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Abstract: The issue of polynomial approximation of degree seven for circular arcs is considered. This septic
approximation is found in such away that the Chebyshev error function is of degree fourteen with the least deviation
from the X-axis. The Chebyshev error function equioscillates fifteen times rather than nine times equioscillations
that are mathematically guaranteed by the Borel and Chebyshev theorems. The error function is characterized by
having the same extremas and roots of the Chebyshev polynomial of degree fourteen.
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1. INTRODUCTION

LetC[a,b] be the set of continuous functions on the closed interval [a,b] . The uniform (Chebyshev) norm on

the linear space C[a,b] is defined by

T 1l.=max] F(x)]. Vf<Clab].

Let P, be the set of all polynomials of degree n, i.e. polynomials of the form P, xX) = Z?:oai X' . The space
P is of finite dimension, closed, and convex because it is a subspace of C[a,b] . For a function f e C[a,b],
define the deviation A(P,) of P, € P, from f by
AR) =l =R IL..-
Also define

E,=E.(f)=Iinf{A(P,),VP, eP}.

It is clear that
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E,.>20, E,2E>2E,>2E; >---.
E is closed and, therefore, is compact.

For a function f € C[a,b], a polynomial Pn* is called the polynomial of best uniform approximation to f

if A(P)=E,.

E. Borel proved that there exists in P, a polynomial P, for which A(P]) = E, , see [9]. A function E(X)

n

is said to equioscillate n+ 2 times on[a,b] if there are n+ 2 points,a< X < X, <--- < X,; < X,,, <b with

|E(%) = ma>§|E(X) |1<i<n+2

and E(X,,) has opposite sign of E(X),1<i <n+1. Chebyshev proved that this polynomial P. is unique and

is characterized by the existence of n+ 2 points (Chebyshev alternant, X, < X, <---<X_ . ,) which alternately
satisfy

P (x)-f(x)=FE,i=12,....,n+2.

However, for computational purposes, only polynomials of degrees 0 and 1 are characterized, see [9].
There is no method or characterization to find polynomials of best approximation of degrees n> 2. The

improvement in this field is very slow and it is a challenging issue to tackle this problem; “As a matter of fact, the
latter problem involves such formidable difficulties that a general solution has not been found to this day [9]”.

Let F~’n be the set of all monic polynomials of degreen on | =[0,1], i.e. polynomials of the form

P(x)=x"+ z:a, X' Itis well-known that the shifted monic Chebyshev polynomial 'I:;] (2t —1) has the smallest

maximum value on /, i.e.

~ ~

IT L<IIP L., VR R,

n n

where equality holds only if ISn = :I:n The Chebyshev polynomial 'I:;] (2t —1) equioscillates n+ 2 times in [0,1].

The polynomial approximation of degree seven for the circle is treated; the polynomial of best approximation
that equioscillates fifteen times rather than nine times is constructed. This is a substantial improvement in the
field of approximation theory. A process to locate the best approximation of degree seven that equioscillates
nine times is not possible so far.

Circular arcs are widely used to represent motions and model many objects. The implicit form of the circle
is impractical for computer applications, and the trigonometric equations are also impractical and there is a need
for a convenient and practical form to generate points on the circle. The parametric curves are suitable for
computer applications. They present an alternative sufficient method to represent and make a curve. Parametric
curves grant additional parameters to get better approximation for the stated problem. This approach is used to
get approximations of order 2n instead of the classical order of n+1 using the Lagrange interpolation, see [10,
12] and the references therein.
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The paper has the following construction. The approximation problem is explained in section two. The
Bézier curves of degree seven and the Bézier points are examined in section three. The septic Bézier curve with
the least deviation is demonstrated in section four, while its roots and extrema are given in section five. Section
six contains the conclusions.

2. THEAPPROXIMATION PROBLEM

Given the circular arc C:t > (Cos(t),Sin(t)), —@ <t <@ as in Fig. 1. As explained before, this form is not

proper for computer applications. We need to find a polynomial curve that represents the circular arc with least
deviation from the X-axis. Classical methods of approximation depend on the Lagrange and Hermite

approximations and yield order of approximation of n+1. In this paper, the geometric properties of the curve

are utilized in the choice of the Bézier points to get the Bézier curve of degree seven with approximation rate
fourteen rather than the classical rate of eight. The circular arc C will be represented by employment of Bézier

curve p:t> (X(t), y(t)), 0<t <1, where X(t), y(t) are polynomials of degree seven, to approximate C with
rate of approximation of fourteen.

