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ABSTRACT. In the present paper Green-Lindsay nonclassical three-dimensional model for thermoelastic plates
with variable thickness is considered. Applying variational approach initial-boundary value problem corresponding
to the three-dimensional model is investigated in suitable Sobolev spaces. The three-dimensional dynamical model
for plate with variable thickness, when surface forces and heat flux are given along the upper and the lower faces of
the plate, is reduced to a hierarchy of two-dimensional models. The initial-boundary value problems corresponding
to the obtained two-dimensional models are investigated in suitable function spaces. Moreover, the convergence of
the sequence of vector-functions of three space variables restored from the solutions of the reduced two-dimensional
problems to the solution of the original three-dimensional problem is proved and under additional conditions the rate
of convergence is estimated. © 2010 Bull. Georg. Natl. Acad. Sci.
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Nonclassical mathematical models for thermoelastic solids, which generalize classical models and depend on one
or more relaxation time, were developed to eliminate shortcomings of the classical thermoelasticity, particularly, infinite
velocity of thermoelastic disturbances. One of such type models was obtained by A. Green and K. Lindsay [1], which
is characterized by a system of partial differential equations where, in comparison with the classical linear system of
thermoelasticity, the constitutive relations for the stress tensor and the entropy are generalized by introducing two
different relaxation times. For Green-Lindsay nonclassical model the problem of propagation of a thermoelastic wave
was studied and domain of influence result was obtained in [2] in classical spaces of twice continuously differentiable
functions. In the case of infinite and semi-infinite bodies initial-boundary value problems corresponding to Green-
Lindsay model were investigated in [3, 4]. Applying method of potential and theory of integral equations the problems
of stable and pseudo oscillations for Green-Lindsay nonclassical model were studied in [5]. Since numerical solution
of three-dimensional initial-boundary value problems of nonclassical thermoelasticity requires complicated algorithms,
it is important to construct two-dimensional or one-dimensional models of thermoelastic bodies. One of dimensional
reduction methods for plates with variable thickness in the classical theory of elasticity was suggested by I. Vekua in
[6]. To construct two-dimensional models of plate Vekua considered differential formulation of the three-dimensional
initial-boundary value problem and approximating components of the displacement vector-function by partial sums of
orthogonal Fourier-Legendre series with respect to the variable of plate thickness a hierarchy of initial-boundary
value problems defined on two-dimensional space domain was obtained. Mathematical results on the relationship
between the two-dimensional hierarchical models constructed in [6] and three-dimensional one in static case first were
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obtained in the spaces of classical regular functions in the paper [7], and the reduced two-dimensional models for thin
shallow shells were investigated in Sobolev spaces in [8]. Later on, various hierarchical models were constructed and
investigated applying Vekua’s reduction method and its generalizations (see [9-11] and references given therein).

The present paper is devoted to the construction and investigation of a hierarchy of two-dimensional mathematical
models for plates with variable thickness, when the stress-strain state of thermoelastic solid is described by Green-
Lindsay nonclassical three-dimensional model. We consider initial-boundary value problem corresponding to Green-
Lindsay three-dimensional model and applying variational approach we obtain the existence and uniqueness result in
suitable Sobolev spaces. We construct hierarchical two-dimenisonal models for plate with variable thickness, when
the density of surface forces and heat flux is given along the upper and the lower faces of the plate. We investigate
initial-boundary value problems corresponding to the constructed two-dimensional models in suitable function spaces.
Moreover, we prove that the sequence of vector-functions of three space variables restored from the solutions of the
reduced two-dimensional problems converges to the solution of the three-dimensional problem and under additional
regularity conditions we estimate the rate of convergence.

We denote by ,2 ( ) ( ),r rW D H D= 1r ≥ , r ∈ R , the Sobolev space of order r based on the space ( )2L D  of

square-integrable functions in pD ⊂ R , p ∈N , in Lebesgue sense, 3( ) [ ( )] ,r rD H D=H  2 2 3( ) [ ( )]D L D=L  and
3ˆ ˆ( ) [ ( )]s sLΓ = ΓL , 1s ≥ , s ∈ R , where Γ̂  is a Lipschitz surface. For any Banach space X, 0 ([0, ]; )C T X  denotes the

space of continuous functions on [0, ]T  with values in X, 2 (0, ; )L T X  is the space of such functions : (0, )g T X→

that 2( ) (0, )Xg t L T∈ . We denote by /g dg dt′ =  the generalized derivative of 2 (0, ; )g L T X∈ .

