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Introduction

Studies on g-difference equations appeared already at the beginning of the
last century in intensive works especially by F H Jackson [32], R D Carmichael
[22], T E Mason [46], C R Adams [5], W J Trjitzinsky [54] and other authors
such us Poincare, Picard, Ramanujan. Unfortunately, from the thirties up
to the beginning of the eighties, only nonsignificant interest in the area was
observed.

Since years eighties [30], an intensive and somewhat surprising inter-
est in the subject reappeared in many areas of mathematics and applica-
tions including mainly new difference calculus and orthogonal polynomi-
als, g-combinatorics, g-arithmetics, g-integrable systems and variational -
calculus.

However, though the abundance of specialized scientific publications and
a relative classicality of the subject, a lack of popularized publications in
the form of books accessible to a broad public including under and upper
graduated students is very sensitive. This book is intended to participate to
the bridging of this gap.

It is to be understood that the choice of approach to be followed in the
book as well as that of material to be treated in most of chapters are mainly
dictated by the center of interest of the author. However, in preparing the
present text, our underlying motivation does’nt consist in any kind of spe-
cialization but in our wish of making available a most possibly coherent and
self contained material, that should appear very useful for graduate students
and beginning researchers in the area itself or in its applications.

The first five chapters are concerned with an introduction to g-difference
equations and g-Laplace transform, while the subsequent chapters are con-
cerned with applications to orthogonal polynomials and mathematical con-
trol theories.



2 Introduction

Among existing books on the subject, we can cite for the interested reader
the well known books on g-series and their applications [6, 28] and the more
recent ones on g-calculus [27, 33].
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Chapter 1

Elements of g-difference
calculus

1.1 Introduction

Following [43, 45], mathematical analysis can be considered on special lat-
tices:

-The constant z(s) = cte,

-The uniform z(s) = s,

-The g-uniform z(s) = ¢°,

-The g-nonuniform x(s) = (¢°* + ¢~ %)/2, s € Z, 0 < |g| < 1, the subja-
cent theory being founded on the corresponding divided difference derivative
[42, 43]:

IN—f(z(s—%

1(5+%)7x(sf%

The basic property of this derivative is that it sends a polynomial of degree
n to a polynomial of degree n — 1. In this connection it seems to be the most
general one having this vital characteristic. When x(s) is given by the first
three lattices, the corresponding divided derivative gives respectively

Df(z) = L f(x) (1.2)
Auf(x) = Af(H) = f(t+1) = f(B) = (ef = 1) f(t); t=a—

- Q=1 _ _1
D 1 f(a) = Dof(t) = OO = S04 f (1) t=q 22, (L4)

D=




4 Introduction

When z(s) is given by the latest lattice, the corresponding derivative is
usually referred to as the Askey- Wilson first order divided difference operator
[7] that one can write:

1 -4
Df(a(z)) = MHEALHO 22D () = 25, 2= (1)
x(q2z)—z(q 22)

This book is concerned with studies of g-difference equations that is g-
functional equations of the form

F(z,y(x), Dgy(x), ... ,D];y(x)) =0, z€C (1.6)
where Dy is the derivative in (1.4), the so-called Jackson derivative [32],

D, f(z) = Ha)=J@) - (5) = ¢, s € Z. (1.7)

qr—x

The functional equations implying the first two derivatives in (1.2)-(1.3)
correspond respectively to the very classical popularized differential (con-
tinuous) and difference equations while those implying the Askey-Wilson
derivative in (1.5) is essentially at its embryonic state, except for numerous
applications in orthogonal polynomials theory [44, 49] and a few applications
in others area (see, e.g., [6, 10, 9]).

In this connection, our book is concerned with a fairly developed matter of
mathematical analysis on lattices.

It is worth to be noted that the g-difference equations theory considered in
this book is a special case of the general g-functional equations

P, y(x) y(ga).. ... y(2q") =0, z€C (1.8)

(studied e.g., in [17, 51]), since in our case, = belongs necessary to the g-
uniform lattice ¢°, s € Z. In this book, for concreteness, it will be under-
stood, unless the contrary is noted, that ¢ is real and 0 < ¢ < 1.

Hence our lattice reads

T=0=¢"...¢" ¢ .. q¢d =1,
R BT N et U e = 0. (1.9)
This is clearly a geometric progression with a proportion equals to gq. For
this reason, g-difference equations are some times referred to as geometric
difference equations [30].
Examples of geometric variables can be found in any area of life or social
sciences (here ¢ may be > 1).
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1. Suppose given the simplest model of evolution of species

p(s+1) =rp(s); p(0) = po (1.10)

where p(s) is the population of the species at the period s and r is the
constant rate of change. (1.10) gives

p(s) = r°po. (1.11)

p(s) is clearly a geometric variable with ¢ =7, pg = 1.

2. In economy or epidemiology, we can consider a certain quantity that
increases or decreases at every period s, in a rate equal to r. We get the
difference equation

q(s +1) = (1 +7)q(s); 4(0) = qo (1.12)
so that
q(s) = (1 4+ r)°qp. (1.13)
which is a geometric variable with ¢ =1 4+ r and ¢gg = 1.
3. In a national economy, let R(s), I(s), C(s) and G(s) be respectively the

national income, the investment, the consumer expenditure and the govern-
ment expenditure in a given period s. We have [26]

R(s+2)—a(l+B)R(s+ 1)+ afR(s) =1, (1.14)

with the assumptions that
C(s)=aR(s—1), a >0, (1.15)
I(s)=p[C(s) —C(s—1)]3>0 (1.16)

and G(s) = const. The general solution of (1.14) reads

R(s) = c1A] + 25 + c3. (1.17)
where A\; and Ay are roots of

M —a(l+B)A+af=1. (1.18)

We can clearly get geometric variables by convenient choices of the constants
c1, ¢9, and c3. In the particular case when a8 = 1, we can take A\ = ¢ and
A2 = 1/q and (1.17) is nothing else than a form of the g-nonuniform variable
noted in the beginning of this section.



6 q-Hypergeometric Series

4. Consider the amortization of a loan that is the process by which a loan
is repaid by a sequence of periodic payments, each of which is part pay-
ment of interest and part payment to reduce the outstanding principal. Let
p(s) represent the outstanding principal after the sth constant payment T
and, suppose that the interest charges compound at the rate r per payment
period. In this case, we have the equation

p(s+1) = (1+7)p(s) = T; p(0) = po (1.19)
which solution reads
ps) = (= )1 +1) + (1.20)

This is also a generalized geometric variable and it can be found in any
phenomenon with similar evolution process.

1.2 qg-Hypergeometric Series

When dealing with g-difference equations, arise naturally series solutions of
the type

y(z) = io: e’ (1.21)
n=0

Among them, are of particular interest these for which

Cntl (1.22)
Cn

is a rational function in ¢". If for example

ey liza(—q™) (1.23)

Cn iBi—am™)(g—qm)

such series are seen to have the form
ar, @2, ..., Qp s
res /Bla ﬁ?a ey /68 &
1+s—r
_ voo  (a@)k(e2;@)k--(ar; @)k kg, Bkl k

= Lr=0 B1;0)k(B2:0) k(B30 {(_1) ¢ (Q?Q)k7 (1.24)
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where (a1,...,ap;¢)k == (a1;Q)k - - (ap; Ok, (a:9)0 =1, (a;¢) = (1 —a)(1—
aq)(1 —aq?)...(1 —ag*™1), k=1,2.... These series are referred to as the

g-(basic)hypergeometric series [28]. Since limg_ E‘{fg%’g = (a)k, we have

. aroq?, L. ar 14
limg—1 rps B S ¢ (g—1)7""2
a1, o2, ..., «
‘TFS< B o r B Z) (:29)
where
a1, a2, .., Qp
F z
" S(ﬁla /823 ey /68 )
= T B i (1.26)

where (a1,...,ap)k = (a1)k ... (ap)k, (a)o =1, (a)r = ala+1) ... (a+k—-1) =
F(I?(:)k ), series referred to as hypergeometric series. As well for the generalized
hypergeometric series as for the basic ones , the radius of convergence is given

by

00, r<s4+1
pe=< 1, r=s+1 (1.27)
0, r>s+1.

Take for example the simplest g-difference equation

Dgy(x) = y(). (1.28)
Its solution reads
= 1 - q x)"
Z =1 ¢0(0; =3¢, (1 — q)z), (1.29)
_0 n

a g-version of the exp(x) function [35] (see also section 2.1 below).

1.3 qg-Derivation and g-integration

Basic formulae for the g-derivation and g-integration are concerned, similarly
to the differential or difference situations.
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Derivative and integral

We define the g-derivative also referred to as the Jackson derivative [32] as
follows

flaz) - f(z)

qu(x): p—

(1.30)

This derivative sends naturally a polynomial of degree n in a polynomial of
k

degree n — 1, since D,z* = %mk_l and if p(x) = Yp_y axz®, then

qk+1 -1

n—1
qu(ll;‘) = Z ak_;,_lTZBk. (131)
k=0 q

Together with the question of the g-derivative, arises naturally that of the
g-primitive or g-indefinite integral of a given function. This is equivalent to
solving the following simplest g-difference equation in g with known f

Dyg(x) = f(z). (132)
Detailing (1.32) gives
%gm = f(x), Egh() = higz) (133)
o(0) = (1 - E) (1 - 9ef@)] = 1 - ) S Eifef(@)],  (134)
=0
g@) = (1— g S ' f(gia). (1.35)
=0

The preceding calculus is clearly valid only if the series in the rhs of (1.35)
is convergent. To say that if the series in the rhs of (1.35) is convergent, the
function in the rhs of that equality is a certain primitive of f(x), namely
that primitive that vanishes at x = x¢p = 0. Hence we can write

[ i@ =0 ey ('), (1.36)
1=0
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It is easily seen that the expression on the rhs of (1.36) is a Riemann integral
sum of the function f on [0,z], x # oo, where the segmentation is given by
the geometric lattice ¢°, s = 0,...,00. This means that if f(x) is Riemann
integrable (RI) around xy = 0, then we can naturally give its primitive as in
(1.36) which is defined for x € T, x # 0.

However, if the function f(x) is not RI around xzy = 0 but is RI around
xo = 00, then one will find a primitive of f(x) under the form

[ F@)dgr = (- g~ Y20 q~ f(g~ ),
= (¢ - Do g7 g ') (1.37)
which is defined on the lattice T in (1.9) except for x = 0. Furthermore, if

the function f(x) is not RI neither around zy = 0, nor around zy = oo, but
RI around some zg = ¢ = ¢%, d € Z, then the primitive of f(z) reads

JEf@)dgr = (-1 f(d), e=¢* >z =¢°

_11}
=(¢— 1) XL tf (). (1.38)
For example taking ¢ = ¢° = 1, we get
J7 f@)dgr = (0= 1) i ¢ £(4)- (1.39)

Note that the integral in (1.36) is clearly a particular case of the more general
integral

[ = a1~ Y ot g —a). (140)
a 0

where we set a = 0 to obtain (1.36).
Next we define the definite integral as

JPf@)dgr = (1 — ) ) @' F(d), b=q* > a =g’

— (=) X, 2f(@). (1.41)
If the function f(z) is RI around z¢ = 0, (1.41) can be written another way:
Ja F(@)dgz = [Jg = J51f (2)dyz. (142)

Clearly, if the function f(x) is differentiable on the point x, the q-derivative
in (1.30) tends to the ordinary derivative in the classical analysis when g
tends to 1. Identically, if the function f(z) is RI on the concerned intervals,
the integrals in (1.36), (1.37), (1.39) and (1.40) tend to the Riemann integrals
of f(x) on the corresponding intervals when ¢ tends to 1. Moreover, one
easily remarks that the g-integral admits the general properties of Riemann
integral on finite or infinite intervals.
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Example 1. Evaluate [2%d,z
Solution. One distinguishes
a) a > —1: f(z) = 2® is RI around x¢ = 0. Hence,

Jy 2%dgr = (1 — @)z 30 ¢'q™a™

— +1
= et o G = [y atda, g 1. (1.43)

b) a < —1: f(x) = z® is not RI around zp = 0 but is RI around zp = occ.
Hence, using (1.37), one has [? 2%dx = (¢ — 1)z 30° ¢~ FDacq(Hla =
1,1(;;11 2ot~ agjll = [y x%dzx, g~ 1.

¢) a = —1: In this case, the function f(z) = 1 is not RI neither around
xo = 0 nor around xg = oc. Hence the formulas (1.36) and (1.37) don’t work.

However using (1.39), one gets [{" BT — (g—1) o) =(¢g-s=%TInx

T Ing
~ Inz = fi—m,qvl.
It follows in particular from a) that the indefinite integral of a polynomial
of degree n is a polynomial of degree n + 1.

Example 2. Evaluate [;° f(z)dqx for a function f RI on [0, cc].
Solution. Considering (1.36) and (1.37) with = 1, we have

[e9) 1 0
| t@de = [ f@de+ [T @
=(1-9)> ¢+ 0= > ¢ 'fla")
0 1
—(1-0) Y d ) (1.44)

Note that the last expression in (1.44) is a Riemann integral sum of f on
[0, c0] with the segmentation in (1.9).

Derivative of a product

= [(gz)Deg(z) + g(x) Dy f (2)- (1.45)

Dq(§)<$) _ g(qu];((z)w;;((;))Dqg@)' (1.46)
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Chain rule

Dy(f(9))(z) = flglgz))=f(9(z)) g(gz)—g(z)

g(qz)—g(z) qz—=x
= D, f(9)-Dgag(x) (1.47)
Derivative of the inverse function

Let y = f(z). In that case, x = f~!(y) where f~! is the inverse function to
f. Applying the g-derivative on each side of the equality, one gets

1= Dyz = Dyf~(y) = 7 (@) —f ' (y(=)) ylgz)—y(x)

y(qz)—y(z) g
= Dy [~ (y)- Doy (). (1.48)
Consequently
Dy f~' () = 1,y (1.49)

Fundamental principles of the g-analysis

(i)
Dyl [y f(@)dgx] = Dg{ (1 — [z 36° ¢ f(¢'x) — a X5 ¢ f(¢'a)]}
=1-qz[XF ¢ fld'z) — XF ¢ f(¢a]/[(1 - q)z] = f(z) (1.50)
(ii)
Ji Def (@)dgz = [ %:imdqx
= (1- ey ¢ LBt (1 oy g ALl 0)
= f(z) — f(a). (1.51)

Clearly, (1.51) is a g-version of the Newton-Leibniz formula

Integration by parts

Consider the equality

f(@)Dqg(x) = Do(fg) — 9(q) Do f (). (1.52)
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Let h(x) = f(z)g(x). We have

ff Dyhdgx = Zgo(h(qib) — h(g"t'b)) — E(o)o(h(qia) — h(g"a))
= h(b) — h(a)

Hence

2 f(2)Dyg(@)dgz = [fg)% — [ 9(qz) Do f (x)dgz (1.53)

Clearly, when g ~» 1, the formulae (1.30)-(1.53) converge to the correspond-
ing formulae of the continuous analysis.

1.4 Exercises

1. Prove that

Dy (fo)(x) = . ( " ) DE(f) (g™ Dy (g) () (1.54)
k=0

q

(¢ — Leibniz formula) where

n (4 On
= 1.55
( k >q (4 Ok Dn—t (1.55)
and evaluate successively Dfl(fg)(x) 1=1,2,...,n.

2. Evaluate explicitly the operators A and B such that

a)
Di(fy) =[A(f)ly,i=1.2,...,n (1.56)
b)
[1(Dy = ai)(fy) = BNy (1.57)
=1

3. [27] Prove the reciprocal formulae
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a)
Dy (f)(x) =
(5) (5)
—n_—n | 2 - n k 2 n—k
(g—1)"2"q > ( . ) (—1)"*q f@"Fx)  (1.58)
k=0 q
b)
(5)
F(@'2) = > (g - DraFg\ 7 ( . ) Dy (f)(). (1.59)
k=0 q
4. Write formally the solution y of
y(qz) — ay(z) = f(x). (1.60)
5. Integrate by parts
/abp(:r)f(:r)dqm; p(z) = az® 4+ bz + ¢; f(z) = Inx. (1.61)
6. Let f(z) =2™; m > 0. Calculate
b
/ " dgx (1.62)

a) By definition,
b) Using the gq-Newton-Leibniz formula.

7. [27] Let g(x) = ca® and f(z) a given function. Prove that Dy(fog)(x) =
(D ())(9(2)) Dy(g)()-

8. [27] Prove that (now ¢ € C and |¢| = 1) if ¢ = 1 and p is prime, then

Dy(f) = 0.
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9. [27] Prove that if p is a polynomial, then

[Dyz — qrDylp(z) = p(x)
[Dgr — xDy]p(x) = p(qz)

and

[Dyx" — ¢Fa* Dylp(x) = {k}gz*"p(x)
[quk — kaq}p(:r) = {k}qu’lp(qx)

where {k}, =33, ¢* 71, {0}, = 0.

10. [27] Prove the g-Pascal identity
n+1 [ n k n
q q q
_ n n n+1-k
q q

and the equivalent dual identities

ng - quD(’; = {I{:}qD(’fl
Dz —aDi = Eq{k},DE".

11. Let
Po(z,y) = (z —y)(x —qy) ... (x =" 'y).
Prove that
a)
DyoPu(z,y) = [n]gPo-1(z,y),
b)

‘D‘Lypn(xa y) = _[n}qpn—l(xv qy)

Exercises

(1.63)

(1.64)

(1.65)

(1.66)

(1.67)

(1.68)

(1.69)



Chapter 2

q-Difference equations of first
order

By a g-difference equation of first order, one can understand an equation of
the form

f(z,y(z), Dgy(z)) = 0, (2.1)
but also an equation of the form
9(z,y(z),y(qz)) = 0. (2.2)

The difference between (2.1) and (2.2) is that the former is first order in
the operator D,, while the later is first order in E,, with E,f(z) = f(qz).
Clearly, from an equation of the type (2.1), one can derive an equivalent
equation of the type (2.2) and conversely. However, for their apparent adapt-
ability in discretization of differential equations, we will consider in this book
mainly equations of type (2.1) instead of equations of type (2.2).

Although there is no general analytical method for solving general g-difference
equations of first order, some of their special cases can be solved explicitly.
This is the cases of linear g-difference equations and equations transformable
to them, as we shall see in the following sections.

2.1 Linear g-difference equations of first order
Consider the g-difference equation
Dgy(x) = a(z)y(qz) + b(x). (2.3)

15



16 Linear g-difference equations of first order

This is a first order nonconstant coefficients linear non homogenous g-difference
equation. Its study is clearly equivalent to that of

Dyy(z) = a(x)y(z) + b(z). (2.4)

Indeed, (2.3) is equivalent to ,
Dyy(z) = a(x)y(z) + b(z). (2.5)
where

a(z) = a(qx); b(x) = bgx), (2.6)

in that sense that (2.5) can be obtained from (2.3) by replacing = by ¢ '
and then ¢ by ¢~! and vice versa.
Consider for example the equation (2.3). The corresponding homogenous

equation reads
Dgy(x) = a(z)y(qz). (2.7)
Detailing the D, derivative in (2.7), the equation reads
y(x) = 1+ (1 — g)za(z)ly(qz). (2.8)
Repeating the recurrence relation in (2.8) N times, one gets
y(z) = y(wo) [Ti= 14,1 + (1 — @)ta(t)]
= y(¢" o) [T 11+ (1 - g)ad’alq'e)]. (2.9)
If N ~ 0o, with 0 < ¢ < 1, then ¢ ~» 0, and one obtains

y(x) = y(0) [TZo[1 + (1 — ¢)g'za(g'x)). (2.10)

Example. Suppose that a(x) = (1(;—_11~qk;,17 k € N. Clearly, we have the

solution y(z) = y(0) [IZ[1 + (1 — g)g'za(¢'z)] = y(0) [Ty (1 — ¢'z) =/
y(0)(z; q)-

Consider next the non homogenous equation (2.3). According to the method
of ”variation of constants”, let

y(x) = c(x)yo(x) (2.11)
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be its solution where yo(z) is the solution of the corresponding homogenous
equation (2.7) and ¢(z) is an unknown function to be determined. Loading
(2.11) in (2.3), and solving the obtained equation, one obtains

o) = / o (Ob()dyt + (2.12)
zo
Hence the general solution of (2.3) reads
y(@) =@+ [ ol byt (213)
0

with ¢ = yy ' (20)y(z0). Taking zo = 0, we get respectively
c(w) = (1 - @)z X5 d'yy ' (g'w)b(g'x) + ¢ (2.14)
and
y(x) = yo(x)e + (1 = ) 5 a'yo(x)yy ' (a'2)b(q'w). (2.15)

Note that, when applied to the equation (2.4), the method of undetermined
constants leads to the solution

y(@) = yo()c + /w " yo(@)ys (at)b(t)dyt (2.16)

y(z) = yo(z)e + (1 — @)z S ¢'yo(2)yy ' (¢ a)b(g'z). (2.17)

for zg = 0.

We now observe that the solutions in (2.9) or (2.10) will remain formal as
long as we will not succeed to calculate the related product explicitly, a
task which is far from being elementary. However, in certain situations, the
coefficient a(z) could suggest a particular method of resolution. When for
example, a(x) is a polynomial in x, we are suggested to search the solution
in form of series, as show the following few simple cases:

Case 1. Equations of the form

Dyy(x) = ay(x), (2.18)

with a, some constant. To solve such an equation, we rewrite it as

y(gr) = [1 + (¢ — Dzaly(z) (2.19)
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and search the solution under the form

y(x) =3 cpx™. (2.20)
Loading (2.20) in (2.19), one obtains
cn = (i1 7=F)a" (2.21)

In view of the fact that [k], =%/ 11_—‘1: ~» k, ¢~ 1, one can write (2.21) as

n

e = co[g—]q!, (2.22)

where [n],! =% [T}, %. Hence the solution in (2.20) is a g-version of the
exponential function cpexp(ax):

Yq() = coeg™ = co 3 plg 2" (2.23)

Case 2. Similarly, an equation of the form

Dyy(z) = ay(gz), (2.24)

or equivalently

y(z) = [1+ (1 — q)zaly(qx), (2.25)
has a solution of the form

Yg1(2) = coed®s = co 3F° ﬁm" (2.26)

where [n],-1! is obtained from [n],! by replacing ¢ by g

The functions ej and e;”,l are clearly g-versions of the usual exponential
function e®. A natural question that arises here consists in finding their
respective inverse g-functions. The answer to this question can be easily
found using the following

Theorem 2.1.1 If

then



g-Difference equations of first order 19
Proof. We have Dy(zy) = 2(qx)Dgy(x) + Dyz(z).y(x) = z(qx)a(z)y(x) —
z(gx)a(x)y(x) = 0. Hence y(z)z(x) = cte. Use of (2.28) gives (2.29).