The issue of approximating a circular arc has been inspected by many researchers. In the literature,
assortments of conditions, norms, and degrees are applied, see[1, 2, 3,4, 5, 8, 11, 13] and the references therein.
Albeit, it is the first time that the degree seven is scrutinized; non of these papers debates this case with high
order of approximation. Our results are optimal and can not be improved.

The | -norm is harnessed as a measure for the error function for approximating the circular arc C by the

polynomial curve P as follows:

E(t) = /X% (t) + y*(t) - 1. 1)
Instead of the |_ -norm, the following modified Euclidean error form E(t) is applied:
e(t) = x"(1) + y*(t) - 1. @)

It is rational to apply this error form because e(t) =0, i. e. the components X(t) and Yy(t) of the
approximating polynomial curve P make up for the implicit equation of the circle.

\\\ | \\\

aa
/ /
l_

Figure 1: A circular arc
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Our aim is to detect the polynomial curve p:ti— (X(t), y(t)),0<t <1, where X(t) and y(t) are septic
polynomials. The following two statuses have to be redeemed:

1. The parametric polynomial P minimizes maxo.|€(t) |,

2. The modified Euclidean error term €(t) equioscillates fifteen times over [0,1].

We apply These statuses to get the Bézier points. This is realized by finding the values of the parameters
introduced from the geometric properties of the circular arc, see the books [6, 7].

The modified Chebyshev polynomial e(f) will be equalized with the monic Chebyshev polynomial of
degree fourteen that has uniform error of 2-'. The angle 0 is taken to be as large as possible in order to approximate

the largest circular arc with uniform error 2-13. For a future research, one should caliber @ in order to further
minimize the uniform error. The process may include semi numerical procedure.

3. SEPTIC BEZIER CURVE

Write the septic curve p(t) as a septic Bézier curve in the following form:

=7y = [ X0
p(t):;piBl(t):_(y(t)} 0<t<l 3)

The points Py, Pyy Pyy P3s Pyy Psy P and P, are called the Bézier points, and the septic
polynomials

By (t) = (1-1)", B/(t) = 7t(1-1)°, B](t) = 21t*(1-1)°, BI (t) = 35t3(1-t)*, B/ (t) = 35t*(1-t)°,
B/ (t) = 21t°(1-1)?, B/ (t) = 7t®(1—t) and B(t) =t’ are the Bernstein polynomials.

We are attentive to coerce the error to possess minimum deviation regardless at which part of the curve this
error appears in the middle or at the boundary points. To obtain continuity between the approximating curve and
the circular arc, the error function can be amended to reign zeros at the boundaries. Though, in this case, the error
will be more than the error in the case we explore.

As explained before, we are interested in minimizing the uniform error over the whole segment [0,1].

Adopting a harmonic choice for the Bézier points with the circular arc will enable us to get the best uniform
approximation with the least deviation. The key point is the proper choice of the Bézier points to be content with
the approximation problem. The circle takes possession of many symmetries that will be used to detect the

adequate positioning for the control points. We begin with the first control point [ ; it has to be as follows:
P, = (ao cos(6), B,Sn (9)) . The values of &, and £, will be found later to satisfy the approximation problem.
The other end control point P, should reflect the existing symmetry in the circle, and therefore has the form
p, = (ao cos(9), — S, Sin(H)). Initiate p, = (al, bl), then the point P should reflect the existing symmetry in
the circle, and therefore Py = (ai, - bl) Initiate p, = (321 bz)’ then the point pP; should reflect the existing
symmetry in the circle, and therefore p; = (az, - bz) Initiate P, = (as, b3), then the point p, should reflect the
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existing symmetry in the circle, and therefore p, :(ag, —b3) For the sake of simplification, set

a, = a,cos(0), by = S,9n () . The Bézier points have the following settings, see Fig. 3,

IS I I NIV Y

Substitute the Bézier points in (4) in the Bézier curve p(t) in (3) to get Vt €[0,1] :

o) = (ij _ (ao(Bg (0)+B] (1)) a,(B () + B] () + & (B] () + B () + & (B () + B] (t))}
y®) " {70~ B/ 0)+ (B0 - B 0)+b,(B]0)- Bl )+ (Bl 0-B[) |

