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Abstract: The primary objective of this article is to introduced generalized directional derivative(n-directional derivative) of a
function in the direction of a certain function in Linear spaces, Hilbert spaces and Banach spaces. This will be the gener-
alization of Frechet derivative, Gauteaux derivative and Hadamard derivative under certain conditions. Some properties
of n-directional derivative with there examples have been studied.
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1. Introduction

In past, Frechet derivative [1], Gauteaux derivative [1] and Hadamard derivative [3] has been introduced and proved some
fascinating results on Differential calculus, Optimization engineering, Banach spaces and Linear spaces. In this review we
contrast on to define the generalized the definition of derivative of a function in Linear spaces, Hilbert spaces and Banach
spaces. This is the generalization of Frechet derivative [1], Gauteaux derivative [1] and Hadamard derivative [3]. Some
known definitions and results are recalled for our need in section 2; n-directional derivative and its properties defined newly
along with there examples in section 3; higher order 7-directional derivative and a Theorem have been studied in section 4;

the article end with a conclusion in section 5.

2. Preliminaries

To make the article self contained some known definitions and results are recited for our requirement.

Definition 2.1 ([1]). Suppose f : K C R"™ — R™ where K be an open set. The function f is classically differentiable at
xo € K if,

(a). The partial derivative of f, gm; fori=1,2,..m and j = 1,2,...n exist at xo,

(b). The Jacobian matriz J(zo) = gﬂ{; (zo) € R™*™ satisfies the following

o 1) = £ (o) = J (o) = wo)||
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We say that the Jacobian matriz J(xo) is the derivative of f at xo, that is called total derivative.

Definition 2.2 ([1]). Let X, Y are Banach spaces, the directional derivative of f : X =Y at x, K C X in the direction

h € X, denoted by the symbol f'(x;h), is defined by the equation

P i) — tim 1)~ @)

t—0 t

whenever the limit on the right exists.

Definition 2.3 ([1]). Let f be a function on an open subset K of a Banach space X into the Banach space Y. We say f

is Gauteaux differentiable at x € K. If there is bounded and linear operator T, : X — Y such that

for every h € X. The operator Ty is called the Gauteaur derivative of f at x.

Definition 2.4 ([1]). Let f be a function on an open subset K of a Banach space X into the Banach space Y. we say f is

Frechet differentiable at x € K. If there is bounded and linear operator T : X — 'Y such that

t—0 t

is uniform for every h € Sx. Where Sx = {x € X : ||z|| = 1}. The operator Ty is called the Frechet derivative of f at x.

Definition 2.5 ([1]). Let f be a real-valued function on an open subset K of a Banach space X. we say that f is uniformly

Gauteauzx differentiable on K if for every h € Sx

is uniform x € K. Where Sx = {z € X : ||z| = 1}.

Definition 2.6 ([1]). Let f be a real-valued function on an open subset K of a Banach space X. We say that f is uniformly

Frechet differentiable on K if
o F@+1h) — f(@)

t—0 t

~Tu(h)
is uniform for every h € Sx and v € K. Where Sx = {z € X : ||z| = 1}.

Definition 2.7 ([3]). The set K is said to be n-invez set if there exist a vector function n: K x K — X such that for all

u,v € K and t € (0,1), we have z + tn(u,v) € K.

Definition 2.8. The definition of "normalized vector function” is familiar from analysis. To say that a vector function

n: K x K — X,Vu,v € K is normalized vector function if ||n(u,v)|| =1 for K C X.

3. Generalized Directional Derivative

Let us define the generalized directional derivative of a function f at x in the direction of the normalized vector function

n(u,v) (i.e., n-directional derivative) with some examples and its properties as follows.
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Definition 3.1. Let f : K — Y be a function on an open n-invex subset K of a Banach space X into the Banach space Y and
a normalized vector function n defined over the neighborhood of x with radius € > 0 such that n: Ne X Ne — X,Vu,v € Ne.
We say f has n-directional derivative of f at x € K in the direction of a normalized vector function n. If there is bounded

and continuous linear operator D : X — 'Y such that

t—0 t

”

for every u,v € K. The operator "D,” is called the n-directional derivative of f at x € K in the direction of a vector

function n. Whenever K is n-invex compact set and the limit is uniform for n in this case, we write Dy f(x) = f;(x).

For the existence of the definition, as sequences x,, and t,, convergence to x and t for n — oo and now by the continuity of f

and Mean value theorem, their exist z;, between z,, and z,, + t,n(u, v). For the existence, we have to show § — 0, whenever

t— 0,
flxn +tan(u,v)) — f(zn N
p - ot tuntw) = flon) _ g
with the following limit exist lim sup ||f|| = 0, implies that
P elly
lim sup f(I" + tnﬁ(% ’U)) — f(m’ﬂ) _ fyl](ili*) ‘ =0,
noo o)y tn

Remark 3.2.

