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Abstract: The paper is proposed a mathematical model of source recovery for the partial
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1. INTRODUCTION

Operation of a main oil pipeline presupposes the activities necessary for the continuous,
proper and efficient functioning of the oil pipeline, including diagnostics and operational dispatch
control.

The mathematical model is reduced to the inverse problem for the heat equation on a tree-
graph. According to the model, diagnostics of the linear part of the main oil pipeline is carried
out by installing a sensor at any point (vertex of the graph) of the main oil pipeline of one region
this makes it possible to find out the state on any fragment of the linear part (edge of the graph)
in another region where the dispatch center is located.

Diagnostics of the linear part of main oil pipelines is carried out to ensure safety, detect and
classify defects (failures) and their precise localization, determine the possibility of their further
operation at design technological modes, and calculate the permissible operating pressure [1].

Based on the results of technical diagnostics, a conclusion is drawn up on the technical con-
dition of the equipment, taking into account the identification of incidents, which will prevent
the risks of failure and monitor the technical condition of the main oil pipeline.

An incident implies a failure or damage to a production facility, as well as a deviation from the
mode of the technological process. It is usually presented in the form of damage and congestion
of the linear part.

Damage to the linear part is characterized by a violation of integrity, leading to loss of oil in
the pipeline. Congestion is characterized by the accumulation of impurities and impurities on
the inner side of the pipeline walls, leading to a decrease in oil flow.

Practical application of the developed model will make it possible to identify these types of
incidents along the entire length of the main oil pipeline for their further elimination.

Controllability and inverse problems for parabolic equations on a tree-graph are related to
the cable equation. From a practical point of view, such models find application in studying
the influence of a continuous medium of a fluid flow through a main network. We consider the
theoretical description from the point of view of source recovery in the cable equation.
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2. MATHEMATICAL FORMULATION OF THE PROBLEM

Denote by © = {E,V} a finite connected compact metric tree graph, where E =
{e1,€9,...,en} is the set of edges and V = {v1,v1,...vn41} a set of vertices. For a met-
ric graph, each edge e; € E is identified with the interval (ag;_1,a2;) of a real line of positive
length I; = |agj—1 —azj]. A tree graph has no cycles. The edges of the graph converge at
the vertices v;, which create the endpoint equivalence class {a;}. The star graph consists of
all edges included in one internal vertex v. A pencil-graph is a star graph, all of whose edges,
except one, are boundary edges of the graph 2.

We consider a connected finite compact metric tree graph. For such a graph {v1,72,...,vm} =
00 C V boundary vertices, that is, if d(v) is the vertex index denotes the number of edges
included in this vertex, then 9Q = {v € V|d(v) = 1}.

We assume that no vertex has index 2, or we can consider an equivalent graph with two
coincident edges. Therefore, V\OQ = {v € V|d(v) > 2}.

The problem of identifying the source is reduced to the study of the parabolic equation:

Ut — Ugy + q(x)u = p(t)h(xz) on E x (0,T) (1)

{ ZejNV Ouj(v,t) = 0 at each vertex v € V\0Q, te[0,T] @)

u(-,t) are continuous at each vertex for all ¢ € [0,7]

Ou= fon 90 x [0,T], ult=p = 0 on Q (3)

The matching conditions are expressed in (2), where Ou;(v,-) means the derivative of the
function u towards the vertex v, taken along the edge e in the direction from the vertex. In
this case, e; ~ v means the edge e;, entering the vertex v, and the sum is taken over all edges
entering v . From the point of view of our practical model, this is the law of conservation of the
current state.

Let H = L?(Q) and FT = L2([0,T];R™).

For the direct problem, the result is known [2]:

Theorem 1. If f,p € F', q,h € H then for each t € [0,T], u = uf(-,t) € H and
ul € C([0,T];H), where uf— is a generalized solution (1)-(3).

Here pcH'(0,T). Application of the boundary control method is reduced to specifying the
response operator RT : FI' — FT' as

(RTf) () =uf (1), telo,T] (4)

The inverse problem is to restore the source — the vector h(-), sought by R” f forall f e FT .
This also means that we know RTf for f=0.