Let us consider thermoelastic plate with variable thickness vanishing on a part of its boundary, i.e. plate that
occupies three-dimensional Lipschitz domain Ω of the following form

3
1 2 3 1 2 3 1 2 1 2{( , , ) ; ( , ) ( , ), ( , ) },x x x h x x x h x x x x ω− +Ω = ∈ < < ∈R

where 2ω ⊂ R  is a two-dimensional bounded Lipschitz domain with boundary ω∂ , 0 1,1( ) ( )loch C Cω ω γ± ∈ ∩ ∪ �  are

Lipschitz continuous in the interior of the domain ω  and on γ ω⊂ ∂�  together with the first order derivatives,

1 2 1 2( , ) ( , ),h x x h x x+ −>  for  1 2( , )x x ω γ∈ ∪ � ,  γ ω⊂ ∂�  is a Lipschitz curve, 1 2 1 2( , ) ( , ),h x x h x x+ −=  for

1 2( , ) \x x ω γ∈∂ � . The upper and the lower faces of Ω , defined by the equations 3 1 2( , )x h x x+=  and 3 1 2( , )x h x x−= ,

1 2( , )x x ω∈ , we denote by +Γ  and −Γ , respectively, and the lateral face, where the thickness of Ω  is positive, we

denote by 3
1 2 3 1 2 3 1 2\ ( ) {( , , ) ; ( , ) ( , ),x x x h x x x h x x+ − − +Γ = ∂Ω Γ ∪ Γ = ∈ < <R�  1 2( , ) }x x γ∈ � . We assume that plate

consists of homogeneous, isotropic thermoelastic material. The applied body force density we denote by

( ) : (0, )if T= Ω×f 3→ R  and the density of heat sources we denote by : (0, )f Tθ Ω× → R . Plate is clamped and

the temperature θ vanishes along a part 3
0 1 2 3 1 2 3 1 2{( , , ) ; ( , ) ( , ),x x x h x x x h x x− +Γ = ∈ < <R�  1 2 0( , ) }x x γ∈ �  of the

lateral face Γ� , 0γ γ⊂� �  is a Lipschitz curve, and on the remaining part 1 0\Γ = Γ Γ�  of the boundary the surface forces

with density 3
1( ) : (0, )ig T= Γ × →g R  and heat flux with density 1: (0, )g Tθ Γ × → R  is given.

The nonclassical dynamical linear three-dimensional model of stress-strain state of thermoelastic body obtained
by A. Green and K. Lindsay in differential form is given by

3 32
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( ) 2 ( )i
pp ij ij ij ij i

jj p

u
e e f

x tt
θρ λ δ μ ηθδ ητ δ

= =

⎛ ⎞∂ ∂ ∂⎜ ⎟− + − − =
⎜ ⎟∂ ∂∂ ⎝ ⎠

∑ ∑ u u  in (0, )TΩ× , 1, 2,3,i = (1)
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( )pp
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e f
t tt x

θθ θ θχ τ κ η
= =

⎛ ⎞∂ ∂ ∂ ∂
+ − + Θ =⎜ ⎟⎜ ⎟∂ ∂∂ ∂⎝ ⎠

∑ ∑ u  in (0, )TΩ× , (2)
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( ) 2 ( )pp ij ij ij ij j i
j p

e e g
t
θλ δ μ ηθδ ητ δ ν

= =

⎛ ⎞∂⎜ ⎟+ − − =
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∑ ∑ u u    on 1 (0, )TΓ × ,  (0) =u 0   on 0 (0, )TΓ ×� , (3)

3

1
j

jj

g
x

θθκ ν
=

∂
=

∂∑   on 1 (0, )TΓ × ,         θ =0   on 0 (0, )TΓ ×� , (4)

0( ,0) ( )i iu x u x= , 1( ,0) ( )i
i

u
x u x

t
∂

=
∂

, 0( ,0) ( )x xθ θ= , 1( ,0) ( )x x
t
θ θ∂

=
∂

    in   Ω, i=1,2,3, (5)

where ijδ  is the Kronecker delta, 3( ) : (0, )iu T= Ω× →u R  is the displacement vector-function of thermoelastic

body, : (0, )Tθ Ω× → R  is the temperature distribution, λ, μ are Lamé constants, ρ is a mass density, κ >0 is a heat

conductivity coefficient, χ >0 is a thermal capacity, η is a thermoelastic constant, 0 0Θ >  is a temperature of the

medium in the natural state and 0 1,τ τ  are relaxation times. Note that in the case of 0 1 0τ τ= =  the nonclassical three-
dimensional model (1)-(5) coincides with the classical linear three-dimensional model for thermoelastic bodies.