(a). When n(u,0) = n(u) for v =0 or n(0,v) = n(v) for u = 0. When n(u) = u and n(v) = v, in this case n-directional
derivative of f at x in the direction of normalized vector function n coincided with Gauteaux derivative and Frechet

derivative respectively.

(b). When n(u,0) = u for v =0 or n(0,v) = v for u = 0. Let f be a real-valued function on an open set K of Banach
spaces X and f is uniformly n-directional derivative at x in the direction of normalized vector function n if the limit is

uniformly on n and x € K.

(c). When n(u,v) = u for v — 0 or n(u,v) = v for u — 0. Let f be a continuous and bounded a real-valued function on
an open set K subset of Banach spaces X. In this case n-directional derivative of f at x in the direction of normalized

vector function n coincides with Hadamard derivative.

(d). D_,,f(x) = =D, f(x), immediately follows from the definition, when n(u,v) is skew symmetric i.e., n(u,v) = —n(v,u).

Again when n is symmetric i.e., n(u,v) = n(v,u), we have Dy, f(x) = D_, f(z).

(e). In one dimension, there are two n-directional derivative of a function for every point: one directed ”forward”, i.e.,

n(u,v) =u — v and other directed "backward”, i.e., n(u,v) = —(u —v) = v — u.

(f). In two or more dimension, there are infinitely many n-directional derivative of a function for every point. But according

to our requirement we can fix a certain direction by defining the vector function 7.

(g9). The n-directional derivative is a one directional calculation of derivative in the specified direction defined by the nor-
malized vector function n. If the vector function n is one dimensional along a specific direction u, then n-directional

derivative coincides with Gauteauz differential.
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3.1.

Examples on 7-Directional Derivative

Example 3.3 (Inner product space). Let y and x are two vectors, K be a n-invex subset of inner product space and define

a linear function f(zx) = xTy. Now the n-directional derivative of f at x in the direction of a normalized vector function n:

D, f(x)

i | &+ (s, 0) Ty — 2Ty
t—0 t

i [yt (s v)y — 2Ty
t—0 t

n" (u,v)y.

Again, Let © be a vector, K be a n-invex subset of inner product space and define a quadratic function f(x) = z7x. Now the

n-directional derivative of f at x in the direction of a normalized vector function n:

Dy f(z)

. @+ tnu,v) e —2Tx
o { t

T T T
. Jxte+tnt (u,v)r — 2tz
i { ¢
n" (u,v)z.

Now, let A be a symmetric metrics, and define a quadratic function f = 2z7y + =7 Az. The n-directional derivative of f at

x in the direction of a normalized vector function n:

D, f(z)

lim
t—0

lim

t—0

lim

t—0

[2(z +tn)"y — 22Ty

} + lim [(‘” + t")TA(fE: tn) — mTAm}

L t t—0
(22" y + 2tn"y — 235Ty} 4 lim [(:cT +tnT)A(x + tn) — JcTAgc]
t t—0 t
T T T T
2tn y} 4 lim [m Alx+1tn) — = Ax} +lim {W}
t t—0 t t—0 t

7" (u,v)(2y + Az) + & An(u,v).

Example 3.4 (Infinite-dimensional linear space). In the case of an infinite-dimensional linear space V' whose elements are

real-valued functions and define e* : V. — V simply u(x) maps point wise to its exponential function e“®  Let z be a vector,

K be a n-invex subset of infinite-dimensional linear space. Now the n-directional derivative of € at x in the direction of a

normalized vector function n:

Dy (e”)

} e(z+tn(u,'u)) _ " ] ezetn(u,v) e®
lim [ ——— | = lim
t—0 t t—0 t
tn(u) _
e” lim {67] = n(u,v)e”, using series of et ),
t—0 t

Example 3.5 (The absolute value function in R). Let f(z) = |z| absolute value mapping, K be a n-invex subset of R. Now

the n-directional derivative of f at x in the direction of a normalized vector function 7:

(a). When z =0, Dy(f)=lim

t—0

(b). When x <0, Dy(f)=1lim

t—0

(¢c). When x>0, Dy(f)= }im
—

0

(%) = |n(u,v)|;
(%) = —n(u,v),

(M) = n(u,v).
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Remark 3.6. When mapping n(u,v) is symmetric i.e., n(u,v) = n(v,u), the n-directional derivative of |x| at x in the

direction of a normalized vector function n exits and depending on the values of normalized vector function n(u,v) for all

values of x € R.

Example 3.7 (n-directional derivative in R®). Let f(X) = X2 = 2% + 2% + 3 be a mapping in R®, K be a n-invex subset of

R3. Now the n-directional derivative of f at x in the direction of a normalized vector function n(u,v) = (acosf,asinf, cd)

such that a® + ¢® - 0% =1 and u,v € N, neighborhood of = with radius € > 0.