Solution (1) - (3) can be written in the form u = y 4 z, taking into account that y and z
are solutions to the problems:

()

Yt — Yoz + q(x)y =00n E x (0,7
dy = f on 00 x [0, T

{Zt — Zar + q()z = p(t)h(x) on E x (0,T) (6)

0z = f on 002 x [0, T

with y and z, satisfying the Kirchhoff-Neumann matching conditions on V\9€2 and zero initial
conditions. Let us represent the solution of equation (5) in the form y/. Hence, for (5) the
response operator RT : FI' — FT is given by the formula

T _f _,f _.,0 _ pT »T
(R f) (t)—y‘ag—u|ag_y|aQ_R f—R0. (7>
The first inverse problem of recovering the vector ¢(-) from RTf for all f € FT was solved
in [3].
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Theorem 2. The operator RT : FT' — FT | known for any T>0, uniquely determines the
topology, edge lengths and edge potentials qj, j=1,2,...,N, of a graph.

Our main goal is to solve inverse problem (6), with Kirchhoff-Neumann matching conditions
on V\0Q, and zero initial conditions. On the basis of Theorem 2, the potential q is assumed
to be known. We denote the solution z as u’. Thus, based on our observations

X(t) = zjp0 = v’ |90
and the well-known solution for reconstructing the potentials of the edges ¢(-) of the graph, our
inverse problem is to use observations x(t),t € [0, 7] to find the vector h(-) on E.
Let the operator L, be given by the expression
d%¢

(£9) (2) = ——5 () +q(2) & () (8)
defined on E with domain D (£) = H2. Here H? is the space of continuous functions v on
such that v, € H 2(e) for each e € E, satisfying the Kirchhoff-Neumann matching conditions
at each interior vertex, and the boundary condition 9¢pq = 0. The spectrum of L s strictly
discrete, the eigenvalues {\,} are of finite multiplicity, and the corresponding eigenfunctions
{¢n} form an orthonormal basis in #H . It is known that the eigenfunctions are bounded and
the estimate |\,|+ 1xn? is valid for the eigenvalues.

Under zero boundary conditions for the heat flux, there is no nontrivial solution to the eigen-
value problem associated with (8) for (A¢ R). Therefore, let ¢f(x, A) be the only solution to
the initial-boundary value problem L¢ = A¢ on E satisfying the Kirchhoff-Neumann matching
conditions on the inner vertices, and the boundary conditions

¢ (v, \) =i =1,2,...,m, f=col(f, 1% .., f™) ©
The Titchmarsh-Weyl matrix function (TW), M (A), is uniquely determined by the relation
oo =MNFf (v, ) =F, 7=12,...,m, f=col(f'f%....f™) 10)

The TW -function M (X) = {M;; }Z;':l’ known for JA > 0, is constructed from our data and
is used to solve the inverse problem on the graph.

Using the Kirchhoff-Neumann matching condition and integrating by parts, we give the solu-
tion of the initial-boundary value problem with boundary condition (9) in the form

Flr ) = .- M 11

o1 (2,)) Zl o e (@) (11)

Here (f,¢nloq) stands for the scalar product in R™. Therefore, the TW-matrix function
{M;;}";_, is defined as follows

- <fa ¢n|8Q> . > On (’Yz) o ('Yj)
M(A)f—; o Pilon s L Mmm—; T (12)
All series in these expressions converge due to the boundedness of the eigenfunctions and the
above growth of the eigenvalues.
For the complete construction, we now have to reconstruct the spectral data (SD) =
{ My dnloatpen from dynamic inverse data (operator RT"), using the coupling operator CT
and spectral controllability of the system (5).

Theorem 3. For any T >0 and for each n € N, there is a control f, € F := H} (0, T;R™)
such that vIn (-, T) = ¢,, in Q. Controllability can be achieved without using control at any one
boundary vertex, that is, we can put, say, f™(t)=0, te[0,7T].

Control data f,g € FT', with yf and y9, will be the corresponding solutions (7), and
without loss of generality, we will assume that f™ = ¢™ = 0. The communication operator
CT . FT - FT in its bilinear form

(CTf7g)]:T = <yf ( ) T)a yg ( ’T))H‘ (13)
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With the help of (13) we can find the spectral data. Now suppose that in problem (6) we know
q(-) on E and we want to restore h(z) on E. Recall that x () = 2/9q are our observations,

p€ H'Y(0,T), p(0)#0,and H = L? (). Then the solution to problem (8):

t) = i hnén, () /Otp (t—1) e Mtdr (14)
where hy, = (h, ¢n),, . Hence,
() = [ =)W ds (15)
where -
— Z hn¢n (O) e_)\nt (16>
n=1

Differentiating (15), we arrive at the Volterra integral equation of the second kind with respect
to W (-):

X <t>:p<o>W<t>+/0 P (t— )W (s)ds (17)

Theorem 4. The family {¢, (0) e*)‘“t}te[o T
T > 0 with biorthogonal sequence {6,}. Hence,

is minimal on FT = L%([0,T];R™), for all

hn = (W, 0) h(z) =) hnon ()