Corollary 2.1.1 The functions ej and g1 satisfy

ef]”e;_ml =1. (2.30)

Similar g-versions of the exp(x) and its inverse can be found considering the
following

Theorem 2.1.2 [35] Let

oo k

a;q)Lx
3o Ok (q.;';k =1 pola; —iq,2); o] < 1 (2.31)
k=0 ’

be the g-binomial series. We have

oo  (a@)pz® _ (amiq)eo
2k=0 (‘Lq]Sk T (@9 (2.32)

where (a;q)oo =115°(1 — ¢*a).

Proof. Let hq(z) be the series in the lhs of (2.32). Then, one easily verifies
that (1 — z)he(z) = (1 — ax)ha(gx), or equivalently hy(z) = 1=%h,(qz).

1—x
_ (azq)
(%:9)o0

Which leads recursively to hg(x) and the theorem is proved.

Corollary 2.1.2 [35] Let é,(x) = > 32, ﬁ =1 ¢0(0; —;q,2), |z| <1 and

k(k—1)/2 .k
Eq(r) =332, 1 -

—Gor o wo(—;—;q,—x), x € T. We have that

€q(x)Eq(—x) = 1. (2.33)

Proof. Loading a = 0 in (2.32), one obtains that é,(x) = m, |z] < 1. On
the other side, replacing in the same identity, z = x/a and letting a ~ oo,
one gets Ey(x) = (—;¢)so, and the corollary follows.

Note that
limg 1 €4((1 — ¢)x) = limg—q Ey((1 — q)z) = €”. (2.34)

Hence €,4((1 — ¢)x) and E4((1 — q)z) are g-versions of the ordinary exp(x)
function. It is interesting to remark that

e = &,((1 - qa)ie, = By((1 - q)a). (2.35)
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Case 3. Equations of the form
Dyy(z) = ay(z) +b. (2.36)

According to the case 1 and the method of undetermined coefficients with
xo = 0, its solution reads

y(x) = +b/ id

= eg"[y(0) — a e 1+ ] (2.37)
Hence using (2.30), we get
ax b b axr
y(@) = eg7y(0) = o+ e (2.38)

Case 4. Equations of the form
Dgy(z) = ay(qx) + b. (2.39)

Here also, according to the case 2 and the method of undetermined coefli-
cients with zg = 0, its solution reads

y(z) = +b/ ~atd,t)

b
=e2%[y(0) — —e_, ¥ 4+ — 2.40
€q 1[:’/( ) a €q + CLL ( )
and using (2.30), we get
(z) = €q (0) — b + be‘” (2.41)
Yy =e1y a gl .
Case 5. Equations of the form
Dyy(x) = azy(x). (2.42)

Searching the solution under the form

y(e) = 25° ena”, (2.43)
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on gets
o — aCQn—Z _ n Co
2n g2 1_g2n 1_g2n—2 142 1
1—q 1—q 1—q 1—q
—a" 0 =12 (2.44)
Bl 2, .. :
where
2n 2n—2 2
op) i —es Lo 7 La (2.45)
! l-q 1-g¢ 1—gq
and cap1 = 0,n =0,1,2,.... Its is easily seen that [2n],!! = [n],!(2); where

(2)y =4%f (1+¢)(1+¢?)...(1+q") and that lim,_;[2n],!! = (2n)!! =9f
(2n)(2n —2)(2n—4)....2.1 = 2"n! = lim,—1[n],!(2)y. Hence the solution of
(2.42) reads

azz

y(z) = cp€q? (2.46)
where
ax? oo anl.Qn
E2 =) ———— 2.47
R MG (247)

L!fl?z
is a g-version of the function e 2~ (see another g-version of this function in
[25]).

2.2 Nonlinear g-difference equations transformable

into linear equations

Here, we consider nonlinear g-difference equations of type (2.1) or (2.2) trans-
formable in linear equations.

Case 1. Riccati type equations:

Dyy(x) = a(x)y(gz) + b(x)y(2)y(qz). (2.48)
To solve this equation, we set y(x) = 1/z(z) and obtain

Dyz(z) = —[a(z)z(x) + b(x)]. (2.49)
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Example. Solve the equation

y(qr)y(z) — y(qx) + y(z) = 0. (2.50)

Letting y(z) = 1/z(z), it gives z(z) = z(qz) + 1 which solution is z(z) =
—Inz/Ing. Hence y(z) = —lng/Inz.

Case 2. Homogenous equations of the form

F(RE) 2) = 0. (2.51)
They can be transformed into linear equations in z(x) with z(z) = Dzj(ygc()g” ).
Example. Solve the equation
[Day(@)]? = 2y(2) Day(x) — 3[y(=)]* = 0. (2.52)
We have
DPay(@)y o Dayl@)y 5, (2.53)

y(z) y(x)

or 22(z) — 22(x) =3 =0, z(v) = Dy%x()aj). This gives z(z) = 3 and z(x) = 1,

or y(z) = cegg” and y(z) = cey, respectively.

Case 3. Equations of the form

[y(g2)]? [y(2)]* = g(2), (2.54)
c1 and co, some constants. In that case, we apply the In function and get
c1In(y(qz)) + c2In(y(z)) = In(g(z)) (2.59)
and set z(z) = In(y(z)) to obtain

c1z2(qx) + c2z(z) = In(g(z)) (2.56)
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Example. Contemplate the equation

[y(@)’]/y(qz) = . (2.57)
Applying the In function, one gets
2z(x) — z(qx) = 22, z(x) = Iny(z) (2.58)

The solution of the homogenous equation is z(z) = "2/ a The particular
solution can be found by inverting the operator in the lhs 1 — %Eq, to get

— z? 00 §—1 21 z2
2x) = (1 - 5B) 2?2 = 5 X5 27¢" = 525 (2.59)

Hence the solution of (2.58) reads z(x) = ca'™?/™4 4 szz. Consequently,

In 2

y(a) = eapleatti + 522)
= exp(cQﬁ + Qf—zz) (2.60)

2.3 Exercises

1. Let be defined the following g-versions of the cos(z), sin(z), cosh(x) and
sinh(z) functions

eix 4 e—ix eix _ e—ix
_ % . _ % q
cosq(x) 5 ; sing(x) 5
er4+e er —e ”
coshy(z) = %; sinhy(z) = %, (2.61)
e, e e, —e
cosy-1(z) = %; sin,-1(z) = - i 5; !
ef_ +e” er, —e ™
coshy-1(z) = %; sinh,-1(z) = %, (2.62)
e 4 e e — e
q : q
CoSyq-1 () = %; sing,-1(z) = Tq
ef+e Y et —e Y
_ 4 . G _ 1 q
coshyq-1(z) = — sinhg,-1(z) = — (2.63)

Prove that
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a) Dy cosy(x) = —sing(x),
b) Dy sing(x) = cosy(z),
¢) Dy coshy(z) = sinhy(x),
d) Dysinhy(z) = coshy(x),
e) cosgq_l(x) + Singq,l(x) =1,
f) coshzq_l(x) - sinhgq_l(x) =1,
g) cosq(w)cos,—1(x) + sing(z) sing-1(z) = 1,

h) coshy () coshy-1 (x) — sinhg(x) sinhy—1 (z) = 1.
2. Find the general solution of
(Dgy(@))? = 2y(x) Dgy(z) — 3y*(z) =0 (2.64)
3. Solve
a) Doy(x) = xy(x)
b) (Dgy(x))? = (2 + 2)y(2) Dgy(w) + 22y*(x) = 0

4. Solve

¢) Dyy(z) = pa(2)y(z); p2(z) = az? + bx + c.
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5. Let f(z) =3 _ A,z" and put

n=—oo

fle £ylq Z Apz™(

n=—oo

ie
Y
+ A,x" 1j: Y(1£g¢=)...
flz £y, n_z;oo x )(1+q7)
+o00
= > Aj(zty)(ztqy)..
Prove that

1412
(1+q""7)

(z=q"y).

25

(2.65)

(2.66)

(2.67)
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Chapter 3

Systems of linear g-difference
equations

In this chapter, we are concerned with systems of linear g-Difference equa-
tions of first order. The methods of solving such equations are in big parts
similar to that of solving linear scalar first order g-difference equations dis-
cussed in the section 2.1. The general theory however is more rich since the
space state is now multidimensional.

3.1 General theory

Consider the system of linear g-difference equations

Dyy(x) = A(x)y(qz) + b(z), (3.1)

where

y(@) = (n(@),...., (@)’ b(x) = (ba(x),.... b(2))" € RF,
A(x) = (aij(2)f =1, (3-2)

such that the matrix I+ (1 —¢q)zA(x) is nonsingular. The latter requirement
can naturally be achieved by taking ¢ sufficiently close to 1. Remark that
the notation D,Z(x), where Z(x) is a vector or a matrix means the vector
or the matrix for which the elements are the g-derivatives of the elements of
the concerned vector or matrix.

As in the scalar case, the system (3.1) is equivalent to the following

Dyy(z) = A(2)y(w) + b() (3-3)

27
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where A(z) = A(qx) and b(x) = b(qz), in the sense that one can be obtained
from the other by first replacing # by ¢ 'x and then ¢ by ¢~'. But for
question of convenience, we consider the system (3.1) here.

The system (3.1) is said to be non homogenous and non autonomous since
respectively, the independent term (also called input or external force) is
not vanishing, and its coefficients are dependent on z.

Thus, the corresponding to (3.1) homogenous equation is

Dgy(x) = A(z)y(qz), (3.4)

As in the case of scalar equation, one can rewrite the equations (3.1) and
(3.4) respectively in the recurrent forms

y(z) = [I + (1 — q)zA(z)]y(qz) + (1 — q)zb(x). (3.5)
and
y(z) =[I + (1 — ¢)zA(z)]y(q). (3.6)

Consider first the homogenous equation (3.4). According to (3.6), the solu-
tion of this system reads:

yo(x) = (ITimg12, I + (1 = @)tA@®)])y(20)- (3.7)
Taking xzg = 0, (3.7) gives
y(@) = (I5°[1 + (1 = q)q'zA(q'z)])y(0). (3-8)

From this, one deduces the following

Theorem 3.1.1 For any vector vy € RF, there exists a unique solution of
(8.4) satisfying y(zo) = vy.

Let yi(z),...,yr(z) be a system of k vectors in R¥ and let Y (x) be the k.k
matrix which columns are constituted by the vectors y;(z),...,yx(z). The
following proposition is easily verified.

Theorem 3.1.2 The matriz ®(z) is a solution of the homogenous system
(8.4) iff every vector of the set {yi(x),...,yx(x)} is.

From theorems (3.1.1) and (3.1.2) follows clearly the

Theorem 3.1.3 For any kxk-matrixz Vi, there exists a unique matriz solu-
tion of (3.4) satisfying Y (xo) = V.
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Considering (3.6), such solution reads

Y(z) = (ITieg1, I + (1 — )t A®)]) V0, (3.9)
or for xg =0

Y(2) = (II5°[ + (1 - 9)g'zA(q'x)]) Vo (3.10)
Theorem 3.1.4 LetY and Z be such that

DY (z) = A(x)Y (x)

D,Z(x) = —Z(qx)A(x) (3.11)
Y (z0)Z(xo) =1 (3.12)

then
Y(z)Z(x)=1. (3.13)

where I is the unit matriz.

Proof. D,(Z(2)Y (z)) = Z(qx).DyY (z) + Dy Z(x).Y (x) = Z(qx).Ay(x) —
Z(qx).AY () = 0 i.e. ZY = const and by (3.12), we get ZY = I.
Similarly, one easily proves the following

Theorem 3.1.5 Let Y and Z be such that

DyZ(x) = —Z(x)A(x) 3.14)
Y(xo)Z(.’Eo) =1 3.15)

then
Y(z)Z(x) =1 (3.16)

The following corollaries are direct consequences of the preceding theorem

Corollary 3.1.1 The matrices Y (x) and Z(x) in (8.12)-(3.16) are mutually
inuverse.

Corollary 3.1.2 The matriz solution of
DY (z) = A(z)Y (x) (3.17)

is nonsingular iff it is nonsingular for r = xg.
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Definition 3.1.1 A set of k linear independent solutions {y1(z),...,yx(z)}
of (3.4) is said to be a fundamental system of solutions. The corresponding
matriz Y (), which is clearly nonsingular, is also said to be a fundamental
matriz of the system.

Theorem 3.1.6 Any system of linear g-difference equations like (3.4) ad-
mits always a fundamental system of solutions or equivalently a fundamental
matriz.

Proof. Consider then a system of k linear independent in R vectors
v1,...,v, and following (3.1.1), let {y1(z),...,yx(z)} be solutions of (3.4)
satisfying y;(zo) = v;, @ = 1,...,k. This means that the set of solutions
yi(x), i = 1,...,k are linear independent on the point z = xg, or equiv-
alently, the corresponding matrix Y (z) is nonsingular for x = zy. By the
corollary 3.1.2, this means that Y (z) is nonsingular for every x and the
corresponding system of solutions {yi(x),...,yx(x)} is fundamental which
proves the theorem.

Corollary 3.1.3 The space of solutions of the homogenous system (3.4) is
a k-dimensional linear space.

Consider now the non homogenous equation (3.1). Suppose that the matrix
Y(z) is a fundamental matrix for the corresponding homogenous system
(3.4). In that case, similarly to the scalar case, the method of variation
of constants suggests to search the general solution for (3.1) under the form
y(x) =Y (z)C(z), where C(z) is an unknown k-dimensional vector. Loading
this in (3.1) gives the system

Y (2)D,C(x) = b(z). (3.18)
The result reads
Clz)=C+ / TV (6)b(t)d,t (3.19)
and 0
y(@) = Y(2)C + / g” Y (@)Y (6)b(t)dyt (3.20)

where C' =Y ~!(2q)y(x0), or equivalently

(@) = B zo)y(ao) + [ Do b(t)dyt (3.21)
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with
D(z,y) =Y (@)Y (y), (3.22)

the ¢-State transition matriz. In the controllability theory (see chapter 7),
one writes (3.21) in the convenient form

(@) = B z0)ly(a) + [ Dlan OW(E)d,t), (3.23)
When zg = 0, (3.19), (3.20), (3.21) and (3.23) take the forms
C(x) =CH+ (1 -q)z X5 'Y Hq'2)b(¢'x), (3.24)
y(z) =Y (2)C + (1 — )z 50 ¢'Y (2)Y "N ¢'x)b(¢'z), (3.25)
y(x) = (z,0)y(0) + (1 — ¢)z 35° ¢ ®(x, 2¢")b(¢'x), (3.26)
and
y(x) = ®(x,0)[y(0) + (1 — @)z 35° ¢'®(0, 2¢")b(¢"x)). (3.27)
The function
Yp(z) =[5, ©(z, £)b(t)dgt (3.28)

is a particular solution of (3.1). Hence we have the following

Theorem 3.1.7 The general solution of the non homogenous g-difference
equation (3.1) is a sum of its particular and the general solution of the
corresponding homogenous equation (3.4).

3.2 Autonomous systems

Let distinguish the following most interesting cases.

Case 1. Equations of the form

Dgy(x) = Ay(x), (3.29)
where A is a constant matrix. Searching its solution in series form

y(x) = 2257 zna™, (3.30)
with z, is a k-dimensional vector, one gets

yq(z) = qu’”zo. (3.31)
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Case2. Equations of the form

Dgy(z) = Ay(qx). (3.32)

According to the same notation as in the first case , its solution reads

Y1 (7) = eg‘_””l 20
>, %x%. (3.33)

According to theorem 3.1.1 and the preceding, we have the following
Theorem 3.2.1
eq(Az)e,1(—Ax) = 1. (3.34)

As a consequence, the g-State transition matrix for time constant systems
takes the form:

O(x,t) = eq(Ax)e,—1(—At). (3.35)

It is to be noted that the g-Cauchy problems related to the systems (3.29)
and (3.32) can be solved using the ¢-Picard approzimations. Let solve for
example the following problem

Dgy(z) = Ay(z); y(0) = yo. (3.36)
From (3.36), one gets easily the formal relation
y(a) = (1 - @)z A Y2, q'y(q'z) +y(0). (3.37)

Hence the g-Picard approximations read
n+1(z) = (1 = )z A2 d'yn(q'@) +y(0); yo =y(0),  (3.38)
leading to
yi(z) = (@A + Dyo, y2(2) = (£ A2 + zA + Iyg

yn() = [T+ S0y - Allyo,
(3.39)
and for n — oo, we get the solution
y(x) = [T+ X2 & Al
= qu’”yo. (3.40)
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3.3 Exercises
1. Given the non homogenous linear system

Doy(x) = A(x)y(x) + b(x). (3.41)

a) Write down the general solution of the corresponding homogenous equa-
tion

Dgy(z) = A(z)y(=), (3.42)

b) Prove that its general solution is found as y(x) = Y (z)C(x) where

Y (qz)D,C(x) = b(x) (3.43)
and reads
y(z) = B(z, 20)[y(x0) + / 0 B(0, gt)b(t)dyt], (3.44)
with
O(z,y) = Y(2).Y " (y), (3.45)

Y (z) being the fundamental matrix of (3.42).
2. For a 2x2-matrix A and a 2-vector b, solve
a) Dgy(x) = Ay(z) + b;

b) Dyy(z) = Ay(x) + ba.
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Chapter 4

Linear g-difference equations
of higher order

4.1 General theory

Consider the equation
[Df;,l + al(az)Ds:l +.. ot ap_1(x)Dy-r + ag(x)]y(r) = g(x). (4.1)

It is said to be a k-order nonconstant coefficients linear non homogenous
g-difference equation of order k. The corresponding homogenous equation
reads

[D’q“,l +aq (:v)D(’;fll + ...+ ap_1(x)Dy-1 + ag(z)]y(x) = 0. (4.2)

The general theory of a scalar equation such as (4.1) is reduced to the general
theory for a system of equations such as (3.1). The reason for this is that
an equation such as (4.1) can be reduced to a system such as (3.1). Indeed,
supposing

z1(w) = y(x); 22(x) = Dyry(x);...;2(x) = Dg:lly(x), (4.3)

we obtain the system

q

D -12z1(x) = z2(x),
Dy-129(x) = 23(),

Dy-1zp1(x) = zp(x)
Dy1zp(7) = —(ar(z)zk(z) + ... + ap(z)z1(z)) + g(z) (4.4)
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In matrices terms, we have

Dyz(x) = A(x)z(qr) + G(x) (4.5)
where z(z) = (21(x), ..., z1(2)),
0 1 0 0 . 0
0 010 ... 0
Az) = L . (4.6)
0 .. .0 1
—ai(qz), . . . . —ai(qx)

and G(z) = (0,...,0,9(gx))!. So, from (4.3), it follows that the exis-
tence of a unique solution of (4.1) under the initial constraints y(zo) = yo,
Dy1y(xo) = w1, .- DS:ly(xo) = yp_1, is equivalent to the existence
of a unique solution of (4.5) under the constraints (z1(zo),...,2k(70))" =
(Y0, ---,yr—1)". As a consequence, the existence of a fundamental system of
solutions yi1(x),...,yk(x) of (4.2) is equivalent to the existence of a funda-

mental system (y (), Dy-1y1(2), . .. ,D’;__llyl(m))t, oo (r(2), Dy—1yp(), . .. ,Dj__llyk(x))t

of the homogenous part of(4.5)

Dy2(x) = Alx)z(qa), (4.7)
with the fundamental matrix
y1(z) ya(z) oo yk(z)
() = Dq_1y1(x) Dq—lyQ(fL') Dq_1yk(x) . (4.8)
D(’;:llyl(x) DS:llyQ(x) . D(’;:llyk(x)
Indeed, if
Yi aqyi(z) =0 (4.9)
then
Ef:l Oéiqulyi (l‘) =
1 i DESlyi(a) = 0 (4.10)
or

O(z)a =0 (4.11)
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where ®(z) is in (4.8) and a = (aq,...,a;)". Hence the system y;,i =

1,...,k is linear independent iff the matrix ®(z) in (4.8) is non singular.
The matrix ®(x) can naturally be called the q-Wronskian or g-Casoratian
of the equation (4.2), correspondingly to the continuous or discrete cases.
Consider now the question of deriving the solution of the non homogenous
(4.1). If y1(x), ..., yx(x) is a fundamental system of solution of the homoge-
nous equation (4.2), corresponding to the fundamental matrix ®(z), then
according to the general theory of g-difference systems, the general solution
of (4.5) is found as

z(x) = ®(z).C(x) (4.12)
where C(x) = (Cy(z),...,Ck(x))! is the solution of the system
O(2)DC () = G(x), (4.13)
and reads
Clz) =C+ (1 - @)z 5 ¢ (¢'z)G ('), (4.14)
and the general solution of (4.1) reads
y(z) = z1(x) = XL, Cil)yi(). (4.15)
Note that for the g-difference equation
[D’q“ + al(x)D];_l + ...+ ag_1(x)Dg + ag(x)]y(x) = g(z), (4.16)

the solution of the corresponding system reads z(z) = ¢(x)C(x) where

y1(z) va(z) o yk(@)
‘I’(l‘) — qu.l(x) qu.g(.’L') quk(x) ’ (4.17)
Dy~ 'yi(x) Dy~ 'ya(z) ... Dy 'yk(a)

and C(z) is the solution of the system
8(q2) D,C(x) = h(w), (4.18)
with h(z) = (0,...,0,g(z))!, giving

Clx)=C+ (1 —-q)zXF ¢ @ (¢ z)h(d'z). (4.19)
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4.2 Linear g-difference equations with constant co-
efficients

Consider now the equations (4.1) and (4.2) in the cases when the coefficients
a; are not dependent of . We have

[D(’;_1 + alDSfll +.. ot ag 1Dy + aply(r) = g(x) (4.20)
and
[D§—1 + alD(’;fll +...tag 1Dy +ap]y(r) = 0. (4.21)

In this case, the equations can be solved explicitly whether or not it is
true for the corresponding algebraic equation. Consider first the equation
D,-1y(x) = Ay(x). According to the treatment of the chapter 1, its solution
reads y(z) = exp,-1(Az). Loading this function in (4.21), one obtains the
following algebraic equation in A called the characteristic equation of (4.21):

AF +a1)\k71 4+ ... 4+ag_1A+ap=0. (4.22)
Here we distinguish two cases:

Theorem 4.2.1 (i) If the equation (4.22) has k distinct roots, M1, Az, ...,
A, then, the equation (4.21) admits as k linear independent solutions the
functions y;(x) = exp,-1(Nx), i = 1,... k.