Dy(f(X)) =

lim
t—0

lim

t—0

lim
t—0

[(X +tn(u,v))* - Xz} _1 [(m +1m)* + (w2 +tn)” + (w5 + tn)” — (2 + 23 +w§)2}

t t

[ (21 + tacosh)* — :c?]

{(mz + tasin)? — x%]

(x3 + tch)? — m%]
t

t +lﬂ%[ t

[2x1ta cos 6 + (ta cos 0)2] 4 lim [Q:tha sin 0 4 (ta sin 9)2] 4 lim [2x3t69 + (tc@)?

t t—0 t t—0 t

2-x1-acosf+2-x2-asinf +2-x3-co

2X - n(u,v).

3.2. Properties for n-Directional Derivative

a. Let f(z) = C, a constant map. Now the 7-directional derivative of f at x in the direction of a normalized vector function

7 is always vanishes. The proof follows immediately from the definition.

b. n-directional derivative distributes over sums: D, (f + ¢) = Dy(f) £ Dy(g).

The proof follows immediately from the definition.

c. Product rule: D, (fg) = fDy(g) + gDy (f) for element wise product.

Dy ((f,9)) = (f, Dy(9)) + {(Dx(f),g) for inner product.

We have to begin with the definition of n-directional derivative:

Dy (f - 9)(x)

Dy(f(x) - 9(x)) = lim

[9(%’ +in)f(@+tn) — f(z)- g(w)}
t
g(z) - f(z + tn(u,v)) add and subtract in numerator

i [ S o) o) S+ i) o) S+ ino) = f)-ofe)

t—0 t

fimg 1o+ ) - [ LI g [t = Se)]

[+ Dng(x) + 9 - Dyf(2).

d. Quotient rule: Dy (1) = Dy(7-97) =97 {a- Do(f) = - Da(9)}. g() # 0.

We have to begin with the definition of n-directional derivative:

g(x) t t=50 t-g(z+tn) - g(x)
g(z) - f(z) add and subtract in numerator
i [ 2 000502 _ [ S00)23 br0) ot )]
=0 t-g(z +tn(u,v)) - 9(z) =0 t-g(z +tn(u,v)) - 9(z)
lim [g(ﬂf){f(w + tn(u, v)) — f(ﬂf)}} T [f(ﬂf){g(w + tn(u, v)) — 9(99)}}

b, (m ) i [;’Eiﬁzﬁzzﬁii - 5533] . {g(w)f(x 1) — f(2) gz + tm]

t—0 t.g(x—kt??(u,v)) g(l’) t'Q(I-f-t'n(u,U)) g(x)
237 960) Dol (@) = @) - Dalg(o)].
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e. n-directional derivative for composition of functions: Now, assume g : Y — V has n-directional derivative at f(z) € Y,

and that f : X — Y has n-directional derivative at z € X. Now calculate the n-directional derivative their composition

(gof)(xz) = g(f(z)). We have to begin with the definition of n-directional derivative:

[ (gof)(z + tn) — (gof) (fv)]
t

multiply and divide by f(z + tn(u,v)) — f(z)

lim
t—0

Dy (gof)(x)

— i |9 @) = g(f(2))  flz+tn) — f(x)}
=0 | f(z+tn) — f(z) t

— iy |9 ) _g(f(f”))} lim {w}
=0 | fz4tn) — f() =0 t

Dyy(9(f(2))) - Dy f ().

The following example illustrate the composition rule.

Example 3.8. In the case of an infinite-dimensional linear space V whose elements are real-valued functions and define

e” 1V = V simply w(z) maps point wise to its exponential function e

w(®)  Let x be a vector, K be a n-invex subset of

2
infinite-dimensional linear space. Now the n-directional derivative of e*  at x in the direction of a normalized vector function

n, set w(z) = z?

Dy (ew(z)) =

F pw(@ttn(u,v)

t

lim
t—0

_ ew<z>}

multiply and divide by w(z + tn(u,v)) — w(x)

o [ o) e 4 tn(u,0)) — w(z)
00 [w(T + tn(u,v)) — w(x) t
[ ow(z+tn(u,v)) _ w(z) _
— qim | € e lim w(z + tn(u,v)) — w(x)
t—=0 | w(z + tn(u,v)) —w(x) | t-0 t

" Dy (€¥) = &~ Dyw(z) = 2z - n(u,v)

2

<2z - n(u,v) =2z - €”

Dyay (™) - Dyw(z),

22
e

-n(u,v).