To investigate the existence and uniqueness of weak solution of the three-dimensional initial-boundary value

problem (1)-(5) we consider the following variational formulation: Find 0 ([0, ]; ( ))C T∈ Ωu V , (0, ; ( ))L T∞′∈ Ωu V ,
2(0, ; ( ))L T∞′′∈ Ωu L , 0 ([0, ]; ( ))C T Vθθ ∈ Ω , (0, ; ( ))L T Vθθ ∞′∈ Ω , 2(0, ; ( ))L T Lθ ∞′′∈ Ω , which satisfies the following

equations in the sense of distributions on (0,T),

2 2 2 2 2
1

3 3

1( ) ( ) ( ) ( ) ( )
1 1

( (.), ) ( (.), ) ( , ) ( , ) ( , ) ( , ) ,   ( ),p p
L L

p pp p

v vd a
dt x x

ρ η θ ητ θΩ Ω Ω Ω Γ
= =

∂ ∂
′ ′+ − − = + ∀ ∈ Ω

∂ ∂∑ ∑L L Lu v u v f v g v v V (6)

2 2 2 2 2
1

3

0 0( ) ( ) ( ) ( ) ( )
1

( (.), ) ( (.), ) ( (.), ) ( , ) ( , ) ( , ) ,  ( ),p
L L L L L

pp

ud a f g V
dt x

θ θ θ θχτ θ ϕ χθ ϕ θ ϕ η ϕ ϕ ϕ ϕΩ Ω Ω Ω Γ
=

′∂
′ ′+ + + Θ = + ∀ ∈ Ω

∂∑ (7)

together with the initial conditions

0(0) ,=u u         1(0) ,′ =u u         0(0)θ θ= ,        1(0)θ θ′ = , (8)

where 0u , 1u  are the initial displacement and velocity vector-functions, 0θ , 1θ  are the initial distributions of the

temperature and of its rate of change, 1
0( ) { ( ); ( )      on  }Ω = ∈ Ω = ΓV v H tr v 0 � , 1( ) { ( ); ( ) 0V H trθ ϕ ϕΩ = ∈ Ω =

0on }Γ� , 1 1/ 2( ) ( ): Ω → Γtr H H  and 1 1/ 2: ( ) ( )tr H HΩ → Γ  are the trace operators,

3 3 3

1 1 , 1

3
1
0

1

( , ) ( ) ( ) 2 ( ) ( ) ,                  , ( ),

1( , ) ,    , ( ),   ( ) , , 1,3,
2

pp qq ij ij
p q i j

ji
ij

j j j ij

a e e e e dx

vv
a dx H e i j

x x x x
θ

λ μ

ϕ ϕϕ ϕ κ ϕ ϕ

= = =Ω

=Ω

⎛ ⎞
⎜ ⎟= + ∀ ∈ Ω
⎜ ⎟
⎝ ⎠

⎛ ⎞∂∂∂ ∂
= ∀ ∈ Ω = + =⎜ ⎟⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠

∑ ∑ ∑∫

∑∫

v v v v v v v v V

v

� � � �

�� �

2 ( )(.,.) ΩL , 2 ( )(.,.)L Ω , 2
1( )(.,.) ΓL  and 2

1( )(.,.)L Γ  are scalar products in the spaces 2 ( )ΩL , 2 ( )L Ω , 2
1( )ΓL  and 2

1( )L Γ ,
respectively.