(ii) If some of the roots of the characteristic equation are not distinct, then
in that case also, the equation (4.21) admits k linear independent solutions.
If for example a given root A admits a multiplicity equal to m, so the corre-
sponding independent solutions need to be searched among functions of the
form

y(@) = 25l cpa” (4.23)

where the coefficients c,, satisfies

2 )(_)\)m—1( i—1 l—q—('rb+'1i)+k) cn+i:0 (424)

izo |(
=0 m k=0 17q*

a difference homogenous equation of order m.



Linear q-Difference equations of higher order 39

Proof. The first part of the theorem is proved straightforwardly. To prove
the second part, it suffices also to load (4.23) in the following auxiliary
equation

(D1 — N)™y(z) = 0 (4.25)

q

Note finally that the particular solution of (4.20) can be obtained by the
method of variation of constants as in the case of non constant coefficients.
The equation (4.1) admits another interesting particular cases. Consider for
example the case when all the coefficients a;(x) have the form a;(z) = x'd;

i = 0,...,k, where the d; are constants. After simplifying, the equation
reads

S obiy(g'e) = g(w), (4.26)

for some constants b;, i = 0, ..., k. The homogenous version naturally reads

Yo biy(a'z) =0, (4.27)

To solve it, one first solves the equation y(gz) = Ay(x). Its solution was seen
in the first chapter to be

In X

y(z) = xna. (4.28)

Loading (4.28) in (4.27), one gets a k-order algebraic equation called char-
acteristic equation for (4.27)

b =0. (4.29)
Here as well two possible situations arise, as shows the following

Theorem 4.2.2 (i) If the characteristic equation (4.29) has k distinct roots,
Ai, © =1,...,k. In that case, (4.27) admits k linear independent solutions

InX\;
yilx)=x™a 4=1,... k.
(i1) If some roots are multiple, then the equation (4.27) admits as well k
linear independent solutions: If a oot say A is m-iple, then to it correspond

. . X In’z )
m solutions reading y;(x) = x™a e’ where i =0,...,m — 1.
ngq

Proof. The proof of the first part of the theorem is straightforward. For
the second part, it suffices to prove that
ln)\l i
(Ey — A" lnl.m —0; 0<i<m-—1. (4.30)
nq
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Indeed,
1 In’
(Eq — )‘)mxllng nix
In* q
Inx In’
= Nt (B, — 1)m1nix —0,0<i<m-— 1. (4.31)
n'q

Example. Solve the g-difference equation
Dgy — 5Dy + 6y = z2. (4.32)
Solution. The characteristic equation of that equation reads
M B +6=0 (4.33)

and have solutions A\; = 3 and Ay = 2. This leads to the fundamental
system of the corresponding homogenous equation y; = egg”, Yo = eZ“J and
the general solution of (4.32) is y(z) = c1(x)y1 + c2(z)y2, where

Dyei(z) Y\ [ O
®(qx) ( Dyea(a) )~ \ a2 | (4.34)
and
63:}0 6290
— q q
O(z) = ( 362“3 2639” ) (4.35)
This leads to Dyc; = ;L‘Zeq_}{ﬁ and Dgcg = —1‘26;ng. g-Integrations by parts
give
_ —3x _l 2 1 2 1 o 1 3 1 1 3 1
@) = e+ (- 5)a — (32a+ D — (5 + D]+ (5 + 1)
(4.36)
and
RIS ST RIS L3 L3
x(x) = 2 + e[ 2)a? — (D2 + D — (L + 1]+ (D¥g + ).
(4.37)
Consequently, the general solution of (4.32) is
1 1 1. 1.
@) = efren + (-0 — (320 + Do — (g + 1] + (g + el
1 1 1. 1.
bees +[(~ )2 — (22(a + D — (D) g+ D] + (5)(a + el

(4.38)
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4.3 Nonlinear g-difference equations transformable

into linear equations of higher order

As in the case of first order, some nonlinear g-difference equations are trans-
formable into linear ones.

Case 1. g-Difference equations of the form
f:o [Df]-ly(w)}{ =0 (4.39)
or equivalently
oly(d'z)] = 0. (4.40)

It is made linear by applying the In function on the lhs of the equality.

Case 2. The Riccati type equation:

y(x) + y(qz)

5 +do(z).  (4.41)

ao(z) Dey(z) = bo(z)y(2)y(qz) + co(x)

This equation can be written in the following homographic form

a(x)y(x)+b(x
ylar) = SR (4.42)

To make (4.42) linear, it suffices to suppose
z(qx)/2(x) = c(z)y(z) + d(x). (4.43)

The resulting second order linear g-difference equation reads

[e(2)]2(¢*2) + [—c(z)d(gz) — c(qz)a(z)]z(gz)
+le(gr)a(x)d(x) — c(qz)b(x)c(x)]z(x) = 0. (4.44)

4.4 Linear g-difference equations of second order
As in the case of differential or difference equations, linear second order -

difference equations are of particular interest in the theory and applications
of g-difference equations. Examples of such applications can be found in
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the chapter 6 in connection with orthogonal polynomials. We can write a
general linear g-difference equation of second order in the form:

ao(x)Dgy + a1(z)Dyy + az(z)y = b(x). (4.45)

This is a non homogenous equation while the corresponding homogenous one
reads

ao(m)DSy + a1 (z)Dgy + az(x)y = 0. (4.46)

However, in some investigations, it is appropriate to consider the equations
of the forms

ao(z)Dy-1Dgy + a1(x) Dy + az(z)y = b(x) (4.47)
and
ao(x2)Dy-1Dgy + a1(x) Dy + az(x)y = 0 (4.48)

respectively. As it appeared in the theory of general higher order linear g-
difference equations, the essential part of the study of (4.45) or (4.47) consists
in the one done for (4.46) or (4.48). Hence, the crux of the matter in this
section will concern the equation (4.46). Here we consider particularly some
questions of solvability and orthogonality of solutions of (4.46) or (4.48).

Solvability

For the questions to be treated here, we can consider quite simply the nor-
malized form of (4.46):

Dgy + a1(z)Dqy + az(x)y = 0. (4.49)

1. According to the general theory of linear g-difference equations, the
equation (4.49) admits two linear independent solutions forming a funda-
mental system of solutions. But when the coefficients a1 and as are not
constant, there is generally no way for finding in quadratures these solu-
tions. However, when one solution of the equation is known, this allows as
in general, to decrease by one the degree of the equation and consequently
to find the second solution. Indeed, let y;1 = yi(x) be one of the solutions.
The second solution will be searched under the form:

y2 = z(z)y1(x) (4.50)
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where z(x) is an unknown function to be determined. Loading (4.50) in
(4.49) and taking in account the fact that y; is a solution of (4.49), one
obtains the following equation for z:

v1(¢*z) D3z + {a1y1(qx) + Dyly1 (qz)] + [Dgan](gx)}Dgz = 0. (4.51)
Letting
Dyz = t(z) (4.52)

one obtains a first order g-difference equation for ¢(x), which can naturally
be solved explicitly in quadratures.

2. Another way of finding the second solution y9, once one solution y; of
(4.49) is known, consists in using a g-version of the so called in differential
equations theory Liouville-Ostrogradsky formula. To establish the formula,
let write (4.49) in the form

y(¢*z) + a1 (z)y(gz) + az(z)y(z) = 0, (4.53)

where a1 (z) = a1(¢—1)xqg—q—1 and as(z) = az(¢—1)%x?q—a1(q¢—1)zq+q.
Since y; and ys are solutions of (4.53), we have

y(r)  w(z)  ya(w) 1 0
y(gr) wyi(gr)  y2(qe) a(x) | =10 (4.54)
y(¢®z) yi(g*z) w2(qPe) as () 0

y(x)  y(z)  ya(w)
< | ylgzr) wyilgz)  welgr) | =0 (4.55)
y(*x) yi(Pz) ya(d’z)

Developing the determinant by the first column and comparing the resulting
equation with (4.49) gives

Vgz) = az(x)V (x), (4.56)

with V(x) = y1(x)y2(qx) — y2(2)y1(qr). Let

_| w@ w@ |
W@ =| o) Doga(e) | = 91(@)Pate®) = (@) Dy (@) (457)
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We have
V(z) = (g— DaW (). (4.58)

Using (4.56), we get
DW (z) = (g — Daas(x) — ar]W (z). (4.59)

Clearly, for g ~ 1, (4.59) tends to the Liouville-Ostrogradsky formula in the
differential calculus. Hence we can refer to (4.59) as g-Liouville-Ostrogradsky
formula. On the other side if in (4.59), y1 is known, the second solution ys
satisfies a first order g-difference equation and consequently can be found in
quadratures.

3. Solutions in series (here we suppose that the variable x € C, as we
are concerned with analytic functions). Contemplating the nature of the
coefficients a;,7 = 0, 1,2, in (4.46), one can guess which kind of solutions is
involved. For example, if the related coefficients in (4.46) are polynomials,
so one can expect that the solutions are of polynomial type. This case will
be discussed in details in the chapter 6. Consider here the situation when
the coeflicients in (4.46) are analytic functions at the origin i.e. they can be
developed in convergent entire powers series:

o0 o0
f(z) = Z foz™s g(x) = Z In". (4.60)
n=0 n=0
and attempt to prove that the equation admits analytic solutions. We have
the following
Theorem 4.4.1 The second order q-difference equation
Dy + f(x)Dy + g(x)y =0 (4.61)

with f(x) and g(x) analytic functions say at the origin, admits two linear
independent analytic solutions at the origin.

Proof. As f(z) and g(x) are analytic at the origin, they can be developed
in entire powers series:

f(z) = Z faz™; g(z) = Z gnz". (4.62)
n=0 n=0
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As the solutions are expected to be analytic at the origin, we write

y= Z anz™. (4.63)
n=0

Loading (4.62) and (4.63) in (4.61) and equating the coefficients to zero, one
gets

qn+2 -1 qn+1 -1

an+2 -1 q—1
n qk+1 -1
— > (fakth1——— +gn-rar), n=0,1,2,... (4.64)
k=0 q-—1

This equation allows to determine the coefficients a,, n = 2,3... in (4.63).
The coefficients ag and a; being arbitrarily, they can be chosen so that the
corresponding solutions be linear independent, and the theorem is proved.

4. Constant coefficients. As noted for the higher order case, second order
linear g-difference equations can be solved explicitly. Consider the equation
(4.49) with aq and ag constant in x:

Dgy +a1Dgy + azy = 0. (4.65)
Suppose that the function eq(Az) is a solution of (4.65). We get
M+ a )+ ay =0, (4.66)

which is said to be the characteristic equation of (4.65). Let a and b be the
roots of (4.66). This means that (4.65) can be written as

(Dg = b)(Dg — a)y = (Dg — a)(Dg — b)y = 0. (4.67)

There is here two possibilities:
Case 1. The roots are distinct. In this case, the two independent solutions
of (4.65) read clearly

yi1(x) = eqglax); ya(x) = eq(bx) (4.68)
Case 2. The equation (4.66) has a double root and we need to solve

(Dg — a)®y = D} + a1Dgy + azy = 0, (4.69)
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with a1 = —2a and az = a?. Here the first solution reads clearly y; = e,(az).
Let search next the second solution under the form y2 = z(z)yi(x). Loading
this expression in (4.69), one gets

y1(qz) D;z(x) + [a1y1(qx) + Dyyr (qz)]Dyz(x) + Dyly1(gz)]Dyz(gz) = 04.70)
Letting Dyz(x) = t(x), one gets
y1(qz) Dt (z) + [a1y1(gz) + Dey1(qz)|t(x) + Dglyr(gz)]t(qz) = 0. (4.71)

Considering the value of y; () and taking in account the fact that Dyeq(Az) =
Xeg(Az), (4.71) simplifies in

Dgt(z) + [a1 + alt(x) + agt(qr) =0 (4.72)
Dgt(z) — at(x) + aqt(qz) = 0. (4.73)

Searching the solution of (4.73) under the form
tax) = tpa" (4.74)
n=0

we get the recurrence equation for the coefficients
n+1
-1

q

tno1 +al@™t = Dt, =0 (4.75)

which solution reads
tn = (1 —q)"a . (4.76)

Consider next the equation

o0

Dyz(z) = t(z) = 1o Z(l —q)"a" " (4.77)
0
and letting z(z) = >.g° zpz™, one gets
qn+1 _

] —— = to(1 — ¢)"a" 4.78
S o(l—q)"a (4.78)
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or

(1 —q)a)" 1-g)" o™t
=t n = to 2 nfl’n
a(l—qn) 1+qg+q¢°+...+¢

=1,2... (479

zp being arbitrarily. Hence

y2 = 2(x)y1(x) (4.80)
with
o0 (1 _ q)n—Qan—l

Z(x):Z0+t0x—|—t0(1_Q);1_|_q_|_q2_|___._|_q"—133

n(4.81)

It is worth remarking that for ¢ ~ 1, z(z) ~ 29 +toz and y; and yo take the
form of solutions of a constant coefficients second order differential equation
whose characteristic equation has a double root.

Classification of Singularities. Solutions in the neighborhood of a
regular singularity

(here also, we suppose that the variable z € C)

1. z=zy, finite. Consider the equation
Diy(x) + f(2)Dgy(x) + g(x)y(x) = 0 (4.82)

where = € C and let zp be a given point in C. If the functions f(x) and g(z)
are analytic at the point x = zq, then xg is said to be an ordinary point of
the g-difference equation (4.82). On the other side, if z( is not an ordinary
point but the functions (z—z¢)f(z) and (z—z¢)?g(x) are analytic at = = xq,
then x = z is said to be a regular singular point for the equation (4.82). If
x = x is a pole for both f(z) and g(z), and [ is the least integer such that
(x — o) f(z) and (z — z0)?g(x) are both analytic at 2 = xg, then z = x is
said to have a singularity of rank [ — 1. Thus for example, a regular singular
point is of rank zero. If either f(z) or g(z) has an essential singularity at
x = xg, then x = x( is said to have a singularity of infinite rank.

Consider now the question of solvability of (4.82) in series around a regular
singular point z = xy. For simplicity, we let g = 0. We remember from
the preceding section that if x = 0 is an ordinary point, then the equation
(4.82) admits a pair of independent solutions given in form of series. We now
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extend this result in the situation when x = 0 is a regular singular point.
Clearly, when = = 0 is a regular singular point, (4.82) may be written as

D2y(e) + L9 Dyya) + L2y = 0 (153)

where f(x) and g(z) are analytic functions at = = 0. Let f(z) = 352, fra”®
and g(z) = 372 grz* and try the following form for the solution

y(x) = i apz™te (4.84)
k=0

Loading these expressions in (4.83), and equating the resulting coefficient to
zero, we get

k—1 ¢t —1
Q(g"™)ay, = - ;)(fkfjﬁ + gr—j)a; (4.85)
" E=1,2,... (4.86)
where
Q") q:— : qaq_: o qqa__ll 0 (450
The equation
E(e) = Q(¢*) =0 (488)

is called the indicial equation and its roots indices or exponents. From
(4.86) it appears that if the roots of the indicial equation are distinct and do
not differ by an integer, then one gets two distinct sequences of coefficients
ay, corresponding to two distinct solutions of (4.83) in form (4.84). In other
cases, only one solution of this type is available, unless the rhs of (4.86)
vanishes at the same value of the positive integer k for which F(a + k) =

Q(¢***) = 0.

2. 29 = oo. Consider again the equation (4.82). To precise that the g-
derivative is performed along the variable z, we will write Dy, instead of
D,. Thus we write (4.82) as

Djy(x) + () Dgey(@) + g(a)y(x) =0 (4.89)
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To discuss the character of the point at the infinity, we need to make the
transformation x = 1/t. At the same time the parameter ¢ is replaced by
g~ !. Considering the relation

Dgew(x) = —qt>Dgw(1/t) (4.90)

the equation (4.82) becomes

D2(1/1) +p(t) Dyy(1/1) + a(0)y(1/1) = 0 (1.91)
where
p(6) = Lo — 5 F1/0: alt) = —7a(1/0). (192)

Hence we have

(1) 2 = oo is an ordinary point for the equation (4.89) iff the point ¢ = 0
is an ordinary point for the equation (4.91), i.e. the functions p(¢) and ¢(t)
are analytic at the point ¢ = 0 or equivalently the functions %x — Z—; f(x)

and z—jg(x) are analytic at the point z = oo.

(2) z = oo is a regular singular point for the equation (4.89) iff the point
t = 0 is a regular singular point for (4.91) that is the functions
qg+1 1
tp(t) = - =

1
7 qStf(l/t); tq(t) = Wg(l/t) (4.93)

are analytic at the point t = 0 or equivalently 2 f(x) and x?g(x) are analytic
at x = oo. This suggests that

flz) = % i fora® (4.94)
k=0

g(x) = % > goprh (4.95)
k=0

Loading (4.94) and (4.95) in (4.89), we get (4.86) with & and « replaced by

—k and —a« respectively. For f(z) = J;—O; 9(x) = 5 y(x) = 27, we get

q—a -1 q—a—l -1 q—a

-1
=0 4.96
PR —— + 1 Jo+ g0 (4.96)

also called indicial equation.
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3. Ezample. Consider for example the g-hypergeometric equation[35]

l_qc l_qa l_qurl

c a+b+1 2 b a

sl = a0 Dlyla) + L — @2+ e LD a)
1_qa1_qb
14 1_qy(:r):0.(4.97)

This is a g-version of the classical hypergeometric differential equation
z(1—2)y"(z) + (c— (a + b+ 1)2)y'(x) — aby(z) =0 (4.98)
having as particular solutions
y1(2) =2 Fi(a,b;c;x); yo(x) = 23 “Fila—c+1,b—c+1;2 — ¢; x).(4.99)
The equation (4.97) can clearly be written in the form (4.82) with

fay = 1m0 = (@0 =)+ (1= gD
(1= q)z(g° — q*t¥t1a)
_ (-1 -¢"
9(27) = (1 — q)%(qc _ qa+b+1x)‘

(4.100)

The equation (4.97) has three regular singularities at the points =z = 0,
z = ¢ %1 and £ = co corresponding to the regular singularities = 0,
x=1and z = oo of (4.98) .

Considering the indicial equation (4.88), that one can write

[a]; = (1 = qfo)lalg +ag0 = 0, (4.101)
where
1 — g%
lelg =7 _qq , (4.102)
we have
(1) For x = 0«
Jfo=—=(=1)/(=1+4q); go=0 (4.103)
and

(g1 =0; [alga = (=1+¢")/(-1+q). (4.104)
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(2) For x = g¢—o0—1;
fo=—=(=¢ T +q=1+¢"/(e(-14q); go=0  (4.105)
and
(g1 =0; [a]ge=—( T —q¢"+2-qg—q")/(~1+q). (4.106)

For the regular singular point at x = oo, we consider the indicial equation
(4.96), that one can write

[—al? — (1 — qfo)[—aly + ag0 = 0, (4.107)

where
1—qg®
[—alq = 1—g¢

: (4.108)

for

fo=—("—1+q"—q)/(a(-1+q));
go=—(—¢ " +¢+q b —1)/((-1+q)%) (4.109)
and obtain

[—alg1 =1/22¢—¢* —q “+1—¢"

—sqrt((—2¢° — 4¢> + ¢* — 4g7 " + 67" + 4¢

gV g2 20— g 4 gm0

+1=2¢7"+ ¢ =470 /(P (14 9)*))q

4—sq7“t((—2q2 — 4 4+ ¢* —4¢7 T 4 672 4 4g — 470!

46U 420 _9q 4 90

+1-2¢70 g%
—47 N (P (=14 9)*)?)/(*(-1+¢q))  (4.110)

and

[—alge = -1/2(-2¢+¢* +q*—1+q"

—sqrt((—2¢° —4q° + ¢* — 4™ + 647+
+4q — 4g70T 4 672 4 g2 — 27 27070
+1-2¢""+ ¢ = 4> ) /(P (-1 4+ 9)*))a
4sqrt((—2¢% — 4g% + q* — g 1 6702 4 4g — 4gF!
_’_6qu+2 + q72a _ qua + quafb
+1 _ 2q—b + q—2b

477" /(P(-1+ )H)®) /(> (-1 +q)).  (4.111)
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Consider for example the simplest case when the regular singularity is located
at x = 0. Searching the solution under the form

y(z) = i co® (4.112)
s=0

we get

Cs+1
Cs
(1 _ qa+a+s)<1 _ qb+a+s)

= 4.11
(1 _ qc+a+s)<1 _ q1+oc+s) ( 3)

which lead to the particular solutions of (4.97)

yi1(x) =2 ¢1(q",¢" ¢ 4, ), ya(x) = 251 (¢ 7, ¢ 07 70 g, w4 114)
(q-analogues of (4.99)), corresponding to the roots of the indicial equations

[a]g1 = 0 and [a]g2 = [1 — ¢] respectively.