The development of a numerical method for determining ©,, is quite difficult even in the one-
dimensional case. Nevertheless, for a single edge, say e;, which we identify with the interval
(0, 1;), we propose a direct approach to finding h,, , and hence h(z). For h, = (h|ei, ¢n)L2(e-)

the solution to problem (8) on e; takes the form

z (z,t) / (Z hnon (x _’\"(t_T)) dr (18)

Thence we obtain

X(t) =2(0,t) = / (thn e (- 8>) ds (19)

If we put Z (z,t) =00 | huoy (z) et | then Z satisfies the following equation

Zt—Zypw+q(x) Z =0 O<z<l, 0<t<T
Z (0,t) =0=Z,(I,t) 0<t<T (20)
Z (x,0) :Zn>1 hnon () = h(z) 0<z<l;.

Thus, z (z,t) = [ p( (x,t — 7)d7, so if we put r(¢t) := Z(0,t), then

X(®) =/0 p(t—r)r(r)dr (21)

Differentiating the expression in (44), we arrive at the Volterra integral equation of the second
kind with respect to 7 (-):

Y (6) =p(0)r (1) + /0 P (t—r)r(r)dr (22)

Thus, there is a unique solution 7 (¢) for 0 <t < T'. Having r(t) = Zn L Tne” Mt where

Tn = hnon (0), and knowing the spectral data {\,, ¢, (0)}, defined values rns and determined
by the values h, s, and hence the function A (z) on e;.

Tneé
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Now suppose we got 7 (¢) from solution (22). For a solution for any number 7 s, say, N € N,

we put: 7y (t) = SN re Mt One way to calculate:

1 1 1 e 17 [ ry (0)
AMAgds .. AN ro —7y (0)
Vi = A3\ L 2% rg | = & (0)
)\Jl\/—l)\é\/—l)\é\f—l . )\%_1 TN (_1)N_17"§\];V:11) (0)

Since V is the Vandermonde determinant and the eigenvalues are prime, V' is non-degenerate,
so the vector r;ls can be uniquely found. Another calculation option is to select small ¢; from
the interval (0,7"), and the assumption that t; = jt;, j =1, ..., N. Then one can

define an N x N matrix My = (e_/\jti) and solve the matrix equation Myz = d , Where
AT = (r(t1),r (t2), ..., r(tn)).

The matrix M is non-degenerate, as can be shown, it will be degenerate if and only if some
of the A5 are equal. In one of two cases, we have ¢ (x) and h (z).

The problem will theoretically be completed when we restore k original g; parameters of
conductivity.

In the initial scaling of the cable equation, we chose arbitrary i, 1 < ¢ < k and defined
u=wv— E;. So the N-vectors u and h defined on Ex (0,T), must be indexed by i; say

w = ull and h = K1, where each component Al is given as hy] = Zlgjgk g1 Eji . Then,
to solve Inverse Problem 1, you must first obtain ¢ (-), and then solve the Inverse Problem 2
k-fold, to find All, i =1, 2, ..., k. The matrix of conductivity parameters takes the form

g = (951) € RN*k . We define & = (eij) € RE¥E+L and e;; = R and eij = E; j_1 for
2<j<k+1, 1<i<k.IfKeRFIXF isgsuch that EX = I, where I, is a k x k
identification matrix, then G = [h] K, where [h] is an N x k matrix with the i-th column hl? .
The presented mathematical model is a theoretical substantiation of an inverse problem with
a finite number of distributed parameters for a partial differential equation on a tree graph.
The leaf peeling method [4] allows solving the problem sequentially on a segment, on a tree-
graph, on a sheaf-graph, over the entire tree-graph.

3. CONCLUSION

This paper continues the research of famous scientists in the field of control theory and
inverse problems on graphs. The most constructive procedures for solving a whole class of
inverse problems are reflected in the scientific results of SA Avdonin, his co-authors and his
scientific school. They have created a mathematically rigorous approach to control problems
and inverse problems for partial differential equations on graphs. A boundary control method
(BCM) has been developed based on the relationship between inverse problems (identification)
and controllability of dynamic systems: if the system is controllable, then it is identifiable. This
method has been successfully applied to almost all linear equations of mathematical physics: the
wave equation; heat conduction equations, Maxwell, Schrodinger. BCM advantages: it remains
linear at all stages; applicable to a wide range of linear systems; it is essentially independent of
the dimension of the system and, finally, allows one to construct simple algorithms and provide
stable numerical implementations. A characteristic feature of BCM is its locality. For inverse
problems on graphs, this means that only data related to this subgraph is required to restore the
topology and other parameters of a subgraph. This property provides the advantage of BCM
over other methods and allows us to extend the proposed approach from interval to graphs
when solving inverse problems of mathematical physics. Another distinctive feature of BCM
lies in a variety of interdisciplinary connections: in addition to partial differential equations,
controllability theory of systems, asymptotic methods, complex analysis, functional analysis,
operator theory, Banach algebras, etc. are used.
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Another important method is the leaf peeling method, developed by S. Avdonin and P.
Kurasov in [2]. This method assumes a sequential procedure for restoring tree parameters
from vertices to the root.