For Green-Lindsay nonclassical dynamical three-dimensional model for thermoelastic body (6)-(8) the following
theorem is valid.
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Theorem 1. Suppose that 2
0 ( ) ( )∈ Ω ∩ Ωu H V , 1 ( )∈ Ωu V , 2

0 ( ) ( )H Vθθ ∈ Ω ∩ Ω , 1 ( )Vθθ ∈ Ω ,
2 2, (0, ; ( ))L T′∈ Ωf f L , 2 4/3

1, , (0, ; ( ))L T′ ′′∈ Γg g g L , 2 2, (0, ; ( ))f f L T Lθ θ′ ∈ Ω , 2 4/ 3
1, , (0, ; ( ))g g g L T Lθ θ θ′ ″ ∈ Γ ,

and the following compatibility conditions 
3 3

0 0 0 1 1
1 1

(0) ( ) 2 ( ) ,i pp ij ij ij ij j
j p

g e eλ δ μ ηθ δ ητ θ δ ν
= =

⎛ ⎞
⎜ ⎟= + − −
⎜ ⎟
⎝ ⎠

∑ ∑ u u  1, 2,3,i =    
3

0

1

(0) j
jj

g
x

θ θ
κ ν

=

∂
=

∂∑ . 

If 0μ > , 3 2 0λ μ+ >  and 0 10 τ τ< ≤ , then the initial-boundary value problem (6)-(8) possesses a unique
solution. 

In order to construct an algorithm of approximation of Green-Lindsay nonclassical three-dimensional model for
thermoelastic plates with variable thickness by a sequence of two-dimensional models let us consider the subspaces

2 ( )ΩNV , ( )ΩNV  and ( )ΩNH  of 2 ( ) ( )Ω ∩ ΩH V , ( )ΩV  and 2 ( )ΩL , respectively, 1 2 3( , , )N N N=N , consisting of

vector-functions whose components are polynomials with respect to the variable of plate thickness 3x ,  

( )iv=N Nv ,  
0

1 1( ) ( )
2

i i

i

i

N r
ii i r

r

v r v P z
h=

= +∑ NN ,     2 ( )
ir

iv L ω∈N ,  0 i ir N≤ ≤ ,  1, 2,3i = , 

where 3x h
z

h
−

= , 
2

h hh
+ −−

= , 
2

h hh
+ −+

= . In addition, we consider the subspaces ,2 ( )NV
θ

θ Ω , ( )NV
θ

θ Ω  and

( )NH
θ

θ Ω  of 2 ( ) ( )H V θΩ ∩ Ω , ( )V θ Ω  and 2 ( )L Ω , respectively, which consist of the following functions  

0

1 1( ) ( )
2

N r

N rN
r

r P z
h

θ

θ θ
ϕ ϕ

=

= +∑ ,     2 ( )
r

N L
θ

ϕ ω∈ , 0 r Nθ≤ ≤ .  

Since the functions h+  and h−  are Lipschitz continuous together with their first order derivatives in the interior
of the domain ω , from Rademacher’s theorem [12] it follows that h±  and hα

±∂  are differentiable almost

everywhere in *ω  and *, ( )h h Lα α β ω± ± ∞∂ ∂ ∂ ∈  for all subdomains *ω , *ω ω⊂ , , 1, 2α β = . Therefore, the

positiveness of h  in ω  implies that for any vector-function 3 2
1( ) ( )i iv == ∈ ΩN N Nv V  the corresponding functions

2 *( )
ir

iv H ω∈N  for all *ω , *ω ω⊂ , i.e. 2 ( )
ir

i locv H ω∈N , 0 , 1, 2,3i ir N i≤ ≤ = . Similarly, if 3
1( ) ( )i iv == ∈ ΩN N Nv V ,

then 1 *( )
ir

iv H ω∈N  for all *ω , *ω ω⊂ , i.e. 1 ( )
ir

i locv H ω∈N , 0 , 1, 2,3i ir N i≤ ≤ = . For functions from the spaces

,2 ( )NV
θ

θ Ω  and ( )NV
θ

θ Ω  we also have 2 ( )
r

locN H
θ

ϕ ω∈ , if ,2 ( )N NV
θ θ

θϕ ∈ Ω  and 1 ( )
r

locN H
θ

ϕ ω∈ , if ( )N NV
θ θ

θϕ ∈ Ω ,

0 r Nθ≤ ≤ . Moreover, the norms 2 ( ).
ΩH , 1( ).