Later on, we will find out that there are several solutions. The solution that is in agreement with the tuning
of the circle has to cycle counter clockwise starting from the second quadrant and terminating in the fourth
quadrant. Subsequently, the Bézier curve P is ought to behave alike by cycling counter clockwise starting from
the second quadrant and terminating in the fourth quadrant. To achieve this the following terms have to be
contented:

8, &, 8,,b,,0, <0, &;,h,,b>0. (6)

The parameters in the last equation designate the Bézier curve in (5); they are used to obtain the best
approximation with least deviation. The conditions are enjoined on the approximating curve p. The components
of p are substituted into the error function e(t). Since the components X(t) and y(t) are septic polynomials,
then the error function (t) is a polynomial of degree fourteen. In the coming section, the conditions are applied
on the approximation polynomial to get the free parameters in (6).

30}

[
[
Ir

1
Figure 2: The half of the solution for O <t < 3
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4. BEST SEPTIC BEZIER CURVE

In this section, the parameters 8,,a,,a,, 8,,1,,0,,0,,0, are set so that the statuses of the approximation problem
are given as in the following theorem:

Theorem 1: Substituting the following values of the parameters:

a, =-0.06793067774776883, a, = —1.8405489886602024, a, = —2.4131651725084513, (7)
a, = 3.646409595766575, b, = 0.997751218148063, b, = 0.8736389848122498, 8)

b, = -2.7866952694531855, b, = —3.6468092095444162 )

in the Bézier points (4) and thereafter in the Bézier curve (5) realizes the following statuses: P minimizes the
Chebyshev norm of the error function max.oy | €(t) |, and the error function (t) equioscillates fifteen times in

[0,1] . The error functions realize Vt €[0,1] :

1 1 1

1 ~
—¥Se(t)ﬁ¥,—méE(t)é ,Where&‘:maxlE(t)lzzm. (10)

2%(2+¢) O<t<1

Proof: These values of the parameters are realized in the septic polynomials X(t) and y(t) in equation (5)

and thereafter realized in the Chebyshev error function e(t) in (2). Simplifying the resulting equation leads to
the following equation:

e(t) = 4(b, — 7(b; — 3b, + 5b,))*t* — 28(b, — 7(b; — 3b, + 5b,))*t** + 7(7aZ + 17587 + 56742
—70a,(9a, —5a,) —630a,a, +175a% —14a,(5a, — 9a, + 5a,) +19h% — 242b b, + 76307
+6780,b, — 424200, + 5859b2 —10900,b, + 6790b,b, —18690b,b, + 1487502 k2

—14(21a% + 52587 +1701aZ — 2103, (%8, — 5a,) —1890a,a, + 52542 — 428, (53, — 93, + 5a,)
+31b? — 362N, +10150? + 942b b, — 50820,b, + 6111b — 1450b,b, + 76300,b, —178500,b,
+12775b2 ™ + 7(133a2 + 297547 + 8883a’ — 703, (147a, —80a,) — 9660a,a, + 262582
—14a,(90a, —156a, + 85a,) + 15302 — 1600b,b, + 3955h7 + 375600,b, —174300,b, +177030?
—54100,b, + 23940b,b, — 45360b,b, + 271250 }*° ~14(14082 + 262587 —8400a,a, + 661582
+4375a,a, — 6825a,a, +1750a’ — 35a, (353, — 574, + 30a,) + 14607 — 1349b,b, + 2919b’
+2757b,b, —~11004byb, + 9261b? — 3570b,b, +13265b,b, —19845h,b, + 91000 }k° + 7(427a7
+6370a> —18186a,a, +12348a2 +8820a,a, — 11550a,a, + 2625a> —14a,(241a,

