,...,N—1).
v=1
We calculate
Fiiyp = Axig1oA%i10 — A1 oAyivip (i =1,...,N — 1),
and

F1/2 = F3/2; FN71/2 = FN73/2-
We now calculate a discrete analog of the primitive:

w(t) = /O "Rt
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It will be

U =Y (1Fprape® + N Dlyyaye, (i =1,2,...,N = 1),
v=1
Wy =0.
Further, using the formula (4) from theorem 2 we calculate the asymptotically
optimum number of nodes,according to the algorithm, as

And we construct the nodes of the asymptotically optimum partition ¢; (i = 1,2,...,2n+
1) according to the algorithm indicated in Theorem 1:

t; = (j — 1)\I/N,1/(21’L + 1) — \I/kfl/q/k + (k‘ — 2)0’N71/N

where _ -
ON_1 <1, < (t+Don—1
N N
and
U< (j—-1)¥n/(2n+1)
for k=2,3,...and i < 2n+ 1.
The task remains to calculate discrete analogs for

(@(t;),9(t;)) G =1,....,2n+1)
For t; € (0;,0,41), there are data:

i1 — 1l lj —oj
w(t;) = (fm) o + <l]+1/0;> Tit1,

ag; —t, t;, — g;
y(tj) = (HJ> Yi + <J> Yit1-
liv1/2 liv12

We construct the Bézier function with the required properties using the information
obtained by applying formulae (1).
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Puc. 1. The approximated curve
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Puc. 2. Bézier curve with equidistant nodes. The number of
intervals n = 15



Puc. 3. The Bézier curve with asymptotically optimal nodes. The
number of intervals n = 15.
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Puc. 4. The symptotically optimal nodes by Bézier curve if
number n = 15.
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9 -
\ Jo (Fu(t) +n=*)dt

W

%Qo

0 61 6 O2n_1 O =T

Puc. 5
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