Example 3.9. In the case of an infinite-dimensional linear space V whose elements are real-valued functions and define

WV 5V simply z = w(x) maps point wise to its exponential function W) | Let  be a vector, K be a n-invex subset

of infinite-dimensional linear space. Now the n-directional derivative of e

function n, set z(w) = sinw and w(x)

Dn(ez(w(r)))

lim

t—0

sin 2

at x in the direction of a mormalized vector
= x27
[z (w(z+tn(u,v))) _ gz(w(=))

t

|

multiply and divide by z(w(z + tn(u,v))) — z(w(z)) and w(z + tn(u,v)) — w(z)

lim
t—0

lim

t—0

lim

t—0

sin w

e

100

2z - cos(z?) - e

o2 (wlattn(uv) _ y=(w(@))

 2(w(@ + tn(u, v))) = 2(w(z)) wiz +tn(u,v)) — w(z)

(
L z(w(z + tn(u,v))) — z(w(zx)) w(z + tn(u,v)) — w(x) t
eFlwl@ttn(uv))) _ oz(w(@) ] - lim {Z(w(:c + tn(u,v))) — z(w(z))
Lz(w(z + tn(u,v))) — 2(w(z)) | =0 wz+itn(u,v)) —w()

[w(z + tn(u,v)) —w(zx)
t

|

scosw - 2z - n(u,v), . Dyw(z) =2z - n(u,v)

sin(x?) .

n(u,v).
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4. Higher Order Generalized Directional Derivative

Let X and Y be Banach spaces and K is n-invex subset of X and a normalized vector function 17 : Ne X Ne — X,Vu,v € Ne.
The n-directional derivative of higher order can be state as follows:

Second order 7n-directional derivative:

D(f(a) = D(Dy(f(e) = ling | 22000 ) = DT ()]
_ f(m+2tn)—2f(m+tn)+f(x)]
t—0 t2 '

Third order n-directional derivative:

Di(f(x)) = Dy(D(f(x))) = lim [an(x+t77(u;v)) fD,]f(a:):|

t—0

. [f(m +3tn) — 3f (x + 2tn) + 3f(x + tn) f(x)}
3 '

Fourth order n-directional derivative:

DA(f@) = Dy(D(f()) = tiny | PN = DT(2)]

t—0

flx+4tn) —4f(x+ 3tn) + 6f(x + 2tn) —4f(x + tn) +f(m)} .

t—0 t4

and so on. Now from the above higher order n-directional derivative we can see a pattern of the coefficient of the numerator

of the definitions in triangular form called Palsu’s Triangle such as follows:

n=1: 1 -1

n=2 1 -2 1

n=3 1 -3 3 -1

n=4 1 —4 [ -4 1
n=>5 1 ) 10 - 10 5 -1
n==~6 1 -6 15 - 20 15 -6 1

by continuing as such we can calculate the n** order n-directional derivative of a function f(z) in the direction of a normalized
vector function 7. The similar pattern can be generate by adding the previous coefficients ignoring negative sign and then

using alternative sign. Sum of coefficient of any order n-directional derivative is zero.

Theorem 4.1. Let X and Y be Banach spaces and K is n-invex subset of X and a normalized vector function n: Ne X Ne —
X,Vu,v € Ne. If the n-directional derivative of f : K — Y is exist and bounded, i.e., |D, f(z)| < C iff f is Lipschitz near

x € Ne.

Proof.  Let us suppose that, the n-directional derivative of f(x) is exist and bounded. Now by the definition, let f(z) be

a function on an open 7-invex subset K of a Banach space X into the Banach space Y and a normalized vector function

101
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N : Ne X Ne = X,Vu,v € N.. We say f(x) has n-directional derivative of f(z) at x € N. in the direction of a normalized

vector function n. If there is bounded and continuous linear operator D : X — Y such that

D, f(x) = lim L 100 0)) = 1)

for every u,v € N.. Now the n-directional derivative of f(z) is bounded, i.e., | D, f(z)| < C.

g S )~ 5@
t—0 t v

o [fE @) @]
t—0 z +tn(u,v) —z v

= |f@+itn) - f@)y <Cllz+tn -2z«

set z =z +1tn € K,

= Nf) - f@lly <Cllz -2l

This implies f is Lipschitz near x € N and C is the Lipschitz constant. The converse of the theorem immediately follows

from the above analysis. This proves the Theorem. O

Problem 4.1. Generalized Minimal n-Differential Inequality Problems
(GM-n-DIP): Let X, Y be Banach spaces, K is n-invex subset of X and a normalized vector function  : Ne X Ne — X, Vu,v €

N¢. If the n-direectional derivative of f: K — Y is exist. Finding xo € K such that D, f(z¢) > 0 for zo € K Yu,v € N..

5. Conclusion

The n-directional derivative is the generalization all differentiation. According to the nature of its scope it will give a new

edge in the field of nonlinear functional analysis and engineering applications.
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