+180(—2a, +a,)) + 43102 — 3490b,b, + 6566b7 + 60480,b, — 206220b, +14112b2 — 6720b,b,
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+205800b, — 237300,b, + 752507 ) — 2(1715a7 +19355a2 + 2601982 — 20584, (23a, —10a,)
— 20580a,a, +3675a% —98a,(122a, —162a, + 75a,) + 1717h? —12068b,b, +194530]
+173880,b, — 49686h,b, + 269010 —15750bb, + 38220bb, — 32340b,b, + 612502 |7
+7(429a2 + 34653 — 6888a,a, + 283542 + 2520a,a, —1680a,a, + 175a> — 4, (6433, — 729a,
+300a,) + 42907 — 257600,0, + 346507 + 3024b,b, — 6972bb, + 2835h? — 2100b,b, + 3780bb,
—2100b,b, +17507 }° —14(143a2 + 770a% —1155a,a, + 315a + a,(~715a, + 6574,
—225a,) +315a,a, —105a,a, +14307 — 7150 b, + 77007 + 663b,b, —11550 b, + 31507
— 32500, + 385, — 105, b, )t° + 7(143aZ + 4627 — 462a,a, + 63aZ + 708,3,
—4a,(143a, — 99a, + 25a,) + 14307 — 572b b, + 46207 + 396h b, — 462b b, + 63b7 —1200b b,
+ 700, )t* —14(2687 + 42a% — 21a,a, + a,(~78a, + 368, —5a,) + 2607 — 7840,

+42b7 +36hb, — 21bb, —5byb, k° + 7(138% — 263,38, + 782 + 63,3,

+1302 — 260y, + 707 + 6byb, k2 —14(aZ —aga, + by (b, —by) k—1+aZ + b2,

It is known in approximation theory that the Chebyshev polynomial of first kind of degree

fourteen, 'Fl 4 (2t —1)/8192 is the unique polynomial among all polynomials of degree fourteen that has the least

deviation from the X-axis, where 'i'; 4 (u) = cos(14arccos(u)), u e[—1,1] - Since the resulting error function is

apolynomial of degree fourteen, thus, it attains the uniform error when it equals the monic Chebyshev polynomial
of degree fourteen. This feature is utilized to realize the approximation statuses. Making the error function equal

to the Chebyshev polynomial of first kind of degree fourteen, 'i'; 4 (2t —1)/8192 by equating the coefficients in

both polynomials gives eight equalities that are used to find the values of the parameters a,,a,,8,,8,,1,,0,,0,,b,.

With the help of the computer algebra system (Mathematica) we get the values of the parameters; these values
are sophisticated, and it is unwieldy to present them, thus, they are documented in the decimal forms as specified
in equations (7) - (9). Consequently, the septic polynomial P realizes the statuses of the approximation problem.

The two error functions (t) and E(t) are related by the following formula:

e(t) = X2 (1) + Y2(£) 1= ({X2() + Y2(1) +1) (X2 (1) + Y2(t) —1) = (2+ E(1)) E(t).

We get E(t) in the form:

)

B0 =57 Et)’

Since the error e(t) is confined uniformly by o thus we get
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—ms E(t)S;, where & =max|E(t) k2™, t<[0,1].

o (2+¢) os<t<1
Thus the error formula is established and Theorem 1 is proved.

1
Fig. 2 shows the figures of part of the circular arc and its septic Bézier curve Vt € [, E] , while the complete

circular arc and its septic Bézier curve are shown in Fig. 3 with the error in Fig. 4. Fig. 4 reveals that the human
eyes are not capable to distinguish the resulted error.

Py

Ps
Py
[
&
-q
P P,
Pz\

—

1
i

Py

Figure 3: Circular arc and it’s septic Bézier curve in Theorem 1.
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Figure 4: Euclidean Error of the septic Bézier curve in Theorem 1.
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The approach in this paper offers a skillful placement of the Bézier points that can not be speculated by a
designer to inclose one and half of the circle with the best uniform error.

5. ROOTSAND EXTREMA

The roots and the extrema of the Chebyshev error functions are given in this section. We first specify the roots
of the error functionse(t) and E(t):

Proposition I: The roots of the Chebyshev error functions e(t) and E(t) are given by:
1 V4 1 3z 1 S5t
t, = = (1+cos(—)) = 0.996856,t, = — (1+ cos(—)) = 0.971942,t, = — (1+ cos(—)) = 0.923362,
1= S(28)) 2 =5 ( S(28)) =5 S(28))
1 1z 1 Y4 1 .37
t, = =(1+cos(—-)) = 0.853553,t; = —(1+sin(—=)) = 0.766016,t, = —(1+sin(—)) = 0.66514,
=5 ( (5g) 5= 5 Sg) 5 =5 )

1 . T 1 . T 1 . . 3r
t, ==(1+sn(—)) =0.555982,t, = —(1-sin(-—)) = 0.444018,t, = = (1-sn(—)) = 0.33486
7 2( (28)) 8 2( (28)) 9 2( (28))

1 . b5 1 T 1 5r
t,==(1-sin(—)) =0.233984,t,. = —(1-cos(—)) =0.146447,t., = —(1-cos(—)) = 0.0766379,
05 ( (28)) 1= ( S( 28 ) 25 ( S( 28))

1 3z 1 T
t.. = =(1-cos(—)) = 0.0280583,t., = — (1-cos(—)) = 0.0031439
) =5 (- cos( )

Due to symmetry, they have the property:
t +1; =1, for i+ j=15.