In [5], the leaf peeling method was successfully applied to inverse boundary value problems
with non-standard equations at the vertices, and in [6-9] - to two-speed wave equations on
tree-type graphs. The leaf peeling method allows one to reduce the control problem and the
inverse problem to the integral equations of Volterra or Fredholm with subsequent numerical
implementation.

Spectral and dynamic inverse problems for parabolic, wave and Schrédinger equations were
solved [4] on graphs without cycles.

Source identification problems for the wave equation on graphs were solved in [10].

In [11, 3], inverse problems were considered for parabolic equations of the form: u; — uzz +
q(x)u = p(t)h(z) . At the inner vertices of the tree graph, Kirchhoff-Neumann matching condi-
tions are specified. From the point of view of the neural model, this is the law of conservation
of currents. The problem of recovering the topology of the graph, the lengths of the edges, as
well as the potential q and the source h on the edges of the graph is solved from the dynamic
inverse data.

In this paper, we continued to develop the ideas of these [2]-[11]| papers from the point of view
of practical application in the diagnosis of congestion in oil pipelines.
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MyHaii KyOBbIPDBIHBIH, TEXHUKAJIBIK, >KaFJalibIH JUarHOCTUKAJIAY/IbIH MaTEeMAaTUKAJIBIK Herizagemeci

AnHoTanua. Makaanga rpad-aramrarsl mapabosablk THITEr aepbec TybIHABLIAPAAFb auddepeHnnaliIbIK, TeHIEY
VIIH K3/l CONKEeCTUHIIPYAIH MaTeMaTUKAJIBIK MOJIEJ1 YCHIHBLIFaH. O3ipJIEHIeH MOJIEJIb CYWBIKTBIKTAP/Ibl aiifjay »Ky3ere
aChIPbUIATHIH ayKbIMIbI KYOBIPXKOJIIAP/IbIH [TaliJaJlaHblUIYbIH JUArHOCTUKAJIAY/ 1A, aTal alfTKaH1a, MaruCTpPaJsbIblK, MyHal
KYOBIDBIHBIH, YKeKe OYBIHBIH/IA KEITEJIICTI aHBIKTay/ /18 HOTYXKeJIepAl KOoJJaHyFa MyMKIH/IK Gepei.

TyiiliH ce3mep: MAruCTpaabIbIK MyHal KyObIpbl, MyHall KyObIpbl OYBIHBIHIAFLI KENTEIC, XKbUTy TeHeyi, rpad-arar,
KO3/l CoKeCTeH/Iipy, IIeKapaJiblK, backapy o/ici, leaf peeling omici.
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MaremaTnyeckoe o60cHOBaHUE ANATrHOCTUKU TEXHUYIECKOI'o COCTOAHUA Hed)TerOBO,Z[a

AnHOTanua. B crarbe npe/uiaraercss MaTeMaTH4decKast MO/€JIb BOCCTAHOBJIEHUsI HCTOYHUKA 11 MM DePeHIaIbLHOTIO
ypaBHEHUsI B YaCTHBIX I[IPOM3BOAHBIX MapaboimdyecKoro tumna Ha rpade-gepeBe. PaspaboraHHasi MOJIE/b O3BOJISIET
IIPUMEHHUTH Pe3yJbTaThl B JMACHOCTHKE SKCIUIyaTallud MacIITabHBIX TPYOOIPOBOJOB, IO KOTOPBIM OCYIIECTBIISIETCS
nepekadyka >KUIKOCTEN, B 4aCTHOCTH, OOHAPY KEHHsI 3aTOpa B OTJAEJbHOM 3BEHE MaruCTPAJIBLHOrO HeTEIpoBoIa.

KurroueBblie cioBa: MarucTpajbHBIN HeTEIIPOBOL, 3aTOP B 3BeHe HePTEIPOBOIA, TEIJIOBOE yPaBHEHHE, Ipad-IepeBo,

uAeHTH(PUKAIUSA UCTOYHUKA, METOJ] TPAHUYHOrO yrupasienus, leaf peeling method.
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