Orthogonality

For this purpose, we write the second order linear g-difference equation in
the form

ao(7)Dyg-1Dgy + a1(x)Dgy + az(x)y = 0. (4.115)
This equation can be written as
A(2)y(z) = [u(@) By +v(@) + w(@) By y(2) = My(x),  (4.116)

where E,f(x) = f(qz) and E; ' f(z) = E;~1 f(x) = f(x/q). Let yn(z) and
ym(z) be two sequences of its eigenfunctions corresponding to two distinct
sequences of eigenvalues A, and A, respectively. We will search the condi-
tions under which y,(x) and yy,(x) are orthogonal. The usual receipt is to
find the conditions under which

(A@)yn (), ym (%)) p(2) = (Yn (@), A(2)ym(2)) p(a) (4.117)

where (f(z),g(z)) ) stands for the g-discrete weighted inner product:

(f(@), 9(2) ) =" [} f(@)g(x)p(x)dyz. (4.118)
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Subtracting member with member the equalities

(AYn)Ym = AnYn¥Ym (4.119)
and
(AYm)Yn = AmYn¥Ym (4.120)
one gets
(An = Am)Yn¥ym = (Ayn)ym — (AYm)yn- (4.121)

Multiplying next the two members of the equality by p(x) and g-integrating
from 0 to x, we obtain

(A = Am) (1 = Q)2 320 ¢"yn (2" ) ym (2q") p(2q")
= (1— @)z Y20 ¢'[(Ayn) (¢ ym(2q") — (Aym) (xq")yn(xq")] p(2q(}.122)

Simplifications give

(A = 2Am) (1 — @) 320 ¢'yn (2¢" ) ym (zq") p(2q")

= (1 — Qg u(zg ) p(xq D yn(@q ym(z) — yn(@)ym(zq~")][4.123)

under the constraint defining the g-discrete weight p(z):

(g2) _ _u(z)
a = e (4.124)

As a consequence we get

()\n - )\m) f(f yn(x)ym(x)p(x)dqx
= (1 - @)zg  u(zq ) p(eq ") Yyn(2q™")ym (@) — yn(@)ym(zq")] [(4.125)

From where we obtain the condition of g-orthogonality for y,, and y,,, n # m:

w(zq ) p(xq ) [yn(@q™ ) ym (@) — yn(@)ym(zq )] [5=10.  (4.126)

4.5 Exercises

1. Prove that
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a) the functions cosq(x), sing(x) are solutions of
Djy(z) +y(z) =0,
Diy(x) — y(x) = 0, (4.127)

b) the functions coshy(z), sinhgy(x) are solutions of

Djy(z) —y(z) =0,
D;‘y(x) —y(z) =0, (4.128)

c) the functions cos,-1(x), sin,-1(z) are solutions of

D? 1y(z) +y(z) =0,
Dy ay(x) + y(z) =0, (4.129)

d) the functions cosh,-1(z), sinh,-1(z) are solutions of

Dj-y(x) = y(x)

0,
0,

D3 () — y(x) = (1.130)
e)the functions cosg,—1(x), sing-1(z) are solutions of
(Dg+1)(Dg-1 + 1)y(z) =0, (4.131)
f) the functions coshg,-1(x), sinhy,-1(z) are solutions of
(Dg = 1)(Dg-1 = 1)y(z) = 0. (4.132)
2. Solve
a) Djy(x) = ay(z) + b,
b) DZy(z) — 3Dgy(x) + 2y(x) = «*
c)
ylg~'z) = %. (4.133)
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3. Find two g-operators A = Dg + ul(x)DZ + uz(x)Dg + uz(x) and B =
DZ + v1(2)Dg 4 v2(x) such that their g-commutation

[A,B]= AB—qB.A (4.134)

is an operator of degree zero in Dj.

4. Prove that the functions sin,-1(x) and cos,-1(z) are solutions of

(= 1)*Day(z) + qy(q°x) = 0 (4.135)
and that the functions sing(x) and cosy(x) solve

(¢ —1)°D2y(x) + y(z) = 0. (4.136)
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Chapter 5

qg-Laplace transform

Laplace transform of an exponential type function f(x) is given by

+o0
F(p) = £L{f(x)} = /O ¢ P f(x)dz, p= a+ib e C. (5.1)

and plays a major role in pure and applied analysis, specially in solving
differential equations. If we consider f(x) as a function of a discrete variable
i.e. t € Z, then the transformation (5.1) reads

+oo
F(z)=Z{f(x)} =) _f()z7 z=¢". (5.2)
7=0

It is referred to as Z transform and plays similar role in difference analysis
as Laplace transform in continuous analysis, specially in solving difference
equations.

In this chapter, we are concerned with a g-version of the Laplace trans-
form (5.1) which is expected to play similar role in g-difference analysis as
Laplace transform in continuous analysis or Z transform in difference anal-
ysis, specially in solving g-difference equations.

Studies of g-versions of Laplace transform go back up to Hahn [31]. Re-
searches in the area were then pursued in many works by W H Abdi [1, 2, 3, 4]
and more recently in [37]. However, there is very significant difference be-
tween the approach in the latter work and the previous ones. Indeed, in the
studies by Hahn and Abdi, the g-version of the Laplace transform consists
in choosing a g-version of the exponential function e P and then replace
the integral in (5.1) by the corresponding g-integral. On the other side, in

57



58 Properties of the gq-Laplace transform

work of Lenzi and coauthors, the g-version of the Laplace transform consists
in replacing simply the e P* function in (5.1) by its certain g-deformation.

In this chapter, we are clearly concerned with the first of the two ap-
proaches. The definitions of the ”q-Laplace transform” by Hahn [31] are
cited by Abdi in Equation (1.1) and Equation (1.2) in [1]. The first one
replaces e P% by 61_/]2 “ and the g-integral is performed from 0 to p~'; The
second replaces e”?* by e, 7" and the g-integral is performed from 0 to co as
usual. Abdi gives details for the two types of g-Laplace transform. As noted
Abdi, each option has advantages and drawbacks: For the first choice, the
convolution product property works but the theorem of Goldstein does’nt
while for the second, the situation is conversed. The g-Laplace transform
approach of this chapter replaces e P* by 617; “ and the g-integral is per-
formed from 0 to oo, as usual. This version is closer to the 2nd option
of Hahn not only from the point of view of similarity in forms but also in
properties. Thus the properties of attenuation, translation and convolution
product work only formally (presence of p in the calculated originals or = in
the images). Also, the three properties aren’t available in the second version
of Hahn-Abdi (they are absent in [1]) while only the third among the three
properties-the convolution product-is available in the case of the first version.
However all the three properties works in the version of Lenzi, although for
example the transformation of x™ works with difficulties. Moreover Lenzi
works with g-deformation of the continuous case as noted above. Summary,
the g-version of this chapter is less or more equivalent to the second option
of Hahn-Abdi. Both are feasible given that each function e, 7* or e;/’; * tends
to zero when x tend to oo, which makes possible the integration by parts
from 0 to co. However,it seemed to us natural to take eqipf , as the g-version
of e7P*_ since e;_pf is the exact inverse of e, as e”P* is the exact inverse of
eP”.

More exactly, for a given function f(z) on the lattice (1.9), we define its
g-Laplace transform as the function

+o0o
F(p) = L {f(2)} = /O €7 f(2)dy, p= 5 +ic € C. (5.3)

and we denote f(x) =4 F(p). Here, f(x) is referred to as the g-original of

F(p), while F(p) is referred to as the g-image of f(x) by the g-Laplace trans-
form operation. In the following paragraphes, we study its basic properties
and apply it to certain g-difference equations.
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5.1 Properties of the g-Laplace transform

1. Linearity. Clearly
Lolaf(x) + Bg(x)} = aly{f(z)} + BL{g(x)} (5-4)

2. Scaling. Let

+o0o
F(p) = /0 e 7 f(2)dye. (5.5)
We get
P +o00 .
FE) = [ e e
+o00 —pz
:a/o €, (ax)dgx (5.6)
Or
p to g
EF(E :/0 €, f(z)dgx
+oo
:/ e, 1 flaz)dgz. (5.7)
0
Hence
flaw) =, ~F(2) (58)
ax Sq o o . .
3. Attenuation, or Substitution. We have
0 —(-po)e
Flp—po) = [ ¢4 f@)de
T pa —patpoz_pa
_ /0 e P [e TPl £ (2)] g
= Lo{e FTP%eb” f(x)}. (5.9)

Hence, formally

e;_pf”og”ef]’zf(x) =4 F(p—po)- (5.10)
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4. Translation. Consider the function

0,z <0
n(zr) = { Le>0 (5.11)

It is clear that f(z) = f(x)n(x) for x > 0. Hence we have
Ly{f(x —x0)} = / (x — xo)n(x — x0)dye. (5.12)
Supposing x — xg = t, we get
Ly{f(z — o)} = / LEL0 - 2+10) £ () d

= L 0 W%gﬂveqﬂ‘”%) f(2)). (5.13)

5. Transform of derivatives. Let
F(@) =4 F(p). (5.14)
We have
G = [ e IDu @l
— @+ [ fa)e g
= 1O +p [ flax)e g
0) +pg~ / F(@)e, Prdga

=y EF(p) - f(0), (5.15)

where we used the g-integration by parts and the change of variable x :=
xq~'. Thus

Dyf(x) =4 LF(P) = f(0) (5.16)
As a consequence, we get
D3f(x) <4 2I2F ()~ J(0)] = Dyf (0
=2 r) - 21(0) - D 0) (5.17)
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D3f(x) =, %F(p) - % (0) §qu<o> — D2£(0),
N N pn pn—l pn—2 1
D f() =g 2B (0) = S5 1(0) = 5 Daf(0) = . = D F(0)
Hence
Dy (@)= i zgnlwﬂ

6. Derivative of transforms. Again, let

Calculate
queq_lo1 = —me;_pfx,
Dy e, = (—a)(—qz)e, ",
3 - 2 3
Dq,peqflx = (—)(—qz)(—q $)€q_pf ’
Dy el = (—2)(—qz)(—¢°x) ... (=¢" "w)e T
= (~)"q3 Ve o
Thus
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(5.18)

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

(5.24)

(5.25)

(5.26)

(5.27)

(5.28)
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Using the summation form of the integral and then making the replacing
x = xq " gives

+o00
Dy, F(p) = (1— ) Y o(—)"q3 Ve, 70 f(z)
=0

+oo
=q " (1—q) Yy we P (—xg ")"¢> "V flwg ™)
x=0

=gq ”/O e Pr(—xq ™)"q2" )f(xq "Ydgx

q 1
= Lo{(=2)"q> ") fag ™)} (5.29)
Hence
(_x)nq_T"(nJrS)f(xqfn) \ﬁq ;pF(P). (5.30)

7. Transform of integrals. We have
A [ ey = [T ([ f@pdialdya
=2 [71[ r@ydaliDye, g

— -2 [ )y T+ L [T e e

o F
:%/O e 7% f(w)dyr = q%. (5.31)
Hence
[ s =y E2 (5.52)
0 p

8. Integral of transforms. g-Integrating (5.5) both sides from p to co, and
interchanging the integrals (supposing that the conditions for this are satis-
fied), we get

[ = [T et g
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Hence
/p Ydgp =4 qf(;]x) (5.34)

This formula is especially useful for the calculus of infinite integrals. Indeed,
letting p — 0 in (5.34), we get the useful formula

/Ooo F(p)dgp = q/ooo @dqag = q/ooo %dqm. (5.35)

9. Product of transforms.
Let define the g-convolution product between f and g as

f(x) %4 g(x def/ f@)g(x —7) (5.36)

where the relation between g(z) and §(x) is to be determined latter, in order
that be fulfilled the condition

f(@) xq g(x) =4 Lo{f(2)}Lo{9(z)} = F(p)G(p). (5.37)
We have

f@)mg()é/ -m‘/ F(O3( — Hdyt)dga

f/ / —pz ~ Ddgtdga
= [0 et - g

(5.38)

We calculate
L = / e PYg(z —t)dgx
a 7

_1~ _
=(1-gq) Zq :req_1 T9(q e —t)
r=qt
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=(1—q)Y we Tglx—1)
x=t

=(1-q) Y (r+t)e, " g(r)

r=0

[e'e] —|—t_ .
= 1—q) X rl——e, "5
r=0

o b —p(r+t) -
:/ ie L4 +t)g(r)dqr

o r ¢

—pt [ —prTF Tl _p(rtt
:eq_pl/r Oeqpr[ - eq_pl(r )egtegrg(r)]dqr (5.39)

Thus, if we set
g(r) = ——:e (T+t)eq—1e Fg(r), (5.40)
or
~ r—t . o
glx —t) = Tef]’ eq_leq_pl( t)g(x — 1), (5.41)

we get
Fla) s glo) = (e r@an | e otdy)
= F(p)G(p). (5.42)

In other words, if we define formally the g-convolution product between f
and g as

F(@) g gla) =27 / ’”e;_pfe;_”fg” Dg(z —t)dgm,  (5.43)
we get

f(@) *q g(2) =4 F(p)G(p)- (5.44)

5.2 g-Laplace transforms of some elementary func-
tions

1. f(z) =1. We have

F(p) :/0 e, 1 dgr = —]% ; Dge % dyx
_ 9,0 _ 4
= _5[6‘]:}1 }0 = 5 (545)
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2. f(z) = z. We calculate

oo q o _p,
F(p) :/ e, 11 vdgx = ——/ xDge, "y dgx
0 pJo

_by ©
=——{[:L’e 1}30—/0 e P dya}
o) 2

= 1%/0 e Mdgr = ]%. (5.46)

3. f(xz) =z Contemplate the formula (5.30) and consider the case when
f(t) = 1. Then, using (5.45), we obtain the following

(-ZL‘)” N qZ(n+3)Dq,p<p) (547)
Next, using iteratively the fact that
|
quik = qilpi(k+l), k=1,2,..., (5.48)
q—

one easily finds that
DIip~t = (=1)"g 2 D[] lp= (Y. (5.49)
Finally (5.47) and (5.49) leads to
n _\ q n
" =, ] (2)" (5.50)

4. f(z)= 5(1‘—1‘0)—{(1) atmy 7% 'We have
F(p):/ e, 11 0(z — wo)dgx
o

=(1-gq) qu_léq—q)

=(1-q)¢° e_fq = (1 - q)zoe, . (5.51)
5. f(x) =eg®. Since eg® =377 [;] T, we get
00 a” q oo qa
=3 ey = L3y
; [n]g! ! pg p
q
=——, Ip| > |aq] (5.52)
p—qa

where we used (5.50).
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ar __ > % (1) nop
eq_l B TLZZO q—l' Z q2 [n] ' 9 (553)
we have
fooﬂnl)a o Ooﬂ(nfl)qan
= q?z [, x q2 9A\n 5 64
zo: flrcete = pzo: () (5.54)
lwﬁ+6_L‘LU_L
7. f(x) = cosquz = qf_ Now
L, {eiwe + L e iwz
F(p) = Lofeosgua} — Z% : oAeg ")
qp
=3 22 5.55
p? + q*w? (5.55)
8. f(z) = sinqwz = e?zm;ie;m We get
L eiwa: - L e*iww
F(p) = Lo{sinqwz} = ol q } > of q }
7
2
qQw
= L 2l 5.56
P? + q*w? (5.56)

9. f(z)=coshqwz = & We have

L wr +£ —wxT
F<p) = Eq{COShqu}} — q{eq } 5 q{eq }

ap

10. f(z) = sinhquwx = M We get
Lofeq™} = Lole,""}

F(p) = Lo{sinqwz} = 5

2
q-w
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11.  f(z) = 35" apz™. We get

Flp) = D any{a"} = 3 anlnlo! ()" (5.59)
0 0

5.3 Inverse g-Laplace transform

In most of the cases, the search of the g-original of a given g-image is per-
formed using the results of the transformation of basic elementary functions
combined with the application of the properties of the g-Laplace transform.
In other cases, it is useful to refer to the so called first or second theorems
of development or simply to the inversion integral formula. We discus these
concepts in this section.

Theorem 5.3.1 (First theorem of development) If the g-image of the un-
known g-original can be developed in an integer series of powers of% of the
form

=> ap /! (5.60)
=0

(this series is convergent to F(p) for |p| > R, where R = limy,_, \ag—tl\ #
00.), then the q-original f(x) is given by the formula

flz) = go Wm (5.61)

the series being convergent for every value of x.

Proof. Note first that if a function g(x) is given by the power series g(z) =
, j .
Z?io c;x’, then clearly c; = D[?‘]’;?). Hence, if F(p) = Z;')io ajp’f’l, then

J 1
a; = %{Zp]p:o. Next, denoting the inverse of the g-Laplace transform

by f(t) = L;Y{F(p)}, we calculate

f(t) :[,q_l{F } iDj _IF( )} =0

—1y, —j—1
L, A{p™7 7}

d K Tl
> Dg[ _IF( _1)}}7: j — aj j
L T “Zg 60
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and the theorem is proved.

Example. Using the first theorem of development, find the inverse of

_ 1
Fp) = p=po’ y
Solution. We have F(p) = Opép 771 Hence f(x) = 332, ij =
1..\J —
(1] ;OO (POEI]qI)J :qflegoq 1$.

The second theorem of development gives the possibility of determining
the g-original of a g-image that is a rational function of p:

F(p) = %, (5.63)

where u(p) and v(p) are polynomial functions of p of degree m and k (m < k),
respectively. If the development of the function v(p) in simple factors has
the form

o) = [0 - )" zk—k (5.64)
=1

then it is known that F'(p) can be developed in sum of simple fractions of
the form

@ —Apo)" (5.65)

where A is a constant, pg a root of v(p) and n is < the algebraic multiplicity
of that root. Hence, to handle the inversion of a function of type (5.63), it
suffices to handle that of functions of type

m (5.66)

If all the roots of v(p) are simple, then n = 1 and the problem is reduced to
the inversion of

1
. 5.67
P —DPo ( )
In this case, one quickly thinks about (5.52) and gets
oy
g et Tt 2, . (5.68)

P —Do
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On the other side, if some of the roots of v(p) are not simple, one should
have to deal with the inversion of (5.66) with n > 1. In this case, one can
also attempt to use the combining of (5.42) and (5.10) which formally gives

1 e;_Plﬂ”POtegttn

—

(p—po)ntt ~ 7 gnHi[n],!

However, considering even the simplest case of n = 0 in (5.69), we have

(5.69)

pog 't 4 . —pt+pot pt
el 0T €1 € (5.70)
or equivalently
. =4 eipltJrqategt (5.71)

N N
7 Yp—qa q

and one should be quickly disenchanted noting that the right hand side of
(5.71) is not a solution of the g-difference equation

Dyy(x) = ay(z) (5.72)

which its self leads to the left hand side of (5.71).
To handle a little better the difficulty, we must push father our thinking

in the gq-world. For that we need remark that as the function
—1)"n!

M (5.73)

(p—po)”

is obtained from (5.67) by deriving it n times, the q-version of (5.73) should
be determined by g-deriving (5.67) n times also. This gives

pr 1 _ (_1)n[n]q! (574)

“p—po  IIi-o(pg’ — po)

Next, putting (5.68) in 5.30) and using 5.74), we get

ng—%(n+3) gpog "1t
1 SN tq 2 eq

g

(5.75)

[Ti=o(pg® — po) q[n]q!

But, [1"o(pg’ — po), tough it is a natural q-deformation of (p — pg)", it has
no multiple roots. Hence, we can summarize the thinking as follows: (i) If all

the roots v(p), F(p) = %, degu(p) < degv(p), are simple, so we can either



70 Inverse q-Laplace transform

use (5.75) if the roots are in the form ¢~pg, i = 1,n, or develop F(p) in sum
of simple fractions and use (5.68), (ii) If some roots of v(p) are multiple, so
one should resort to the first theorem of development or to the more general
inversion formula that we now derive:

For that, consider the equation (5.60) and g-integrate the both sides on a
closed path vt containing and positively oriented with respect to, the origin
p=0. We get

1 .
- F .
% =50 §, FOPdp (5.76)
Putting this in (5.61) gives
f@) = o f Fleid (577)
v = q2mi Jy+ p)¢q ap '

which is the inversion integral formula for type (5.60) complex functions.

More generally, we show that the formula remains valid for any function
F(p) analytic outside the disk |p| < R and F(co) = 0. For that, calculate
the g-Laplace transform of the function in (5.77) where now F(p) is any
function that is zero at infinity and analytic outside the disk |p| < R, where
lies now the path v*. We have

> —ZT — 1 1 i —ZT E.T

/0 €1 (x)dgz = 5%/0 (%ﬁ F(p)eq_1 eq dp)dgx (5.78)
— lif F( )(/oo —zT %xd )d (5 79)

=il P e red dgr)dp .
= P || > o (550)

27 o+ pz—p P 121~ 1P '

1 1

= 5mi  FO—ap (5:1)

where now v~ is now positively oriented with respect to the domain con-
taining the infinity. By the Cauchy integral formula we get get
1 1
55§ F@)——dp=F(2) = () = F(2) (5.82)
-

21

which proves the expected inversion integral formula.
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5.4 Application of g-Laplace transform to certain
g-difference equations

As Laplace transform and Z-transform are largely applied in solving dif-
ferential and difference equations respectively, the g-Laplace transform is
expected to play the same role but now in g-difference equations. The prin-
ciple lying behind is always the same:

1. Given a k-order linear constant coefficients g-difference equation, with
initial conditions

aoDSy(x) + alDf;*ly(x) + ...+ a1 Dgy(z) + ary(z) = b(x),
y(0) = yo, Dgy(0) = y1,..., D*'y(0) = g1,  (5.83)
we apply the g-Laplace transform on both sides of the equation, algebraically
solve for Y (p) =4 y(x) and then carefully use the inverse g-Laplace transform

to find the unknown function y(x).
Consider for example the second order case:

a0 D2y(x) + mDyy(@) + ... + azy(z) = b(z)
y(0) = yo, Dqy(0) = y1. (5.84)

—\

Suppose y(x) =4 Y(p), f(z) =4 B(p). Next, using (5.21), one gets

Dyy(x) =, §Y<p> —y(0),

Dgy(x) = (g)QY(p) - gy(o) — Dqy(0) (5.85)

Loading (5.85) in (5.84), one gets

B(p) + aoyo’ + (aoyr + aryo)

. 5.86
ao(2)? + a1t + as (5:86)

Y(p) =

The remaining task consists in finding the explicit version of y(t) = L;'{Y (p)},
i.e. that not containing the parameter p (for example the lhs of (5.71) in-
stead of its rhs, when solving the first order g-difference equation (5.72))
which is the expected solution of (5.84).
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2. Given a constant coefficients linear system of g-difference equations of
the form

Dyy(x) = Ay(z) + b(),
y(0) = vo, (5.87)

where A is a k.k. matrix, y(z) and b(x), k-vectors. Applying the g-Laplace
transform on both sides leads to

Y (0) —y(0) = AY () + B(p). (5.88)
where we used the rule that if z(z) = (21(z),. .., 2k(z)), then

L{z(x)}=(Le{z1(2)}, ..., Lo{zr(x)}). From (5.88), we get

Y(p)= (1= A) (o + BR)), (5.89)
which gives y(t) = Cq_l{Y(p)}.
Example. Using the g-Laplace transform, solve the equations

a)

Dgy(x) +y(x) = 0, y(0) = 1, Dgy(0) = 0 (5.90)

Diy(x) —y(x) = 0, y(0) = 0, Dgy(0) =1 (5.91)

Solution. a) Using (5.86) and the data in (5.90), we get Y (p) = ﬁ, which
by (5.55) with w = 1, gives y(t) = cosy(z).

b) Similarly, using (5.86) and the data in (5.94), we get Y (p) = pz%z, which
by (5.58) with w = 1, gives y(t) = sinhgy(x).