ΩH  and 2 ( ). H Ω
, 1( ). H Ω

 in the spaces 2 ( )ΩH , 1( )ΩH  and 2 ( )H Ω ,

1( )H Ω  define weighted norms **. , *.  and **. θ , *. θ  of vector-functions  1,2,32[ ( )]N
locv H ω∈N

G
,

1,2,31[ ( )]N
locv H ω∈N

G
, 1,2,3 1 2 3 3N N N N= + + + , with components 

ir
ivN , ( )

ir
iv v= NN

G , and  12[ ( )]N
N locH θ

θ
ϕ ω +∈
G

,

11[ ( )]N
N locH θ

θ
ϕ ω +∈
G

, with components 
r

Nθ
ϕ , ( )

r

N Nθ θ
ϕ ϕ=
G

, such that 2 ( )**
v

Ω
=N N Hv

G
, 1 ( )*

v
Ω

=N N Hv
G

 and

2** ( )N N Hθ θθ
ϕ ϕ

Ω
=

G
, 1* ( )N N Hθ θθ

ϕ ϕ
Ω

=
G

. Using the properties of the Legendre polynomials, we can obtain

explicit expressions for the norms **. , *. , **. θ  and *. θ , particularly, the norm *.  is given by   

22

2 232 3/ 2 1/ 2
*

1 0 ( )( )

1 1( ) ( )(1 ( 1) )
2 2

i i i i
i i

i i i

N N s r
r s

i ii i
i r s r LL

v r s h v h v
ωω

+ − −

= = =

⎡
⎢= + + − − + +⎢
⎢⎣

∑∑ ∑N N N
G

 

2

22
3/ 2 1/ 2 3/ 2

1 1 ( )

1( )( ( 1) ) ( 1)
2

i i i i
i i

i i

N s r r
r s

i i ii i
s r L

s h h h v h v r h hvα α α α
α ω

++ − − − −

= = +

⎤
⎥+ + ∂ − − ∂ − ∂ + + ∂
⎥
⎦

∑ ∑ N N N , 

where we assume that the sum with the lower limit greater than the upper one equals zero. 
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For components 
ir

ivN  and 
r

Nθ
ϕ  of vector-functions 1,2,31[ ( )]N

locv H ω∈N
G

 and 11[ ( )]N
locN H θ

θ
ϕ ω +∈
JG

, which satisfy

the conditions 
*

v < ∞N
G

 and 
*Nθ θ

ϕ < ∞
G

 we can define the traces on γ� . Indeed, the corresponding vector-function

3
1( )i iv ==N Nv  and function Nθ

ϕ  of three space variables belong to the space 1( ) ( )Ω ⊂ ΩNV H  and
1( ) ( )NV H

θ

θ Ω ⊂ Ω , respectively. Consequently, applying the trace operator on the space 1( )H Ω  we define the traces

on γ�  for functions 
ir

ivN  and 
r

Nθ
ϕ ,  

3( ) ( ) | ( ) ,
i

i

hr
i i r

h

tr v tr v P z dxγ

+

−
Γ= ∫N N ��   3( ) ( ) | ( ) ,

hr

N rN
h

tr tr P z dx
θθγ ϕ ϕ

+

−
Γ= ∫ ��  0, ,i ir N=  1,3i = , 0,r Nθ= . 

Since the vector-functions ( )iv=N Nv  from the subspaces ( )ΩNV  and ( )ΩNH , and the functions Nθ
ϕ  from

( )NV
θ

θ Ω  and ( )NH
θ

θ Ω  are uniquely defined by functions 
ir

ivN  and 
r

Nθ
ϕ  of two space variables, therefore considering

the original three-dimensional problem (6)-(8) on these subspaces, we obtain the following hierarchy of two-
dimensional initial-boundary value problems: Find 0 ([0, ];w C T∈N

G ( )),V ωN
G

 (0, ;w L T∞′ ∈N
G  ( )),V ωN
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 (0, ;w L T∞′′ ∈N
G

( )),H ωN
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θ θ
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θ θ
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G G

, (0, ; ( ))N NL T H
θ θ

θζ ω∞′′ ∈
G G
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equations in the sense of distributions on (0, )T ,  

1( , ) ( , ) ( , ) ( ),N N N
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ζ τ ζ′ ′+ − + =N N N N N N N N N N
G GG G G G G G    ( ),v V ω∀ ∈N N
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θ θ θ θζ τ ζ ϕ ζ ϕ ϕ ϕ′ ′+ + + Θ =N N
G G GG G G GG  ( ),N NV