Proof: Substituting the values of z. ine(t) yields €(t;) =0, Vi =1,2,...,14. These are all of the roots of

e(t) because it is a polynomial of degree fourteen and has exactly fourteen roots. The other error function E(¥) has
the same roots because e(t) = 0 iff x*(t) + y*(t) =1 iff \/x*(t) + y?(t) =1 iff E(t) =0.
Proposition II: The extreme values of the error functions €(t) and E(t) occur at the parameters:

~ 1 T ~ 1 s
=1, == (1+cos(—)) =0.987464, t, =—(1+cos(—)) = 0.950484,
b b 2( + S(1 4)) » 2( 5(7))
~ 1 3z ~ 1 2
= —(1+cos(—)) =0.890916, t, ==(1+cos(—))=0.811745,
t, 2( S(1 4)) 4 2( S 7 )

~ 1 5%/4 ~ 1 3 ~ 1 T
t. = =(1+cos(—)) =0.716942, = —(1+cos(—))=0.61126, t,=—=(1+cos(—))=0.5,
5 2( 8(14)) t; 2( 8(7)) 7 2( 8(2))

t, = %(1— cos(27”)) =0.188255, 1, = %(1— cos(i—Z)) =0.109084, t, = %(1— cos(%)) = 0.0495156,
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- 1 o -
=—(1-cos(—)) = 0.012536, t, = O.
b = (1=cos(1))) by
Due to symmetry, they have the property:
t+t =1, for i+j=14.

Proof: Since e(t) is of degree fourteen, thus its derivative is of degree thirteen and has thirteen roots.
Substitute these thirteen values of ..., 1t to get €(t) =0, Vi =1,...,13. We check the end points for critical

points and get §, =1, 1, =

1 1
Since 1—@ <))+ y* (1) <1+ 8192'Vt €[0,1], subsequently /x?(t)+ y>(t) =0, vt €[0,1] -

)
Differentiating E(t) and equate to Q to obtain [2 M)+ y2(t) ~ 7. Since the denominator is not equal Q, then

this happens only iff €'(t) = 0. Thus both error functions e(t) and E(t) possess the extrema at the same
parameters. This completes the proof.

Proposition III: The error functions e(t) and E(t) attain their extrema at f ’s with the following values:

1 - -1
=_—_i=0,..6, £ )=—=—.i=0,...5.

e(z.) 8192I e(ty.,) 8192I
~ 1 - 1
E(t)=——.i=0,...6, Ef.)=—-i=0,...5.
(&) 16384 (t.0) 16384

Thus

<eft) < 1 cEmy<—t tefodl.

8192 8192 16384 16384

Proof: By substituting these parameters f into the error functions the equalities are realized.

Proposition I'V: At any value t €[0,1], the errors using the septic Bézier curve in Theorem 1 to approximate
the circular arc behave according to the following polynomial of degree fourteen:

1 49t 3185t 637t° 17017t* 17017t° 88179t°

e(t) = _ - + - + 1550407 + 379848t° —
8192 1024 1024 8 16 2 2

_ 655424t° + 79340&° — 659456t™ + 358400t — 114688t +16384t¥, V't < [0,1].

Proof: The proposition is a consequence of Theorem 1.

Using the link between the errors E(¢) and e(¢) gives:
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1 49t 31857 B 637t° N 17017t* B 17017t° N 88179t°

- + — 77520t" +189924t° —
16384 2048 2048 16 32 4

_ 327712 + 396704t° —329728™ +179200t" — 57344t + 8192t*, vt [0,1].

CONCLUSIONS

Classical septic approximation of the circle yields an eighth order of approximation. We showed in this paper
that by a proper choice of the Bézier points that the septic approximation of the circle yields fourteenth order of
approximation. Moreover, the approximation attains statuses of Chebyshev quality; it equioscillates fifteen times.
The numerical demonstrations expose the effectiveness of the proposed method. The approximation intersects

the curve fourteen times with uniform error 2-13 and thus outperforms any other approximation.
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