5.5 Exercises

1. Find the g-original of

_ +1
a) F(p) = somn-26-3)
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b) F(p) = m,
i=0

¢) F(p) = ;5%

D) F(p) = smrmpern:

2. Using the g-Laplace transform, solve the equations

a)
Djy(x) = ay(x) + b, y(0) = 1, Dgy(0) = (5.92)

b)
Diy(x) = 3Dgy(x) + 2y(z) = 0, y(0) = 0, Dyy(0) = (5.93)

c)
(¢ — 1)*DZy(z) + y(z) = 0, y(0) = 1, Dgy(0) = 2. (5.94)

3. Find the g-image of

2
h(w) = Dyyl@) +y(@) + [ ylt)dt
y(0) = Ly(t) =, Y () (5.95)
b)
h(w) = Dyy(a) = [yt
(0) = 0.4(0) =, Y (). (5.96)

4. Solve
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a) The g-difference equation

Diy(x) + Dgy(x) — 2y(a) = e
y(0) =0, Dgy(0) =1

b) The g-integral equation
u@) = [yt + 1.

5. Solve the system of g-difference equations

{ Dea(t) = a(t)+2y(t)

Dgy(t) = 2x(t)+y(t)+1 ,2(0) =y(0 ==

6. Solve the g-difference equation with variable coefficients

(2® + ad) D2y(z) + a1xDgy(x) + azy(x) = b(x);
y(0) = Dqy(0) = 0.

Exercises

(5.97)

(5.98)

(5.99)

(5.100)
(5.101)



Chapter 6

qg-Difference orthogonal
polynomials

As in the case of differential and difference equations, orthogonal polynomi-
als are probably the most beautiful and applicable solutions of g-difference
equations. The main method of deriving or transforming polynomial solu-
tions of g-difference equations are special versions of the famous factorization
method also known as Darboux transformation [23]. In this chapter, we will
focused on polynomial solutions of the linear second order g-difference equa-
tions. In the first section we first use the factorization method to obtain
(polynomial) solutions of the equations. In the second we show how to use
the factorization method for transforming a solvable linear equation into a
new one. In each section the general theory is illustrated by the case of the
hypergeometric g-difference equations.

6.1 The factorization method for the solvability of
g-difference equations

6.1.1 The general theory

Consider the general second order g-difference eigenvalue equation
[u(2) Eq + v(2) + w(z) By yn(2) = Anyn(@), (6.1)

where v(z) = —(u(z) + w(x)). Our objective is to study the solvability of
such an equation. Here, a type [15, 14, 11] factorization method will be used.
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First, write (6.1) under the form
Lyn () = [a(2) Eq + b(@) + c(2) By Tya(2) = A0)0(2)yn(2),  (6.2)
where
a(z) = 0(z)u(x);b(z) = 0(z)v(x); c(z) = O(x)w(x) (6.3)
for some 6(x) # 0. Consider next the operator
H(z,n) = Eglp(L — M0)p~"] = EJ + (b(qz) — Mn)0(qz)) Eq + d(qz), (6.4)
where
plax)/p(x) = a(z);d(z) = a(z/q)c(x). (6.5)
So the eigenvalue equation (6.2) is "equivalent” to the equation
H(z,n)y,(xz) =0, (6.6)

in the sense that if y, () is a solution of (6.2), then p(x)y,(x) is a solution
of (6.6) and conversely if y, () is a solution of (6.6), then p~1(z)y,(z) is a
solution of (6.2).

Consider now for H, the following type of factorization

H(z,n) — p(n) = (Eq + g(z,n))(Eq + f(z,n)),
H(z,n+1) = p(n) = (Eq + f(z,n))(Eq + g(z,1)), (6.7)

for some functions f(z,n), g(z,n), and constants (in z) A(n), u(n). Consider
next the eigenvalue equation

Lijn(x) = [g(z, =1)Eq = b(x) + f(2/q,=1) By lyn(@) = =A(n)0(2)Fn(2){6.8)

and the operator

H(x,n) = Eg[p(L — M0)p~"] = EJ + (b(qx) — AM(n)8(qx)) Eq + d(q), (6.9)

where

plgz)/p(x) = —g(x, —1);d(z) = g(x/q, —1) f(x/q, —1). (6.10)

It is easily seen in this case also that the eigenvalue equation (6.8) is ”equiv-
alent” to the equation

H(z,n)g,(x) = 0. (6.11)
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Consider also for H, the factorization
) H(z,n) — i(n) = (Bq + g(z,n))(By + f(z,n)),
H(a,n+1) - jiln) = (By + f(x,n)) (B, + gla,n)). (6.12)

with fi(n) = p(n) — p(—1), and some f(x,n), g(x,n), and constants (in z)
A(n), u(n) as in (6.7). We can now give the main statement of this section

Theorem 6.1.1 Suppose that
There exist functions f(x,n), g(x,n), constants (in x) X(n), p(n), for which
H admits the factorization (6.7) with f and g such that

flz,n) —g(z,n—1) =c1(n)x + c2(n), (6.13)

c1(n) #0, oo.

In that case, the following situations hold:

(i) The eigenvalue equation (6.8) admits a sequence of polynomial solutions
satisfying the difference relations

gnt1(x) = (=g(@, =) Eq + f(2,1))gn(2)
—a(n —1)gn-1(z) = (—g(x,—1)Ey + g(z,n — 1))gn(z), n=0,1,2..(6.14)

and the three-term recurrence relations (TTRR)

Jn+1(z) + fi(n — Dgn—1(z) = (c1(n)z + c2(n)) (), (6.15)
go =1, g1 = c1(0)x + c2(0). (6.16)

(ii) The eigenvalue equation (6.2) admits a sequence of eigenfunctions sat-
isfying the difference relations

Unt1(2) = (a(2) Eq + f(2,n))¢n (),
—p(n = D)p_1(x) = (a(x)Eq + g(z,n — 1))Pp(x), n=10,1,2,... (6.17)

and the TTRR

Vnt1(2) + p(n — Dpn_1(x) = (c1(n)z + c2(n))Yn(z), (6.18)
n=0,12,....

(117) If u(—1) = 0, the equations (6.8) and (6.2) as well as their solutions in
(7) and (ii), become identical .
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Proof.
(i)Note first that from the relations in (6.7) follow in particular the equations
f(x,n)g(z,n) = d(gr) — p(n), (6.19)
flgz,n) + g(a,n) = b(gz) — 0(gx)A(n), (6.20)
with
flgz,n+1) +g(z,n+1) = f(z,n) + g(qz,n), (6.21)
f@n+g(z,n+1) = f(z,n)g(x,n) + p(n) —p(n+1),  (6.22)

or equivalently the equations (6.19) and (6.20) together with the g-difference
equation

Ag(f(z,n) = g(z,n)) = (A(n+1) = A(n))0(x); Ag=Eg - 1. (6.23)

Remark next that from (6.4), (6.9), (6.10) and (6.19) (with n = —1), it
follows that H = H 4 u(—1). Hence from (6.7) follows (6.12). On the other
side, from (6.12) follows the interconnection relations

A (w,n+ 1)(E, + f(e,m)) = (B, + f(,0) H(,m),

H(z,n)(Eq+ g(x,n)) = (Eq + g(z,n))H(z,n + 1), (6.24)
from which one deduces a sequence of solutions of (6.12) satisfying

Pn+1(2) = (Eq + f(2,n))dn(2),
—f(n —1)¢pp-1(z) = (Eq+ g(z,n —1))pn(z), n=0,1,2,...  (6.25)

On the other side from (6.20) (with n = 0) and (6.21) (with n = —1) follows
that §o = 1 is a solution of (6.8) with n = 0. Hence from (6.9) and (6.10)
follows that p(z) is a solution of (6.12) with n = 0. Hence from (6.25) follows
(6.14) and consequently (6.15). To obtain the remaining relation which is
the second equality in (6.16), one needs only consider (6.13) (with n = 0)
and the first relation in (6.14) (with n = 0).

(ii) To obtain (6.17) and then obviously (6.18), one needs to use intercon-
nection relations for H similar to the ones in (6.24) for H.

(iif) This is a direct consequence of the fact that if (—1) = 0 then H = H.

Note that if the polynomials g, (x) satisfy (6.15), then their normalized
monic forms P, = yn(z)/o(n) where

o(n+1)/o(n) = ci1(n) (6.26)
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satisfies
Pyy1 +ad2P, = (z—b,)P, (6.27)
where

27—,&(”—1) ; = —Cca(n)/c1(n
ap = Cl(ﬂ)Cl(TL—l)’ bn_ 2( )/ 1( ) (628)

6.1.2 The hypergeometric g-difference equation

Consider the hypergeometric g-difference equation
[O'(II,')qul Dy + 7(2)Dglyn(x) = Apyn(x), (6.29)
where o(z) = ogz? + 012 + 09, T(x) = Tox + 71, 70 # 0. This equation may
be written as in (6.2):
[a(2)Eq + b(x) + c(2) E; yn(2) = 0(2)A(n)yn(x) (6.30)
with
a(z) = (oo + (1 —=1/9)m0)z+ 01+ (1 — 1/q)11 + 09/ z;
c(z) = q(oox + 01 + 02/x);b(x) = —(a(x) + c(z));
Ox)=(1-1/q)x. (6.31)
Theorem 6.1.2 The operator
H(z,n) = E] + (b(gz) — M(n)0(qz)) Eq + d(qz), (6.32)
d(z) = a(xz/q)c(x), admits a factorization of the type (6.7) with

f(z,n) = —oa/x = 1/2(=11 — qco(n) + 11q + qo1 + ¢°01) /g — (=70
+4*00 + qoo + T0g + A(n)g — A(n + 1)z/(1 + q);
9(x,n) = —o9/x — 1/2(=71 — qco(n) + 114 + qo1 + ¢*01) /g — co(n)
+(=(=70 4 ¢*00 + qo0 + Tog + A(n)g — A(n + 1)) /(1 + q)
“An+1)+ An))z; (6.33)

u(n) = 1/4(=¢at + 217¢* — 8¢ o200 + 4¢°02m0 + §(n)q* — ¢°07
+c&(n)q® + 211901 — AngPor — ¢ — gt + 2¢%0? + 23 (n)¢?
+4q2 oo \(n) + 4q2 0270 — 4qT002 + 4G 0002 + 4¢°N(n + 1)og — 4¢ o2
—4q*oa(n + 1) — 4g*A(n)o2 + 2m1¢°01 + 4¢80200)/(g*(1 + q)?) (6.34)
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where

co(n) = (—211¢* 00 + o1 A(n) + oA (n + 1) + 2116300 + ¢*A(n)71
+271¢%00 + T1* A (n + 1) + 2711¢%70 — gA\(n + 1)oy — 2\ (n + 1)7y
—271g\(n) — qo1A(n) — 41970 — 211900 + A(n+ 1)1y
+71A(n) + 21170)/(a(1 + q)(A(n + 1) — A(n))) (6.35)

and
A(n) = ((1 = q)g™" + ¢°00/k)(¢"q00 + ¢"T0g — kq — ¢"70 + k)(q — 1)"t6.36)
where k is a free parameter.

Proof. The proof of the theorem consists in direct computations.

We will note that the functions f and g satisfy the condition (6.13).
(6.36) can equivalently be written as

N —m( P00 490 1n
An) = —[1 =gl = = (=7 + )t (6.37)

where t = g{% k. Note finally that all the functions of the variable n (f, g, u)
are explicit functions in A(n) and A(n + 1) but implicit in n.

Next, let f, g, 4 and A be given in the theorem 6.1.2. We have the following

Corollary 6.1.1 (a) Type (6.8) equation admits a sequence of polynomial
solutions satisfying type (6.14) and (6.15)-(6.16) relations.

(b) Fort # 1, we have pu(—1) # 0 and A(0) # 0. However equation (6.30)
admits a sequence of eigenfunctions satisfying type (6.17) and (6.18) rela-
tions where p(n) = f(n+1r) = f(n) + p(=1), t = ¢", that is r-associated
relations to the ones in (a).

(¢) For t ~ 1, we obtain u(—1) = X\(0) =0, u(n) =ji(n), H=H, £ = —£
and the cases (a) and (b) become identical.

Example 1. The q-Hahn case.
In the g-Hahn case, we have

a(z) = a(z = 1)(xfq — ¢~N)/(2);
b(z) = (22 —2q N —2zaq+ ¢ Ntla)/z (6.38)
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and the formulas for f(z,n), g(z,n), u(n), A(n) for the factorization are ob-
tained from the ones above by substituting

o0 =1/g;01 = —(¢7" + qa)/g;02 = ¢ Na;70 = (aBg® = 1) /(g — 1);
m=—(fg® + ¢V a—g¢ N —qa)/(¢ - 1). (6.39)
Example 2. The g-Big Jacobi case.
In the ¢-Big Jacobi case, we have

a(x) = aq(z — 1)(bx — ¢)/x;
b(z) = (z —aq)(x — cq)/x (6.40)

and the formulas for f(z,n), g(z,n), u(n), A(n) for the factorization are ob-
tained from the ones above by substituting

o0 = 1/g;01 = —(a+¢);09 = age; 1o = (ag®b — 1) /(g — 1);
1= (qla+c) — an(b +¢))/(g—1). (6.41)

The data above for the g-Hahn and g-Big Jacobi cases are clearly identical
up to the correspondence: a =, b=, c=¢q¢ V.

6.1.3 The Askey-Wilson second order q-difference equation
case.

Consider now the Askey-Wilson second order g-difference equation (the
equation can also be written using the derivative in (1.5) (see e.g. [14])):

Lyn(x) = [a(2) Eq — [a(x) + b(x)] + b(z) By Jyn (@) = A(n)0(2)yn(z) (6.42)

where

(I(ZE) _ afzx_z—i-a,lx_1+a0+a1x+a2x2 . b(ZE) _ agm_Q+a1x_1+a0+a,1x+a,2m2

qr—a~T ’ z—qz—1

a_g=1;a_1=—(a+b+c+d);ag =ab+ac+ ad+bc+bd+ cd
a1 = —(abc + abd + bed + acd); ag = abed; 0(z) = x — 271, (6.43)

The operator

H(z,n)= Eg + (b(gx) — A(n)8(qx))Eq + d(qx), (6.44)
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d(z) = a(xz/q)c(x), admits a factorization as the one in (6.7), with

f(zin) = ooz 24 f 190—1+f0+f1$+f290

qr—x—

g(z;n) = (f—z—ﬂ—l)x_z-i-(ffl—ﬁozlffrj;-_flo-&-(fl +50q)90+(f2+514)902 . (6.45)

where

An A(n a An An a
Foa(n) = ( )qq—(1 +1) Z++t21;f2( n) = ( )ql q( +1)q2 qq—iqlz;

n)q )\n+1) 2+ (n+11) )\(n)qg
q b

Bo(n) = A\(n) /\(n+1))q 7{(2
—20402) (g 4 ga_y) + (2a1q2 +2a20-19)};
B = A(”Jrlli)_“”); B1 = qB-1;

—q
f—1(n) _ ﬂo(n) . a1+qA L fi(n) = _qﬁ02(") _ a1+qa71;

2
fo(n) = o {d® — ¢® — aolq + ) +a2(g — 1) + ¢*(AMn) + A(n + 1)) ;

(6.46)

while

win) =ap + ara_1q" " + agasg? + fo(n)B-1(n) + f-1(n)Bo(n)
—2f-a(n) fo(n) — f2,(n), (6.47)
and

A(n) = —(1 —tg~™)(1 — abedt 1" 1). (6.48)

Here also, as one can verify, for ¢ = 1, we have pu(—1) = A(0) = 0 (and
f(z/q,—1) = —c(x); g(x, —1) = —a(x)), and the corresponding polynomials
n (6.15)-(6.16) are of classical type. Taking ¢t = ¢~", we obtain Laguerre-
Hahn polynomials r-associated to classical polynomials. Otherwise (if such
an exponential expression is not allowed for ¢), the corresponding polynomi-
als are Laguerre-Hahn ones, not necessary r-associated to classical polyno-
mials.

It is worth noting that these results are surely characteristic for the ”clas-
sical” polynomials since they are valid not only for the g-hypergeometric
and the Askey-Wilson second order g-difference equations but also for the
difference hypergeometric ones (see [15]).
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6.2 The factorization method for the transforma-
tion of g-difference equations
6.2.1 The general theory

Consider the general second-order g-difference operator
H(z) = u(z)Eq +v(z) + w(z)E; . (6.49)

Suppose next that it is ”bispectral” in the sense that it admits two sequences
of distinct systems of eigenelements say (A, yn) and (Vy, zn):

Hyn(x) = )\nyn(x)
Hz,(x) = ~pzn(z), n=0,1,.... (6.50)

In that case, one can use one of the two eigenelements , say for example
(Yn, 2n), to transform H into another solvable operator H in the following
manner. Factorize H and define H as follows,

H_’Ym - LmRm
H—"m = RpLm, m=0,1,.... (6.51)

where

Ry =14 f(x,m)E;" Ly = u(x)E, + g(x,m)

flz,m) = —Z,ZIESZ,) g(z,m) = —w(x) ZZ,%;’) (6.52)

It follows from (6.51) that the functions 7, (z,m), m,n = 0,1,... defined by

[u(z)Eq + g(z,m)]go

0 x,m) = 07
gn<$am) = [1 + f(x,m)E;l}yn,l(x), m=0,1

...m=1,2...,(6.53)

are eigenfunctions of H (z,m) corresponding to the eigenvalues 7, A, for
m=20,1,...,n =0,1,... respectively. We will refer here to H and y,, as the
transformable operator and functions respectively, z, as the transformation
functions and finally H and Yn as the transformed operator and functions
respectively. The point here is that if

yn(x) Zn (:E)
y"(x/q) 7& Zn(fr/q) (6.54)
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so, for a fixed m, the transformed functions g, (z,m), n = 0,1,... are non-
trivial solutions of the transformed operator H. Moreover under some ad-
ditional conditions, the transformed functions g, admit most of the math-
ematical properties of the transformable y,,, such as polynomial character,
difference eigenvalue equations, closure and orthogonality, difference and re-
currence relations, duality, transformability property [12]:

Difference equations

Clearly, the functions g, (z, m) satisfy the eigenvalue equation

}:I(.’L', m)gjo(x, m) - ’Vmg()(xa m)
H(z,m)gn(z,m) = M_1fn(z,m),n=12,... (6.55)
for
H(x,m) = u(z)E, + 9(z,m) + w(x, m)E; " (6.56)
where
o(x,m) = g(z,m) + f(x, m)u(r/q) + m

g
= v(x) + f(z, mu(z/q) — u(x)f(qz,m)
Wz, m) = f(w,m)g(z/q,m) = w(z)LLLm), (6.57)

Orthogonality, closure

Consider the functions p(z) and p(z) defined by

A _ u@) @)
p2(x) qf(qz,m)g(qr,m) qu(qx)’
Plazm) _ () _ u(z)glgrm) .
Plem) = afamm)a@m) = qu(g)gem)’ (6.58)

Interesting relations exist between p(z), p(x,m) and go(z,m). One has

Pla,m) = pA(@)glx, m);
~ 1
Yolx,m) =
( ) pz(x)g(x,m)zm(;p)(:pq_ —xq )
= L (6.59)
P2 (z,m)zm () (2q~ 2 —2q2)
Next, as it is easily seen, the similarity reductions pHp™" and ,5]-} p-
H and H respectively, in their formal symmetric form , that is like

qe(qr) By 4 b(x) + c(x) B! (6.60)

[N
(S

[N

1 1

send
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or
a(x)Ey + b(z) + q_la(x/q)Eq_l. (6.61)
Denote by EQ(qﬂ ,q%; p?) the linear space of ¢-discrete functions
P(z), 2 =¢%¢% ..., ¢% a,B € ZU{—00,00} (6.62)
in which is defined a discrete-weighted inner product
(92 = (1= q) [T d(@)p(x)p(z)dp =
>t a(a)dd)r*(d) (6.63)

The similar space for 5? will be denoted by EQ(qB ,q% p%). Moreover, one
easily verifies, using the g-summation by parts, that for ¢ and ¢ satisfying
boundary constraints

u(zg Vo(zg ) Y(@)d(zg™Y) — plzg ()] 1% =0 (6.64)

for 0? equals p? and p? respectively, we have

(H, )2 = (0, Hp) 25 (H, 9) 2 = (1, Ho) o (6.65)

Also, for 1 and ¢ satisfying

u(zq~)pleq ) g(x)(zg~") 14
=0 (6.66)

we have

(@ Bmt) 2 = (L@, ) 2 (6.67)

The following theorem defers the properties of orthogonality and closure of
{Gn}nz0 in £2(¢”, ¢%; %) to these of {yn}n>0 in £(¢7, ¢%; p?).