θ θ
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together with the initial conditions 
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taking account of the properties of Legendre polynomials, we obtain the following explicit expressions 
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The linear forms LN , NL
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θ  are defined by the right-hand sides of the equations (6), (7) and are given by 
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on the upper +Γ  and the lower −Γ  faces of the shell, respectively, 2
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G

 of the two-dimensional problem. 
For the constructed two-dimensional initial-boundary value problems (9)-(11) the following existence and

uniqueness theorem is proved. 
Theorem 2. If two-dimensional domain ω  and functions h+ , h−  are such that 3Ω ⊂ R  is a Lipschitz domain,
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, then the dynamical two-dimensional problem

(9)-(11) possesses a unique solution. 
Thus, we have constructed a two-dimensional hierarchical model of thermoelastic plate with variable thickness on the

basis of Green-Lindsay nonclassical three-dimensional model for thermoelastic bodies. In the following theorem we
present the results on the relationship between the obtained two-dimensional and original three-dimensional models, but in
order to formulate the theorem let us define the following anisotropic weighted Sobolev spaces 
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which are Hilbert spaces with respect to the corresponding norms.  
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where 0 1 2 0 1 2 0 0 1min{ 1, 1, , 1, 1, , 3 / 2, 3 / 2, 1}s s s s s s s s s sθ θ θ θ θ= − − − − − − −� � �  and 0( , , , , ,o T h±Ω Γ N�  ) 0Nθ → , as
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maTematikuri fizika

cvalebadi sisqis firfitebis zogierTi araklasikuri
organzomilebiani modelis Sesaxeb

g. avaliSvili*, m. avaliSvili**, d. gordeziani*

* i. javaxiSvilis sax. Tbilisis saxelmwifo universiteti
** saqarTvelos universiteti, Tbilisi

(warmodgenilia akademiis wevris r. bancuris mier)

naSromSi ganxilulia cvalebadi sisqis Termodrekadi firfitebis grin-lindseis araklasiku-
ri samganzomilebiani modeli. variaciuli midgomis gamoyenebiT samganzomilebiani modelis Sesa-
bamisi sawyis-sasazRvro amocana gamokvleulia saTanado sobolevis sivrceebSi. cvalebadi sisqis
firfitis samganzomilebiani modeli, roca firfitis zeda da qveda zedapirebze mocemulia Zabvebi
da siTbos nakadi, dayvanilia organzomilebiani modelebis ierarqiaze. miRebuli organzomilebiani
modelebis Sesabamisi sawyis-sasazRvro amocanebi gamokvleulia saTanado funqcionalur sivrce-
ebSi. amave dros, damtkicebulia reducirebuli organzomilebiani amocanebis amonaxsnebidan aR-
dgenili sami sivrciTi cvladis veqtor-funqciebis mimdevrobis krebadoba sawyisi samganzomile-
biani amocanis amonaxsnisaken da damatebiT pirobebSi miRebulia krebadobis rigis Sefaseba.

REFERENCES

1. A.E. Green, K.A. Lindsay (1972), J. Elasticity, 2: 1-7.
2. B. Carbonaro, J. Ignaczak (1987), J. Thermal Stresses, 10: 193-220.
3. R.B. Hetnarski, J. Ignaczak (1994), J. Thermal Stresses, 17: 377-396.
4. G. Fichera (1997), Rend. Mat. Acc. Lincei, 9, 8: 197-228.
5. T.V. Burchuladze, T.G. Gegelia (1985), Razvitie metoda potentsiala v teorii uprugosti. Tbilisi (in Russian).
6. I.N. Vekua  (1955), Trudy Tbilis. Matem. Inst., 21: 191-259 (in Russian).
7. D.G. Gordeziani  (1974), DAN SSSR, 215, 6: 1289-1292 (in Russian).
8. D.G. Gordeziani  (1974), DAN SSSR, 216, 4: 751-754 (in Russian).
9. V. Vogelius, I. Babuška (1981), Math. of Computation, 37, 155: 31-68.
10. M. Avalishvili, D. Gordeziani (2003), Georgian Math. J., 10, 1: 17-36.
11. G. Avalishvili, M. Avalishvili (2006), Bull. Georgian Natl. Acad. Sci., 174, 3: 399-402.
12. H. Whitney (1957), Geometric integration theory. Princeton University Press, Princeton.

Received  January, 2010