Theorem 6.2.1 If (6.66) is satisfied for ¢ =y; and ¢ = g;, i,5 =0,1,...
then

(i) From the orthogonality of {yn }n>0 in £2(¢°, q%; p?) follows that of {in }n>0
in 2(¢”, 4% %)

(1) From the completeness of {yn }n>0 in 62(q57 q%; p?) follows that of {Un }rn>0
in (4%, 4% %)
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Proof. (i) In (6.67) take ¢ = R,,y; and ¢ = y;. We obtain (Ryyi, Rimyj) 2 =
(LinBn¥Yis vj) e = (Ym — Aj) (Wi, yj) 2 = 0. Hence gip1 = Rpyi L g1 =
Rmyj, 1,5 = 0,1,.... Taking ¢ = o and ¢ = y;, we have (Jo, Rm)y;); =
(LinBo,Yj)p2 =0, =1,... (since Lo =4ef 0). Hence o L §j, j =0,1....
In sum g; L 9;,%,7=0,1....

(ii) Suppose that exists a certain y such that y L g;, ) =1,.... Take ¢ =y
and ¢ = g;. We get 0 = (y,9;)2 = (v, Rnyj)p2 = (Lm¥,yj),2- From the
closure of {y;};>0, it follows that L,,y = 0. In other words y = go. Hence
the system {gn}n>0 is closed 2(¢°,¢%; p*) and the theorem is completely
proved.

Difference and recurrence relations

Suppose that the transformable functions satisfy the difference relations

nint1 = Hyyn
Bnyn = Hyni1, n=01,... (6.68)
On the other side, from (6.51), one has
Un+t1 = Rmn
M —Ym)Yn = Lmin+1, n=0,1,... (6.69)

A combination of (6.68) and (6.69) leads to the following three-term differ-
ence relations for g,, n=1,2,...

O‘n(>‘n - 'Ym)?jnJrQ = RpH; Lingn
ﬁn(An—&-l - ’Ym)gn-l-l = RerJ{ngn—&-Z (6‘70)

Using the difference eigenvalue equation satisfied by the g, (see (6.55)) and
the preceding relations, one can naturally reach first order difference rela-
tions connecting 4,, n =1,2,....

Suppose now that the transformable functions y,, satisfy a three-term recur-
rence relation

Ynt1 + (bn — 2)yn + apyn—1 =0, (6.71)
so, using the first relation in (6.69), one shows that the transformed g,
n=1,2,..., satisfy the following five-term recurrence relation

Un+a + [bny2 +bpy1 — 2 — 2/q|0ny3
H(brs1 — @) (bns1 — /q) + a2 41 + a2 o]Unt2
+ap i 1[bnsr + b — & — 2/q)Gns1 + aj 105G, = 0. (6.72)
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We remark however that the preceding relations do not include gg. If for
a% in (6.71), one has a% = 0, or if one suppose that y_; = 0, so using the
second relation in (6.69), one establishes the following difference-recurrence
relations for the system of transformed functions g,, n =0,1,2,...

(An—1 = ¥m)(An — ¥m) LimTn+2
+()\n—1 - ’Ym)()\n—i-l - ’Ym)(bn - h(x))ngn—i-l
+<)\n+1 - 'Ym)(An - ’Ym)Lm?jn =0. (673)

Duality

Suppose that the transformable functions y,(x) = y,(¢°) are also explicit
functions of n. In that case, one can consider the functions 6,(n) = 9, (¢*, m)
dual to the transformed #,(z,m), n=0,1,... defining

05(0) = Go(q®, m);
0s(n) = Rinyn(@°) = yn(¢®) + f(¢°,m)yn(¢®*™Y), n=1,2,... (6.74)

From (6.51), one finds that the functions 6,(n) satisfy the three-term recur-
rence relation

Os5+1(n) + (0(¢°) = 6,)05(n) +@(g*)u(q®")bs-1(n) = 0,
00 = Ym, On = Ap_1, n > 1. (6.75)

If W(1)u(g~!) = 0, then the functions in (6.75) are up to a multiplication
by 6p(n), polynomials in §, of degree s. If ©(¢°) is real for s > 0 and
W(q*)u(g*~') > 0, s > 0, so the polynomials are naturally orthogonal with
positive discrete weight (Favard theorem).

A typical example

Consider the eigenvalue equation

la(z)Ey + b(x) + c(x)Eq_l}gjn(:r) = Ynn(T). (6.76)

where b(z) = —(a(z) + ¢(z)).
Consider the situation when ¢(z) doesn’t depend explicitly on ¢ and a(x) =
de(z), d, a constant (a similar reasoning should be developed considering
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that a(x) does not depend explicitly on ¢ and c(x)=d a(x) ). In that case
(6.76) reads

[de(2) Eq — (de(z) + c(@)) + c(2) Eq (2, 9) = m(@)in(@, ). (6.77)

Substituting ¢ by ¢! in (6.77), and performing a similarity reduction on the
obtained operator in the left hand side, one gets

[de(z) Ey — (de(x) + c(x)) + c(@) By m (@) gn(z, g7 ")
= 1/ (@)gn(x, ¢ ). (6.78)

where
m(qx)/m(x) = 1/d. (6.79)

This means that the operator in the left hand side of (6.77) and (6.78)
is "bispectral” with two distinct systems of eigenelements (v,,(q), Jn (2, q))
and (v,(¢7Y), Zu(z,q)) where 2z,(z,q) = 7(2)yn(z,q!). Hence it can be
transformed according to the scheme studied in the first subsection. But as
one can see, if a(x) is for example a polynomial, the functions g, (x, ¢) are not
in general orthogonal (the interval of orthogonality is empty). That is why we
rewrite (6.77) and (6.78) in a more convenient form for the transformation.
For that, supposing that A,(q) # 0, for n > 0 (this is generally the case for
polynomial type of solutions), we define the functions y,(x,q) by

Yn(r,q) = %Jrll(q) [qu —(d+1)+ Eq_l]gn-‘rl(xa q)
n=20,1,... (6.80)

As one can verify, the functions y,(x, q) are given by

yn(z,q) = G0 0 =0,1... (6.81)

and satisfy the eigenvalue equation
[u(@) Eq + v(z) + w(z) By yn (2, q) = Mn(@)yn(z, q)- (6.82)
where

u(z) = de(gz);v() = —(d + De(x) = 71(g);
w(@) = c(2/9); An(q) = m+1(a) = 71(9)- (6.83)
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In particular, if yo(z, ¢) = const, then v(x) = —(u(x) +w(z)). Similarly, the
functions

Zﬂ<$aq) = 7T<$)yn<$aqil) (6.84)
satisfy the equation
[w(z)Eq + v(z) + w(x)Eq_l}zn(x, q) = vn(q)zn(z, q). (6.85)

where v;,(¢) = Yn+1(¢™') —71(q). Thus, the operator in the left hand side of
(6.82) and (6.85) is ”bispectral” and under additional boundary constraints,
the functions y,(z, q) are orthogonal with the weight

pla) = 29, (6.86)
Hence the considerations from the first subsection can be reported here.
6.2.2 The hypergeometric g-difference equation

The transformable and transformation functions.

Applying the preceding considerations to the g-hypergeometric case,
[a(2)Eq + b(x) + &(2) Eg ' gn(2) = (@), (6.87)
with

a(x) = [(o0 + (1 —1/q)10)x? + (01 + (1 — 1/q)71)x + 02] /2?;
é(z) = [q(oox? + o1z + 09)] /22 b(x) = —(a(z) + &(z)), (6.88)

one is led to the following simple ”bispectral” situation

[u(z)Eq + v(2) + w(@)E;  yn (2, q) = M(@)yn(z, q)
[u(z) By + v(x) + w(z) By 20 (2, q) = (@) zn(z, q), (6.89)

u(z) = —c(¢’s — 1) /z;w(z) = —(2q — 1) /z;v(2) = —(u(z) + w(z)p.90)

Ao =g (1 = g (eq?™ = 1), = ¢ (P = 1) (e — ¢)  (6.91)
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and the functions y,, (x, ¢) are a special case of the Little q-Jacobi p,(qx; ¢, q|q)
or equivalently Big g-Jacobi P,(¢*z;q, c,0;q) polynomials. The transforma-
tion functions z,(z, q) being on the other side defined as in (6.79) and (6.84).
For their use in the formulas (6.70) and (6.72), we give here for the poly-
nomials y,(z, q) the difference relations (in literature, they are not given in
this form) and recurrence ones. We have

C1 (n)yn+1(3:, Q) = [’I“(.%')Eq + fn(x)}yn(xv Q)
—apqc1(n+Der(n)ya(z,q) = [r(2) Eg + gn(2)]ynr1(2,9),  (6.92)
Ynt1(%,q) + (bp — )yn(x,q) + afyn—1(z,q) =0 (6.93)

where (Q = ¢")

2.3 2.2 6.3,7_.2n4,6__.2n4.4_ . .5.2n4 42
c1(n) = — LTI e o e Qe de  (6.94)
b, = (Q*?¢*~Qcq?+cQ?¢* —2Qcq+c—Qct+1)Q (6.95)

(Q2q—1)(cQ?¢®>—1)q

2(Qc— cq—1)(— - ¢
= PRSI 10 =) 69

n

I 2
folz) = & — —=eriQa, g,

2 c 2__
(2) = 2eq*Q — cgQ U HAST(6.97)
Note finally that the polynomials y,, (x) are orthogonal on the interval [0, q*%}
with respect to the weight p(z) given by (6.86) where w(z) is given by (6.90)
and 7(x) by (6.79). As the interval of orthogonality is finite, they are also
closed in the corresponding inner product space.

The transformed functions. For a given m, the properties of the trans-
formed functions g,(x,m), n = 0,1,... are those derived in the first sub-
section of the current section: They satisfy type (6.55) difference equations,
type (6.70), (6.72) and (6.73) difference and recurrence relations. And since
the conditions of orthogonality of the theorem (6.2.1) are satisfied, they are
orthogonal in the inner product space l%(O,q*%;ﬁQ) where p? is given by
the formula in (6.59). For the closure, we have that the system 7, (z,m),
n=0,1,... is closed in the space since the unique element o (z, m) orthog-
onal to it in its totality is not quadratically integrable.
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How seem the transformed objects? Let us note that, using simple proce-

dures in Maple computation system for example, allows to evaluate explicitly
any one of them at least for no very higher m and n (as long as the software
and the computer capacities allow).
The case m = 1 illustrates the first non-classical situation for the trans-
formed objects. As only in this case, the required volume to display the
main data is admissible, we consider only this case here. The main data are
(m=1,n=0,1,2):

C—4:E—C rq—1)c(rc— 3:E—C
fa1) = — e ole 1) = BEERTLETED (6.98)

O(z,1) = [(q* —2¢"c2 + ¢ 4 cq'? — 2¢¢® + )2 + (—c3¢* — 3¢

—qc3 + q762 + q602 + 2q5c2 + 02q4 — 2qc2 — 26q8 + cq5 + 26q4 + q?’c

+eq? — ¥ — 8 — P)a? + (3P + g + A -3¢ — 2P + ¢ + o
~3c—3c®> + S+ P+ )z — S+ g+ e — ¢/

[((cq— q*)z —c+ q)((c — ¢*)x — c+ q)a] (6.99)
rcq—Cc—IT 4 xr— xrc— 313—0 2
w(z,1) = —{zeg q(;;(i)(gsx_lig_qyi o) (6.100)

~ 2:2— xrq— xrc— Bx—C
P(2,1) = c1pP(@)g(w, 1) = cp ik o bleecrgmcrd - (6.101)

olx.1) =
(1) 7 (@ )m(@)y1 (,1/9)(h(zq~ 2 )—h(zq?))
—1 —q3r—
=G (qumq—1))((;Eccq—qcfxqc‘:-qq))2 (6102)
where ¢;, © = 1,...,4 are some constants of integration,
~ — —r—3
oi(z,1) = ( q(-;z)_(g;x_cchgﬁjl) (6.103)

Jo(z,1) = [q(¢?x + ¢ — 2¢* — Pa?q — q + 2?q* — xc3q
+¢3Px + cq"2? — A¢ta? + APPr + Agta? — g — 2Pt
+22cq — ¢°cx — xcq — ¢Pex — xegt + cq? + qc — qc? + x4 xg?
—q*2® + xq + xvcq + cq*z? — 2 + cq — cq*x — xc)]/
(¢3¢ — 1)(zc — ¢®x — ¢+ q)] (6.104)
We will remark that if w(z) ~ z® while z ~ o0, so Jo(z,m) ~ = and
Gn(x,m) ~ 2™t =1 n =1,2,... (in our particular case, a = 0 and m = 1).
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6.3 Exercises

1. Using the corresponding difference and three term recurrence relations,
write down the first five polynomials for the g-Hahn, g-Big Jacobi and Askey-
Wilson cases (use a computer algebra system).

2. Find a special case of the Askey-Wilson second order g-difference equa-
tion that can be transformable following the factorization method given in
section 6.2.

3. Find the interconnection between the factorization method given in sec-
tion 6.2 and that given in [29].

4. Use (4.124) and (4.126) to find the weights and the intervals of orthog-
onality of the g-Hahn, g-Big Jacobi and Askey-Wilson polynomials.



Chapter 7

qg-Difference linear control
systems

7.1 Introduction

Linear control systems theory consists in study of controllability of linear
systems, that is a set of well defined interconnected objects which interac-
tions can be modeled by mathematically linear systems of divided difference
functional equations. Thus a divided difference linear control system can be
modeled as

(Dy)(x(s)) = Az (s)y(x(s + 3)) + Bla(s))u(a(s)) (7.1)

where y is a k-vector, A a k.k matrix, B, a k.m matrix, and u, a m-vector.
The divided difference derivative and the variable x = z(s), s € ZT, are
given the section 1.1. The vector y stands for the state variable of the sys-
tem, describing the state of the system at a given time s, while u stands for
the input or the external force constraining the system that is the resulting
trajectory to adopt a predetermined behavior. Thus, u controls the system
from which one says of controlled systems. The matrices A and B are in-
trinsic characterization or description of the system. In (7.1), the state of
the system is described by k variables and the external forces act with m
inputs.

When z = x(s) = xg, or x = z(s) = s (7.1) is an usual differential [16]

y'(x) = Alx)y(z) + B(z)u(z), (7.2)

93
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or difference[26]
y(z+1) = A(x)y(x) + B(z)u(zx). (7.3)

linear control system. In this book, we are concerned with the case when
x = z(s) = ¢°. In this case, (7.1) is a g-difference linear control system that
one can write:

Doy(x) = A(x)y(qx) + B(z)u(z). (7.4)

Clearly, the differentiation between (7.2), (7.3), and (7.4) resides in how
varies the time s and how vary the independent variable x at the time
s. However, the idea acting behind the controllability concept remains the
same: How to choose the input u so that to bring the state of the system
from a given position to a predetermined second one.

In practice, it is often difficult even impossible to determine the state of a
system its self because it is generally characterized by very numerous vari-
ables. Instead, one observes the out put of the system z(x), characterized
by a small number of variables. For example, to inquire of the health of his
patient, the doctor collect some indicator data such as the blood pressure,
the color of eyes, and so on. Hence, a mathematical model more suitable
than (7.4) for the study of the systems controllability reads

Dyy(x) = A(x)y(qr) + B(x)u(x)
z(x) = C(x)y(x). (7.5)

with ¢, a r.k matrix and z, a r-vector. In the subsequent sections, we will
study the controllability and observability and the interconnection between
these concepts and that of mutually prime polynomials.

7.2 Controllability

There are many versions of definition of the concept of controllability in
mathematical control theory: The controllability of the state, controllability
of the output, controllability at the origin, complete controllability and so
on. The following definition that we adopt in this book, consists in the
complete controllability of the state system.

Definition 7.2.1 The system (7.5) is said to be completely controllable (c.c.)
if for any given value of x = x¢g = ¢°°, and any initial value of y = yg =
y(z0), and any final value of y = yy, there exists a finite value x = x1 = ¢°',
and a control u(x), xo < x < x1 such that y(x1) = ys.
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According to (3.23), the solution of (7.5) reads
y(x) = @z, 20)lyo + [5, P(wo, t) B(t)u(t)dyt] (7.6)

Hence, the system is c.c. if for any g-discrete value zy = ¢°° and any values
yo and yr, there exists a finite g-discrete value z7 = ¢*' and a g-discrete
function u(z), z9 < x < 1, such that

yr = y(z1) = ®(z1,20)[y0 + [ P(x0,t)B(t)u(t)dyt] (7.7)
Example. Is the scalar system

Dyy(z) = ay(qx) + bu(x)
z(x) = cy(x). (7.8)

c.c.?

Solution : The solution of the first order linear non homogenous g-
difference equation reads (as the system is of constant coefficients, one can
take zg = 0)

y(z) = eg”[[iZg e;lltbu@)dqﬂ

= ed[(1 - q)z L2 e, “bu(giz)] (7.9)
and clearly for any y; there exists finite 1 and a control u(x) such that

—ag'z

0o
—0€ _
=0 q !

u(q'zy) = e 1 ygp/[b(1—q)za] (7.10)

Such a function can be defined for example as

0, T # 11

u(z) ={ y /b1 - Q)z1], @ =a1. (7.11)

As we shall see in the subsequent sections, even higher order linear g-
difference equations are always c.c.

However, it is not difficult to imagine an example of non c.c. system. The
classical one is similar to the following:
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Example.

Dyyi(z) = anyi(qr) + ar2y2(qx) + u(z)
Dgya(z) = azys(q). (7.12)

a22:E

This system is not c.c. since y2(x) = const. e, 21" and consequently u(x) has

not any control on ya(x).

Suppose next that the g-State transition matrix transfers y(zo) in yy =
y(z1). In this case we have

y(1) = (21, 20)[yo + Jzy P(wo,t)B(t)u(t)dyl] (7.13)
© 0= (21, 20)[yo — P(z0, 21)ys + [y P(wo,t)B(t)u(t)dgt] (7.14)

This means that at the same interval of time, the state yo — ®(zo,z1)ys is
transferred to 0. As yo is arbitrary, one can always suppose that y; = 0.
Consider next the case when the matrices A, B and C are constant:

Dgy(x) = Ay(qr) + Bu(xz)
z(x) = Cy(z). (7.15)

In this case, we get a simple but powerful criterion of c.c:

Theorem 7.2.1 The system (7.15) is c.c. iff the controllability matriz
U(A,B) =[B,AB,..., A*-1B] (7.16)

is of rank = k.

Proof. Necessity. Suppose the contrary, i.e. rankU < k. It follows that
there exists a k-dimensional row vector p # 0 such that

pB=0,pAB=0,...,...,pA* B = (7.17)

Let (7.6) be the solution of (7.15) with ®(x,t) = e eq_1 . As the system is
constant, we can take xg = 0. However, the system being c.c., there exists
I

0 =y(z1) = ®(z1,0)[yo + J5* P(0,t)B(t)u(t)dyt]
— edolyo + J7 e A B(t)u(t)d,
0=y + [;" eq_flltB(t)u(t)dqt. (7.18)
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On the other side eq__Alt (by the Cayley-Hamilton theorem) can be expressed
as r(A), where r()\) is a polynomial of degree < k — 1. Hence e;ﬂwBu(t) =
(rol +rmA+...+ rk_lAk_l)Bu(t) = (roB+mAB+...+ rk_lAk_lB)u(t).
And consequently

0=1yo+ fy' (rol +mA+...+rg_1 A¥"Y)Bu(t)dgt (7.19)

Multiplying both side of the equality by p and considering (7.17), one obtains
pyo = 0 which implies that p = 0, since yq is arbitrary, contradicting the
fact that rank U < k.

Sufficiency. Suppose now that rankU = k and show that the system is c.c.
Consider again the equation

y(21) = @(21,0)[yo + J5* 2(0,1)B(t)u(t)dqt] (7.20)

& eg1—Axiy(x) =yo + [yt r(A)Bu(t)dgt (7.21)

=yo+ Bsg+ ABs1 + ...+ A¥ 'Bs;,_1; s; = f;ol riudqt (7.22)

As rankU = k, there exists a solution s = [sg,...,sx_1] of the system

Us = —yg < y(r1) =0, and the theorem is completely proved.

In [8], in an appendix section, is given a simple Maple Procedure [47]
that allows to detect the controllability of any type (7.15) system using the
preceding c.c. criterion. This procedure removes clearly any suspicion that
one may cast on the non calculability character of the criterion for large
matrices. The procedure is tested on the following examples:

1.
Dyy1(z) = —2y1(qx) + y2(qz) + u2(x)
Dyya(2) = —2y2(q) + y3(gz)
Dqys(z) = —2ys3(qz) + 3ui ()
Dyya(x) = —5ya(gr) + ys(gz)
Dqys(x) = =5ys(qx) + 2ui (x) + ua(x) (7.23)

which is found to be c.c. and

Dgy1(x) = y1(qx) + 2y2(qx) — y3(qx)
Dyya(x) = y2(qx)
Dyys(x) = y1(qr) — 4y2(qx) + 3y3(qz) + u(x) (7.24)
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which is found to be non c.c.

The following controllability criterion is valid not only for constant sys-
tems but also for varying ones. Moreover it gives an explicit expression for
the control function u(z).

Theorem 7.2.2 The system (7.5) is c.c. iff the k.k symmetric matric
U(zg,z1) = fgfol ®(z0,t)B(t) BT (t)® (20, 1) T dy(t) (7.25)
is nonsingular. In the latter case, the control function is given by
u(z) = =BT (2)®(x0, 2) U (x0, 21)[yo — (0, 7)yy]
z0 <z <x1 (7.26)
and transfers yo = y(xo) to yr = y(x1).

Proof. Necessity. By contradiction: Suppose that the system is c.c. while
the matrix U(xg,x1) is singular. As U(xg,z1) is symmetric, we have that
for an arbitrary k — vector a:

alUa = Jor o7 (t,20)p(t, x0)dyt
= Loy 10112 dgt > 0 (7.27)
where ¢(z,29) = BT (2)®" (29,x)a. Thus U is positive semi-definite. It

remains to show that the inequality is rigorous. Suppose that there exists
& : aTU& = 0. In that case

Lid 16117 dgt = 05 ¢ = BT (2)@" (20, 2)& || ¢ [|= 0 < ¢ = 0. (7.28)

As the system is c.c. let @(z) be the control that transfers y(xg) = & in
y(z1) = 0. We get

& = — [22 ®(xo, ) B(t)i(t)dgt. (7.29)
Hence
Ié |2
=aTa = — [[ra" ()BT (t)®T (xo, t)adyt = 0 & & = 0. (7.30)

Thus U is positive definite hence it is nonsingular.
Sufficiency. If U is nonsingular, the control in (7.26) is defined and we need
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to show that it transfers yo = y(zo) to yy = y(x1). Loading (7.26) in (7.7)
gives

y(x1) = ®(x, 20)[yo — ([, (20, t)B(t)BT (t)®7 (w0, t)dgt) U~ (w0, 21)(yo — (w0, z1)yy)]
= ®(x,x0)[yo — (Yo — ®(zo, 21)ys)] = yy (7.31)

and the theorem is proved.

If the system is not c.c., for some yo and yy, there can be or not a control
u(x) that joins them. The existence of such a connection control between
two given states is given by the following

Theorem 7.2.3 If for given (xo,y0) and (x1,yy), there exists a k-vector v
such that

U(xo, 1)y = yo — (o, 21)yy (7.32)
then the control u(x) = BT (2)®T (zq,z)y transfers yo = y(zo) inyy = y(z1).
Proof. Loading u(zx) in (7.7) gives

y(x1) = ®(x, 0)[yo — ([, ®(xo, t)B(t) BT (t)®7 (x0,1)]
= ®(x,x0)[yo — (Yo — P(zo, 21)yf)] = yy- (7.33)

We now analyze the impact of the transformation of coordinates on the
controllability propriety of a g-difference system. Let S be a k.k nonsingular
matrix and let

g(z) = Sy(=). (7.34)
From
Dgy = A(2)y(qz) + B(z)u (7.35)

we have Dgy = Dy(Sy) = SDyy = S(Ay(qx) + Bu) = SAy(qz) + SBu that
is Dy = [SAS™19(qx) + [SBlu or

D,ij = Aj(qz) + Bu
A=SAS"'; B=SB (7.36)

The system (7.36) is said to be algebraically equivalent to (7.35). For alge-
braically equivalent systems we have the following property
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Theorem 7.2.4 If ®(x,xq) is the g-State transition matriz for (7.35) then
&z, 20) = SD(x,20)S Vis the one for (7.36).

Proof. We need to prove that D,®(x, z0) = A®(qx, zo) provided Dy®(x, z0) =
A®(qx,x0). In other words, we need to prove that Dy[S®(z,z0)S™1] =
[SAS™1S®(qx,20)S~!. The rhs equals SA®(qx,79)S~" and the lhs is
[SD,®(x,20)]S™ = SA®(qx,29)S~! and the theorem is proved.

Important for the sequel is the invariance of controllability propriety given
by the following

Theorem 7.2.5 If the system (7.85) is c.c. then (7.36) is also c.c.
Proof. Loading the values of B and ® in
U(wo,21) = [2 ®(20,t) B(t) BT ()7 (0, 1) (7.37)
we get
Ul(wo, 21) = [} SP(w0,1)S~ S B(t) BT (t)ST(S~1)T®T (w0, t) ST d,(7.38)
This means that
Ul(xo,z1) = SU (0, 21)ST. (7.39)

Hence U (20, 1) is nonsingular iff U(zg,x1) is like that, and the theorem is
proved.

7.2.1 Controllability canonical forms

Consider the following constant coefficients linear g-difference equation of
order k

D(’;_ly(x) + angflly(x) + ...+ ap—1Dy1y(z) + agy(z) = u(g'z). (7.40)
By the change of dependent variables
21 =Yy, 22=Dy1y,..., 2 = D;“:lly, (7.41)
write (7.40) in the matrix form

Dyz(z) = Cz(qx) + du(z), (7.42)
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with
0 1 0 0
) 0 0 Lo
c=| . . . (7.43)
1
—ar —ap—1 —Qg_2 —a
and
z=1lz,..., ) ,d=10,...,1]T. (7.44)

By the way, note that the matrix C has the same characteristic equation as
the equation (7.40):

MNb a4 g =0 (7.45)

Thus, the question of controllability of the scalar g-difference equation (7.40)
is reducible to that of the controllability of the linear system in canonical
form (7.42). To inquire about the controllability of (7.42), we naturally refer
to the theorem 7.2.1 and evaluate the rank of U(C,d). We have

U(C,d) =1d,Cd,...,C*1q] (7.46)

=\ . . . .. . |, (7.47)
0 0 1 .. VUp—3
0 1 vT . . Vg-—2
1 v1T v . . Vg1
where
j—1
Vj ==Y i1Vt
=0
j=1,2,...,k—1; vy = 1. (7.48)

The matrix U (C’ ,d) is in triangular form and clearly has rank k. Hence the
system (7.42) is completely controllable. The matrix C' in (7.43) is generally
said to have a companion form and the system (7.42) with C' and d given by
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(7.43) and (7.44) is said to be in controllability canonical form.

Thus, any g-difference linear scalar equation of the form (7.40) is equivalent
to a system in the controllable canonical form and consequently is necessary
c.c. The converse is also valid that is to say if the system

Dgy(z) = Ay(qz) + bu(z), (7.49)

with A a kxk-matriz, b a k-vector, is c.c., then it is algebraically equivalent
to a system in controllability canonical form such as (7.42). To see this,
consider the kxk controllability matrix for (7.49): U = [b, Ab, ..., A¥=1b]. As
the system is c.c., the matrix U is nonsingular and consequently invertible.
Let write U~! in terms of its rows as

U™ =[w,...,w)t. (7.50)

Next, consider the set wy, wiA, ..., w; A*~! and show that it is linearly in-
dependent. For this suppose that for some constants aq,...,ax, we have

a1wb + aswi Ab + . .. + apwp AF 0 = 0. (7.51)

Since U~'U = I, we have wipb = wipAb = dots = wiA¥2b = 0 and
wpA*=1b = 1. Hence it follows from (7.51) that a; = 0. One may re-
peat this procedure by multiplying (7.51) by A with ar = 0 to conclude
that a1 = 0. Continuing this procedure, one may show that a; = 0 for
1 < i < k. This proves that the vectors wy, wiA, ..., wyA*~1 are linearly
independent. Hence the matrix

W
wi A

P= ' (7.52)
kak—l
is nonsingular. Next, define a change of variables for the system (7.49) by
§(z) = Py(x) (7.53)
to obtain

Dgj(z) = Aj(qz) + bu(z), (7.54)
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with
A=PAP' b=Pb
Clearly
b= Pb=(0,0,...,0,1)T

Next

wiA

wi A?

A=PAP ! = ' pPL
wk.Ak

since wy A is the second row in P, it follows that

wprAP™1 =(0,1,0,...,0).

Similarly
wpA2P~1 = (0,0,1,...,0)
wp AFTPT = (0,0,...,1),
while
wi AP = (—pi, —pr—1,- -, —p1),
with —pr, —px_1,- .-, —p1, some constants. Thus
0 1 0 0
) 0 0 1
A= .
1

—Pr —Pk-1 —Pk-2

with the same characteristic equation as A,

Mo p Xt e =0.

The preceding leads to the following
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(7.55)

(7.56)

(7.57)

(7.58)

(7.59)

(7.60)

(7.61)

(7.62)

(7.63)
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Theorem 7.2.6 The system
Dyy(x) = Ay(qz) + bu(x), (7.64)

s c.c. iff it is equivalent to a kth order q-difference equation of the form

(7.40).

Another controllable canonical form is the following c.c. (due to the corol-
lary 7.4.1 below) system

Dyy(x) = Ay(qz) + bu(x), (7.65)
with
00 0 i
1 0 0 . —Pr—1
;1: o 10 . ... —Pk—-2 (7.66)
0 01 0 —po
0 I —m
and

b=(1,0...,0)7. (7.67)

It is a more popular form among engineers due to its simple derivative.

7.3 Observability

The concept of observability is closed related to that of controllability. Gen-
erally speaking, a system is completely observable iff the knowledge of the
input and output suffices to determine the state of the system.

Definition 7.3.1 The system (7.5) is completely observable (c.0.) if for
any o, there exists a finite x1 such that the knowledge of z(x) and u(x) for
xo < x < x1 suffice to determine yo = y(xo).

Similarly to the theorem 7.2.2, the basic observability criterion for time
varying systems reads
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Theorem 7.3.1 The system (7.5) is c.o. iff the symmetric matriz
V(xo,21) = [} ®T(t,20)CT (1) C (1) (t, w0)dyt (7.68)
is nonsingular. In the latter case, we have
yo =V~ (o, 1) [ ®T(t,20)CT (£)2(t)dyt. (7.69)

Proof. Necessity. The proof is similar to the corresponding one in theorem
7.2.2.

Sufficiency. Supposing that u(z) = 0 (this does’t decrease the generalities),
9 < x < x1 , we have y(x) = ®(x,20)yo. Hence z(z) = C(z)y(z) =
C(z)®(x,z0)yo. Multiplying on the left by &7 (x,20)CT (x), we obtain

Jok @ (t,20)CT (1) 2(t)dgt
= (fo @7 (t,20)CT (£)C(£)D(t, 20)dyt)
= V(z9,x1)Y0. (7.70)

Thus if V(xg, 1) is nonsingular, we have

yo = VY wo,z1) [t T (t,0)CT () 2(t)dyt. (7.71)

0
The controllability and observability are two concepts with distinct physi-

cally meanings but that are mathematically equivalent as shows the following
?q-duality theorem?™:

Theorem 7.3.2 The system (7.5) is c.c. iff the dual system

Dgy(z) = —AT(2)y(z) + CT (z)u(x)
z(z) = BT (2)y(z) (7.72)

is c.o. and conversely.

Proof. Considering (7.5),(7.25),(7.68), and (7.72), we remark that it suffices

to prove that if D,®(z,z¢) = A(x)®(qx, 7o) then D@7 (29, 2) = — AT (2)®T (20, qx).
Indeed from the theorem 3.1.5 follows that if ®(x,z¢) satisfies DY (z) =

A(x)Y (gz) then its inverse that is ®(xg,x) satisfies Dy Z(z) = —Z(x)A(x).
Carrying out the transpose on both sides, one gets the required equality.

This duality allows greatly to relate most of results in controllability
and observability theories. In particular, the controllability criterion for
time constant systems given in theorem 7.2.1 leads to the following one for
observability:
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Theorem 7.3.3 The system (7.15) is c.o. iff the observability matriz
V(A,C)=[C,CA,...,CAFT (7.73)

has rank = k.

7.3.1 Observability canonical forms

Consider the system

Dyy(x) = Ay(qz) + bu(x),
z(x) = cy(x) (7.74)

with A a constant kxk matrix, b = (b1, ba,...,b;)T and ¢ = (c1,¢c2,...,cx),
and suppose that it is c.o. In subsection 7.2.1, we derived two canonical
forms of (7.49) reading as (7.42) and (7.65). By exactly parallel procedures,
we can obtain two observability canonical forms of (7.74). Both procedures
are based on the nonsingularity of the observability matrix

V =lc,cA, ..., cAF 1T, (7.75)
By the change of variables
§(z) = Vy(x) (7.76)

one obtains the first observability canonical form

z(x) = ey(x) (7.77)

with
0 1 0
3 0 0 1
A= . , (7.78)
1
—a —Qg-1 —ag—2 —ax
and

b=Vb,é=(1,0,...,0,0). (7.79)
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This canonical form is c.o. due to the complete controllability of (7.65) and
the g-duality theorem.

The second observability canonical form of (7.74) reads as

Dyij(x) = Ag(qz) + bu(x),
z(z) = ég(x) (7.80)

with
0 0 O — Dk
1 0 —Pk—1
=010 T Pk-2 (7.81)
0 .01 0 —po
0 1 —p1
and
&¢=1(0,0,...,0,1). (7.82)

This canonical form is c.o. due to the complete controllability of (7.42) and
the g-duality theorem.

7.4 Controllability and polynomials

Here we derive interesting interconnection between the concepts of controlla-
bility (similar results can be obtained for observability) and that of mutually
prime polynomials. Consider the time constant system
Dyy(x) = Ay(z) + bu(z)
z(x) = Cy(x), (7.83)

with scalar input and suppose that A is in the ”companion form”

000 . ... —a
100 . ... —ap

A= 0o 10 . ... —Qk—2 ) (784)
0 01 0 —as
0 1 —aq

We have the following
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Theorem 7.4.1 The system (7.83) is c.c. iff the polynomials k(\) = det(A—
A) = N a4 bag and p(\) = AT F b N2 L by are
relatively prime.

Proof. We have that if A1, ..., \; are characteristic roots of A, so p(A1),...,p(Ag)
are characteristic roots of p(A). Hence det(p(A)) = p(A1)...p(A;). Hence
p(A) is singular iff p(\) and k(\) have common roots. It remains to prove
that p(A) = U(A,b): Let ¢; and f; be the ith columns of I and p(A) re-
spectively. One easily verifies: f1 = [b1,...,bk] = b. Moreover e; = Ae;_1,
i=2,....,k and f; = p(A)e;. Hence fi= p(A)e;=p(A)Ae;_1= Ap(A)e;—1=
Afi1, i =2,...,k. We get fi = A1, i = 2,...,k. In other words
p(A) = U(A,b), and the theorem is proved.

In the particular case when b = b in (7.67), then p(A\) = 1 and it is

necessary relatively prime with k()\). Hence consequently to the theorem
7.4.1, we have the following

Corollary 7.4.1 The system (7.65) is completely controllable.

7.5 Exercises

1. Show that the change of variables § = Uy(z) in (7.64), where U is its
controllability matrix, transforms it in (7.64).

2. Find a change of variable that transforms (7.74) in (7.80).

3. Derive an analog theory by considering not the system (7.5) but

z(z) = C(z)y(x). (7.85)

4. Show that the system

Doy (z) = ay1 (z) + bya(x)
Dgy1(w) = cyz(x) (7.86)

is not C.c.
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5. Discuss the c.c. of the system

Dyy1(z) = ayi (z) + bya(x)
Dgy1(z) = cy1(z) + dyz () (7.87)

6. Contemplate the system

Dyy(x) = Ay(z) + bu(z). (7.88)

01 1
A:<21>;b:(1> (7.89)

b) Find the control u(z) and the time 1, necessary to reach the state

—4

< 0 ) (7.90)
0

(). .

with

a) Is it c.c.?

from
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Chapter 8

qg-Difference variational
calculus

In this chapter we discuss some fundamental concepts of the variational
calculus on the g-uniform lattice z(s) = ¢°, such as the q-Euler equations and
its applications to the isoperimetric and Lagrange problem and commutation
equations [10]. Basically, we are concerned with the extremum problem for
the following functional

T(y(x)) = [P F(x,y(x), Dyy(x),. .., DEy(z))d,z
—def (1 — q) Y0 wF (z,y(x), Dgy(w), ..., DEy(x)) (8.1)

under the boundary constraints
y(g®) = y(@™) = co
Dgy(q*) = Dgy(¢"*") = &1
DFly(q*) = DEy(¢"*h) = cra (82)
where
a=¢*" <b=¢" (8.3)

and the summation is performed by x on the set (we shall sometimes write
. 5
simply 27 or 32,

L:{qﬁ,qﬁ’l,...,qaﬂ,qo‘}, 0<a<f< oo (8.4)

111
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For a ~» 0, f~ +00, (8.1) and (8.2) read
J(y(@) = fy F(@,y(@), Dgy(@), ..., DEy(x))dge
=%F (1 - q) Xp2F (z,y(x), Dgy(),. .., Dky(x)) (8.5)
and
Diy(0) = Diy(1), i=0,....k—1 (8.6)

respectively. If the function F(z) = F(z,y(z), Dy(z), ..., D¥y(z)) is Riemann-
integrable on the interval [0, 1], then it is easily seen that for g ~ 1, the q-
integral in eq. (8.5) and the constraints in eq. (8.6) tends to the continuous
integral

J(y(z)) = /01 F(z,y(z), Dy(), ..., D*y(x))dz (8.7)

where Df(z) = % f(z), and the boundary constraints

DFly(0) = b}“;ly(l) = Cp-1 (8.8)

respectively. Hence the functional in eq. (8.5) can be considered as a natural
g-version of the one in eq. (8.7).
Remark 1. By carrying out in (8.1) the linear change of variable

t(s)=a+z(s)(b—a)=a+¢’(b—a) (8.9)

(a , b, finite for simplicity), we obtain a g-version of the integral obtained
from (8.7) by the linear change of variable

t=a+z(b—a), (8.10)

and both the two new integrals have now a and b as boundaries of integration.
Clearly the converse to (8.9) and (8.10) transformations are also valid. Hence
in that sense, there is no lost of generalities considering in this book integrals
of type (8.5) or (8.7) or even the little bit more general integral in (8.1).
This allows to avoid cumbersome treatments unessential in addition in the
reasoning.
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8.1 The g-Euler-Lagrange equation

We consider the g-integral functional,

J(y(x) = (1 = q) Sl oF (2, y(x), Dyy(w), ..., Diy(w)).  (8.11)

Here the function F(z,yo(z),...,yx(x)) is defined on A as a function of z,
together with its first partial derivatives relatively to all its arguments. Let
E be the linear space of functions y(z) (¢° < z < ¢®) in which is defined the
norm

Iyl = gmas (max | Dig () (5.12)

and let E’ be the linear manifold of functions belonging in E and satisfying to
the constraints in (8.2). We study the extremum problem for the functional
J, on the manifold E’. We first calculate the first variation of the functional
J on the linear manifold E’:

8 (y(x), h(z)) = FJ (y(x )+th($))\t:o
=(1-9% Zq [xF(z,y(x) + th(z), ..., Dyy(z) + tDEh(x))] =0
=(1-4q) Zga[D olzFi(z,y(x), Dgy(x ) -, Dgy(x))Dyh(x)] (8.13)
where

F‘_ay (F F(.’L’ y07y177y]€))77’:077k (814)

The variation is dependent of an arbitrary function h(x). Since the variation
is performed on the linear manifold E’, h(x) is such that y(x)+th(z) belongs
also to the linear manifold E’ and in particular satisfies the constraints (8.2).
A direct consequence of this is that the function h(x) satisfies the constraints:

h(q®) = h(¢"t1) =0
Dyh(q*) = Dgh(q°t) =0

k— a) _ Nk— _
DFh(q*) = D5 'h(¢") =0 (8.15)

From the relation Dy(fg)(x) = f(qz)Dqg(x) + g(x)Dyf(z), one obtains the
formula of the g-integration by parts:

(1—q) S0 2f(qz) Dyg(x) =
(1—q) S0 2Dy(fg) — (1 — g) Yo 2g(x) Dy f (). (8.16)
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Using (8.15), and (8.16), (8.13) gives

5 (y(w), h()) =
(1—q) X% o[k (—1)q" T Di[Fi (g @, y(g '), Dyy(q '), . .

e 7D(’;y(q’iaﬂ)]]h(an) (8.17)

(Very important to distinguish D, f(kx) which means here [D,f](kz) with
D,[f(kz)] meaning D,g(z) for g(z) = f(kz)). Next, it is necessary to note
that the boundary constraints in eq. (8.15) are equivalents to the following

h(g®) = h(¢°1H) =0,i =0,1,...,k — 1. (8.18)
Consequently, (8.17) gives

(), his) =
(1= ) S0 o[- 7 DilF(a ', y(a ), Dyyla™'a), ..

.., DEy(q'x)]n(z). (8.19)

For deriving the corresponding g-Euler-Lagrange equation, we need the fol-
lowing lemma, which constitutes a g-version of what is called ”fundamental
lemma of variational calculus”.

Lemma 8.1.1 Consider the functional

I(f) = (1= a) Y af(2)h(z) (8.20)

B

where B = N o S [ I(f) = 0, for all h defined on B, then
f(z) =0 on B.

Proof. As I(f) =0, Vh defined on B, we have that:

q’"f q"hi(qd")+ +¢* (@) (a*) = 0
q"f(q")h2(q")+ +q°f(q*)ha(q®) =0
¢ f(@hs—r1(d)+ - +EF(@)hs—ri1(¢°) =0 (8.21)

for any choice of the (s — 7 + 1) numbers

aij = hi(@*" 1), i =1, s —r + 1. (8.22)
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This is a linear homogenous system with the matrix
(aij); ;21" (8.23)
and the vector [T} = qj”_lf(qj”_l)]j;’ﬁl. Choosing the numbers
hi(¢7 TN ii=1,...,s—r+1 (8.24)
in such a way that the corresponding matrix in (8.23) doesn’t be singular,
(8.21) gives Tj = 0,5 = 1,...,s — 7 + 1 or equivalently, f(¢ZT""1) = 0,5 =

1,...,s —r + 1 which proves the lemma.
Next, remark that (8.19) is written under the form

6. (y(@), h(@)) = I(f) = (1 = g) S 2 (2)h(x) (8.25)

where f represents the expression within the external brackets. Hence the
necessary condition for the extremum problem (8.1)-(8.4) can be written

I(f)=0 (8.26)
and this for all h(x) defined on
B={¢", ¢ ...}, r=a+k B=s (8.27)

By the fundamental lemma of the variational g-calculus (see Lemma 8.1.1),
this leads to

f(z)=0. (8.28)

Thus the necessary condition for the extremum problem (8.1)-(8.4) reads

PRGLITE —i —i —i —i
>0(=1)iq = 'Di[Fi(¢ "z, y(¢ 'x), Dyy(q~'x), ..., Dky(q"x)]
= ()7
iy (a0 — [ N . i
Dyy(q®) = qu(qﬁ+ Y=c¢i, 1=0,...,k—1 (8.29)

For k =1 and k = 2, for example, we have respectively:

Fo(z,y(x), Dgy(x)) — Dy[Fi(q 2, y(¢ ' x), Dgy(q~'x))] = 0,
y(@®) =y("™) = (8.30)
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and

Fo(z,y(x), Dgy(x), Dgy(x))
—Dy[Fi(q "2, y(q7 " x), Day(q~ "), D3y(q~'x))]
+qDg[Fa(q~ 2z, y(q¢~*x), Dgy(q~>x), Diy(q~>x))] = 0,
y(g®) = y(¢°™) = co; Dgy(q™) = Dgy(¢®™) = &1 (8.31)

Let us note that while the g-integral (8.1) tends to the continuous integral
(8.7) for ¢ ~ 1, @ ~ 0, B ~ +00, the g-equation in (8.29) tends to the
corresponding to (8.7) differential Euler-Lagrange equation:

>26(=1)' D' Fi(x,y(x), Dy(x), ..., DFy(x)) =0,
Diy(0) = Diy(1)) = ¢;, i =0,...,.k—1. (8.32)

That is why it is convenient to call (8.29), the ¢-Fuler-Lagrange equation
corresponding to the g-integral (8.1). The equation (8.29) is a g-difference
equation of degree 2k which is in principle solved uniquely under the 2k
boundary constraints.

Remark 2. If the functional in (8.11) is dependent of more that one variable
ie. J=J(y1,...,Yn), then the necessary extremum condition leads to type
(8.29) n q-Euler-Lagrange equations with y replaced by y;, i = 1,...,n.

8.2 Applications

8.2.1 On the continuous variational calculus

The direct application of the variational g-calculus is its application on the
continuous (differential) variational calculus: Instead of solving the Euler-
Lagrange equation (8.32) for finding the extremum of the functional (8.7),
it suffices to solve the g-Euler-Lagrange equation (8.29) and then pass to
the limit while ¢ ~ 1. Remark that thought this can appear at the first
glad as a contradiction (by the fact of the phenomenon of discretization),
the variational g-calculus is a generalization of the continuous variational
calculus due to the presence of the extra-parameter g (which may be physical,
economical or another) in the first and its absence in the second.

Example. Suppose it is desirable to find the extremum of the integration
functional

J(y(x)) = [y (@"y + L(Dy)?)dz, v >0, (8.33)
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under the boundary constraints y(0) = ¢ ; y(1) = é. The g-version of the
problem consists in finding the extremum of the g-integration functional

J(y(2) = (1 - q) Xpzla”y + 5(Dgy)?],v > 0, (8.34)

under the same boundary constraints. According to (8.30), the g-Euler-
Lagrange equation of the latter problem reads:

¥ — Dq[qu(q’lx)] =0 (8.35)
which solution is
_N\2,.v+1 _N\2,v+1
y(@) = =iy ] + (1) — 9(0) — =iyl
+y(0). (8.36)

As it can be verified, for ¢ ~» 1, the function in (8.36) tends to the function

TV 2
y(@) = gy + W) —¥(0) — grmmle +9(0),  (8:37)

solution of the Euler-Lagrange equation of the functional in (8.33).

8.2.2 The g-isoperimetric problem

Suppose that it is required to find the extremum of the functional

T(y(x)) = (1= q) e 2 f (2, y(x), Dgy(x), .., Diy(x))
Diy(q®) = Diy(¢"*') =¢;, i=0,1,...,k—1 (8.38)

under the constraints

Tiy(x)) = (1 — q) S 2 fi (2, y(x), Dgy(x), ..., Dy(x)) = C;
i=1,...,m. (8.39)

To solve this problem we needs to consider the following generalities. Let
J(y) and J1(y),...,Jm be some differentiable functionals on the normed
space E, or on its manifold E’. We have the following theorem (see for ex.
[34])

Theorem 8.2.1 If a functional J(y) attains its extremum in the point y
under the additional conditions J;i(y) = Ci, i = 1,...,m and § is not a
stationary point for any one of the functionals J; (3J;(g,h) #0,i=1,...,m,
identically) while the functionals 8.J;, (i = 1,...,m) are linearly independent,
then § is a stationary point for the functional J —3 i, \;J; where the \; are
some constants.
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Thus by this theorem, the necessary extremum condition for the functional
J(y) under the additional constraints Ji(y) = Cj, i = 1,...,m, verifying the
conditions of the theorem (let us note that considering the formula (8.17),
a type (8.11) functional i.e. satisfying the same definition conditions, is
differentiable on E’), is given by the equation (8.29) with

F=f-Y" \Nf (8.40)

It is a g-difference equation of order 2k containing m unknown parameters.
It is in principle solved uniquely under the 2k boundary constraints and the
additional m conditions.

Example. Suppose it required to solve the problem of finding the ex-
tremum of the g-integration functional

5
J(y(z)) = (1 —q) Zga JU[(mt?Q(DZy)2 + b(qu)Q]7 a,b>0 (8.41)
under the boundary constraints
iy () — i 1 —
qu(q ) - qu(qﬂ+ ) - cla 1= 07 17 (842)

and an additional condition that Ji(y(x)) = ¢, ¢ some constant, where Jj is
a g-integration functional given by

Ti(y(x) = (1 - q) Yo a2y, (8.43)

According to the theorem 8.2.1, the problem is equivalent to that of finding
the extremum of the g-integration functional

T(y(x)) = (1 - q) Yo alaa?(D2y)? + b(Dgy)? — Avy],  (8.44)

for some constant A, under the same boundary constraints (8.42). The cor-
responding g-Euler-Lagrange equation reads

—Az — 2bDg[Dgy(qx)] + 2aq 3 D}[a* D2y(q2x)] = 0 (8.45)

or equivalently after reduction and integration (c1, ca, constants of integra-
tion)

y(@) — lalg — 1)2b/a + g + 1yl x) + qu(g~2x) = 5L (12 + o

Az3
@) (8.46)

This is a constant coefficients linear nonhomogeneous second-order g-difference
equation which can be solved uniquely (under the constraints (8.42)) by
methods similar to that of analogous differential or difference equations.
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8.2.3 The g-Lagrange problem

Suppose now that it is required to find the extremum of the functional

J(yl (ZE), s ayn<$))
= (1—q) X% 2f(@,1(2), .-, yn(x), Dy (), .., Dayn(x))  (847)

under the constraints

Fiz,y1(z)y - yn(x), Dgy1 (), ..., Dgyn(x)) =0, i = 1,...,m;m < n,
vi(g®) =yi(®) =¢, i=1,...,n. (8.48)
This problem can be transformed in the g-isoperimetric one as follows:
First, multiply every ith equation in (8.48) by an arbitrary function \;(z)

defined as all the remaining on L = {qﬁ ,--.,q%} and then apply the q-
integration on L on the result:

Ji(yr (), - yn(2))
=(1-gq) zgi ai(z) f1(z, 1 (2), .. yn(@), Dayi (), . . ., Dgyn(x)) = 0,
i=1,....,m (8.49)

The remaining question is that of knowing if the two constraints (8.48) and
(8.49) are equivalent. The answer is yes since obviously from (8.48) follows
(8.49). Finally, it is by the fundamental lemma of the variational g-calculus
(see Lemma 8.1.1) that (8.48) follows from (8.49).

Example. Suppose that the problem consists in finding the extremum of
the functional

T(x(t),ult) = 31— q) Yo tlu?(t) — 2%(t)] (8.50)
under the constraints
D2z =u
2(¢%) = x(¢"t) = ¢; Dyz(q*) = Dy (¢”*h) = ¢. (8.51)

The problem is equivalent to the q-Lagrange problem of finding the ex-
tremum of the functional

J(@(t), y(1), 2(8) = $(1 — q) Tla t[z2(t) — ()] (8.52)
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under the constraints

Dyxr =vy; Dgy==z
z(q®) = 2(¢%Y) = ¢ y(g®) =y(¢®*) = (8.53)

Hence the problem is equivalent to that of finding the extremum of the
functional

J(@,y,2,A1,A2) = (1 —q) ZZZ tE(2(t), y(t), 2(1), M (1), Aa(t)) (8.54)

where

F(a(t), y(t), 2(2), A (1), Aa(t))
= 3(2%(t) — 2%(t)) + M(t)(Dgz(t) — y(t)) + A2 (t)(Dgy(t) — (1)) (8.55)

under the boundary constraints
2(q*) = 2(¢"™) = ¢ y(g™) = y(¢") =& (8.56)
The corresponding g-Fuler-Lagrange equations give

y(t) = Dy (t); 2(t) = Xa(t) = Diz(t); Mi(t) = —¢*Difa(q™ )], (8.57)
—z(t) + ¢°Di[x(q~*t)] = 0. (8.58)
Hence it is sufficient to solve the equation (8.58). Searching its solution as

an integer power series z(t) = > 5° C\,t", one is led to the following fourth
order difference equation for the coefficient c¢,:

Co = S (o) (o) (o) () Coa. (8:59)
with the coefficients Cjy, C,Co, C3 determined by the four boundary con-
straints (8.56).The solution of (8.59) reads

n—nc
4

Cn = ?:nc<11:z?i) [L-1 q2(nc+4i)_5cn

(8.60)

c

where n = n. mod 4, 0 < n. < 3.

To obtain the four basic elements for the space of solutions of (8.58), one can
make the following four independent choices for the constants Cy, C1, Co, Cs:
Choosing (a) C,, = 1 for n=0,...,3 leads to z(t) = é'; (b) C, = CO for

qQ n!

n=0,...,3 leads to z(t) = é,%; (c) Cn:w forn=0,...,3
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n—1

leads to x(t) = cosqt; (d) Cp = (172 [éi)lnf(fl)n] for n =0,...,3 leads to
x(t) = singt.

The functions éé,é;t,cosqt and singt have in the integer power series, the
indicated coefficients for n = 0,...,3 and the coefficients in (8.60) for n > 3.
As it can be verified, for g ~ 1, these functions have as limits the functions
el,e”!, cost and sint, respectively. The latter are nothing else than a basis
of the space of solutions of a similar to (8.58) differential equation for the
corresponding continuous problem.

8.2.4 A g-version of the commutation equations

Let L = —D?+y(x), where Df(x) = % = f'(x), be the Schrodinger oper-
ator and let A, be a sequence of differential operators of order 2m + 1, m =
0,1,2,..., which coefficients are arbitrary differential polynomials of the po-
tential y(z). By commutation equations, one understands the equations
[L, An] = LA, — A L = 0, in the coefficients of the operators. It is known
since [19, 20] that for any m,m = 0,1,2,... there exists such an operator
Ay, of order 2m + 1, such that the operator [L, A,,] = LA, — AL is an
operator of multiplication by a scalar function f,,(y,v',y”,...): [L,An] =
fm(y, v/, 4", ...). The corresponding commutation equations then read

(L, An] = f(y, 99", ..) =0 (8.61)

Its non-trivial solutions are elliptic or hyperelliptic (or their degenerate cases)
functions for m = 1 and m > 1 respectively (see [19, 20]). Since years
seventies of the last century (see for ex. [24], paragr. 30), it is known that the
commutation equations (8.61) are equivalent to type (8.32) Euler-Lagrange
equations for the functionals

[ / k)
Tm(y(x)) = / Ln(y(@),¢/ (@), ., y™® (2))da (8.62)

with L,, related to A,, in a known way (see for ex. [24]).

If m = 1 for example, Li(y,vy') = y?/2 + 3> + c1y® + 2y, (c1,c2: con-
stants), and the corresponding Euler-Lagrange equation (commutation equa-
tion) reads:

Y =3y> +2c1y+co . (8.63)

Up to a linear transformation y — csy + ¢4, its solution is the well known
Weierstrass function P(z).
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Considering now the g-functional

In(y(@)) = (1 = ) o L (y(2), Dgy(@), ..., Dhiy(z))  (8.64)

we obtain that the corresponding to type (8.29) g-Euler-Lagrange equations
are g-versions of the commutation equations (8.61). For example for m =1,
we have L1 (y(x), Dgy(x)) = [Dgy)*/2+y®+ 19y +c2y and the corresponding
g-Euler-Lagrange equation reads

3y® +2c1y + 2 — qDgly(q¢'x)] = 0 (8.65)
or equivalently
y(gr) = (¢ + Dy(z) + (gz — 2)*(3y*(x) + 2c1y(x) + c2) — qy(q " (8.66)

Obviously, the g-Euler-Lagrange equation(8.65) (or (8.66)) tends to the
Euler-Lagrange one in (8.63), while ¢ ~ 1. A particular solution (¢; =
co = 0) of (8.66) is given by the function

(o) = Cialigi) o

a g-version of the degenerate case of the Weierstrass function P(x) (solution
of (8.63)) while its periods tend to co. One will note that even without giving
an analytical general resolution of this equation, its solution satisfying given
boundary constraints, can be found recursively. Here is naturally the main
advantage of the analysis on lattices.

8.3 Exercises

1. Determine the extremals of the functionals
1
Tw) = [ (D) = ldyas 5(0) =0 (3.68)
2. Find the extremals of the functional

1
T(y) = /0 (Dyy)? + 2%)dyz (8.69)

under the constraints

I0) = [ Pl =2 y0)=y(1) =1 (8.70)
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3. Find the extremals of the isoperimetric problems

I(y) = /E Y (Dyy)2dye; T(y) = / Y P =0 (8.71)

1 Z1
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Chapter 9

q-Difference optimal control

In chapter 7, we were dealing with controllability problems, that is the prob-
lem of determining either exists a control that could transfers the trajectories
from a given sate to another predetermined one. We were fully indifferent
toward the quality of the control function. However, in many practical prob-
lems, one is interested not only by the existence of a control function but in
an optimal control function, that is that control which among others consti-
tutes the extremum element for a given functional.

9.1 The g-optimal control problem

Suppose that it is given a k-dimensional g-controlled system

Dyz(x) = fO(z, 2(2), u(x))

2(¢%) = 2(¢") = C (9-1)
and the g-functional of the form
J(2(@),u(@)) = (1 - q) Tia o f (2, 2(x), u(2)) (9.2)

The optimal control problem consists in that among all admissible con-
trol functions u(x), find that for which the corresponding solution of the
g-boundary problem (9.1) is an extremum for the functional in (9.2). Thus
following the g-Lagrange problem, our extremum problem consists in finding
the extremum of the functional under the constraints below (remark that as
there is no any derivative of u(x), no boundary constraints for it are needed):

J(y(m),u(m)) = (1 - q) Zgi :L‘{f(l‘, Zau) - )‘<$)[f0<xa Zau) - qu]}a
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2(¢*) = 2(¢") = C (9.3)
According to (8.30), the corresponding g-Euler-Lagrange system reads

(Ff: = M@)f2) = Dy[Mg~'2)] = 0
fu = M@) 0 =0 0.0

Combining (9.4) with the first eq. in (9.1), we conclude that the solution of
the problem satisfies the system:

qu = +H,\
Dy[Mq™'2)] = —H.
0=H, (9.5)
where
H(z,z,\u) = —f(z,z,u) + MNz)fO(z, 2,u) (9.6)

Seen the similarities of the problem posed and the formula obtained (eqs.(9.5)-
(9.6)), with their analogs in the continuous optimal control, one can say that
we were dealing with a g-version of one of the version of the ” maximum prin-
ciple” [50]. Hence we can refer to H in (9.6) as the q-Hamilton-Pontriaguine
function, (9.5) as the q-Hamilton-Pontriaguine system. Recall that the ref-
erence to L S Pontriaguine is linked to the ”maximum principle” in [50], the
one to Hamilton is linked to the fact that in the case of pure calculus of
variation (the control function and system are not present explicitly), the
Hamilton and Hamilton-Pontriaguine systems are equivalent (see the follow-
ing subsection for the g-situation).

Example. (q— Linear — quadraticproblem) Suppose that the problem is
that of finding a control function u(z) such that the corresponding solution
of the controlled system

Dyy = —ay(xz) +u(z), a>0 (9.7)

satisfying the boundary conditions y(¢®) = y(¢°*!) = ¢, is an extremum
element for the g-integral functional (g-quadratic cost functional)

T(y(x),u(z) = 3(1 = ) LI a(y?(x) + u2(x)). (9.8)
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According to (9.5) and (9.6), the solution of the problem satisfies

Dgy = Hy
Dy[Mg"2)] = —H,
H, =0, (9.9)
where
1
H(y, A\u) = —5(y2+u2) + (—ay + u)A(z). (9.10)
(9.9) and (9.10) give
Dy =—ay+u
DyA(z) = qy(qz) + ag\(qz)
A= (9.11)
In term of y(x), this system can be simplified in the following
Dgy(m) + aDgy(z) = (a® + 1)qy(qz) + aqgD,y(qz). (9.12)
Searching the solution of (9.12) under the form of an integer power series
y(x) =307 cpa™ (9.13)

one is led to a variable coefficient linear homogenous second-order difference
equation for ¢,:

)2
en = a(g— Den-1 +q(a? +1) sl cn . (9.14)

This difference equation can naturally be solved recursively starting from
the initial data ¢y and c;.

However, even without solving it, we can search for what give the corre-
sponding function in (9.13), in the the limiting case when ¢ ~» 1. In (9.14),

for g ~ 1, the factor of ¢,_1 give zero, while that of ¢,_o give n?j:ll) Hence
for ¢~ 1, (9.14) give
2
Cn = n?n—il)C”*Q; n=2,.... (9.15)

Choosing ¢ and ¢; (this equivalent to that choosing y(¢®) and y(¢°*t') )

as ¢ = 1 and ¢ = Va?+1 or ¢ = —Va?+1, (9.15) give as solutions

2 1 % 2 1 % . . .
Cn = (@ :,) or ¢, = (—1)”(‘1% and the corresponding power series give

y(x) = exp(vVa? + 1z) or y(x) = exp(—va? + 1z) respectively. As it can be
verified, the latter are the solutions for y(x) in the corresponding continuous
problem.
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9.2 Interconnection between the variational g-calculus,
the g-optimal control and the g-Hamilton sys-
tem

Here, we have the following
Theorem 9.2.1 For the simplest functional
5
J(y(z)) = (1 — q) g eF (y(z), Dgy(x)),
y(g®) = y(d"*") = co (9.16)

the q-FEuler-Lagrange equation, the ¢-Hamilton-Pontriaguine and the ¢-Hamilton
systems are equivalent.

Proof. We show this in three steps:
a)We first show how to obtain the g-Hamilton system from the g-Euler-
Lagrange equation. For the functional in (9.16), the g-Euler-Lagrange equa-

tion reads
Fo(y(x), Dgy(x)) — Dg[Fi(y(q~'x), Dgy(q~'2))] = 0. (9.17)
Letting
A(z) = Fi(y(z), Dgy(x)), (9.18)
and
H = —F + \(z)Dyy, (9.19)

then we get from (9.17),(9.18) and (9.19) the g-Hamilton system

Dy = +Hx(y(x), A, Dgy)
Dy[Mg'2)] = —Hy(y(x), A, Dgy) (9.20)

b) To get the g-Hamilton-Pontriaguine system from g-Hamilton system (9.20),
it suffices to suppose u(x) = Dyy(z) to be the control g-equation for the given
initial non controlled extremum problem. In that case, (9.20) gives

qu = —|—H/\(y(x), )\,U(l’))
Dy[Mg~'2)] = —Hy(y(2), A, u(z)) (9.21)
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with
H(y(x), Mz), u(z)) = —F(y(z), u(z)) + Az)u(z), (9.22)

the q-Hamilton-Pontriaguine function, and from (9.18) we get the third equa-
tion in (9.5):

H, =0. (9.23)

c¢) We finally show how to obtain the g-Euler-Lagrange equation (9.17) from
the q-Hamilton-Pontriaguine system (9.21), (9.22) and (9.23). From (9.22)
and (9.23), we have

A(z) = Fi(y(z),u(z)) = Fi(y(z), Dgy(x)), (9.24)
while from (9.21) we get
Dy[Mq™"2)] = Fo(y(z), u(z)) = Fo(y(z), Day()). (9.25)
Finally, (9.24) and (9.25) give the g-Euler-Lagrange equation (9.17), which
proves the theorem.
9.3 Energy g-optimal control

Consider again the linear control system (7.5). In theorem 7.2.2 it was shown
that under the condition of the theorem, the control function (7.26) transfers
Yy =0 to y =y in time o < z < z71. It is interesting to note that in fact that
control is optimal in the sense that it minimizes the integral

Jog u(t) [P dgt = [} (uf + ... + g )dgt, (9.26)
seen as a measure of ”control” energy involved.

Theorem 9.3.1 If @(x) is another control transferring y = yo = y(xo) to
y=ys =y(x1) then

Jeo W P> f5 1w |1 dgt, (9.27)

provided U # u
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Proof. We have

y(z1) = (z,20)[y0 + [} ®(w0,2)B(t)u(t)] (9.28)
y(r1)

Oz, w0)[yo + [z, ®(wo,2)B(t)a(t)] (9-29)

0

Subtracting members by members:
0= [z ®(xo,t)B(t)[a(t) — u(t)] (9.30)

Multiplying on the left by [yo — ®(zo,21)ys) [U (zo,21)]T and use the
transpose of (7.26):

0= [ yo — ®(xo, x1)ys]" [U~" (w0, 21)]" @ (w0, ) B(#)[alt) — u(t)]dgt
& 0= [7ula(t) — u(t)]dgt (9.31)

We have next [ || a(t) — u(t) 12 dgt = S (a(t) — w) T (a(t) — u(t))dgt
= — [prat(a(t) — u(t))dgt = [ || @ [|* dgt — [} || w [|* dgt. Hence
ffol | @ || dgt = f;ol | w || dgt +f§01 | @ —u ||? d4t, which proves the
theorem.

9.4 Exercises

1. Given the example in section 8.2.1, write down and solve the equivalent
Hamilton and Hamilton-Pontriaguine systems.

2. Given the example in section 9.1, write down and solve the equivalent
g-Euler-Lagrange equation and Hamilton system.

3. Given the system

Dyx=v
Dy =u (9.32)
describing the moving of a point in the plan z,v. Determine the control

function w(t) such that a point A(xg,vo) reaches the position B(0,0) in the
smallest time under the condition |u| < 1.
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