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Abstract. With the development of modern society, research on properties of ordinary
differential equation is becoming one of the hotspots in mathematical field. Neutral
differential equation which is usually generated in natural science and engineering field is
always extensively concerned by many scientific researchers for it can effectively describe
multiple complex phenomena in natural world.

In recent years, differential equation and non-linear differential equation with time
delay have attracted more and more attention. However, few researches concern about
the properties of neutral differential equations with time delay. On account of this,
we explored the oscillation of third-order nonlinear neural delay differential equations.
Based on operators and integration techniques and with the help of proper comparison
theorem, we established some oscillation sufficient conditions for several new solutions
to such kind of equation. The obtained theorem which popularizes and improves results
of the existing literature is applicable to neural differential equations. These results
fully reflect the effects of time delay in oscillation of equation.
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1. Introduction

Owing to the demand on development of productivity and mathematicization
of science in 17 and 18 century, calculus gained a further development and was
gradually closely integrated with a series of subjects such as mechanics [1], physics,
geometry [2] and acoustics [3]. Under such a background, differential equation
theory emerged in response to the needs of times. Neutral differential equation
which has been researched for a long time can be used for describing many natural
phenomena. Hence studying neural differential equation is of great scientific and
academic values theoretically and practically. Many interesting and important
research topics deriving from study of neural differential equation have attracted
much attention.
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Due to abstraction and complexity [4], systems such as circuit signals, infec-
tion of epidemic disease [5] and automatic control usually have the defect of time
delay. For instance, lossless transport network of switching circuit of high-speed
computer can be affected by time delay feedback [6]. Time delay of dynamic
equation can reflect effects of previous, current and future states of matters on
change rules of matters [7] and deeply reveal the nature of matters [8]. Therefore,
neural differential equation with time delay becomes the research object of scho-
lars. Oscillation is a quite important research field in neural differential equation.
With the development of science and technology, oscillation is a universal motion
mode for substances [9].

In recent years, many scholars in this field have made several researches on
oscillation of first-order and high-order, linear and non-linear neutral differen-
tial equation [10, 11] and obtained considerable academically valuable achieve-
ments. In 1836, Sturm proposed and deeply studied the problem of oscillation of
second-order linear differential equation for the first time through studying heat
conduction [12, 13], which laid a good research basis for the oscillation theory
of differential equation [14]. Based on previous studies, this study explored the
oscillation of third-order differential equation.

2. Theoretical basis of third-order nonlinear neutral differential
equation with distributed time delay

In recent years, oscillation and asymptotic property of delay differential equation
have been extensively concerned. Compared to oscillation of second-order delay
differential equation, few results concern third-order delay differential equation,
especially third-order or higher neural differential equation with time delay [15].
Previous researches considered asymptotic property of non-oscillatory solution of
third-order nonlinear neutral differential equation with time delay [16]

[a () (b(1) (x(t) + p()x(a (1)) + a(t)z(7(1)) = 0, t =t (2.1)

as well as oscillation of solution of third-order neutral differential equation with
distributed time delay [17]

b

(T(t)([ﬁ(t)+p(t):v(0(t))]")a)’+/ q(t,8) f(x(g(t,€)))dE =0, t > to.  (2.2)

a

This study mainly considers oscillation of third-order neutral differential equa-
tion with more extensively distributed time delays:

{Tl(t)(fz(t)(fr(t)+p(t)w(0(t)))')’)”}’+/ q(t, &) f(2(7(t,€)))dE =0, t > to, (2.3)
that is,

{r1 (@) (r2(t) (z(t) + p)x (o (£))))} + q(t) f(x(t), 2(7(1))) =0, t > to.  (2.4)
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Several sufficient conditions for equation oscillation can be obtained if we
apply Riccati transformation and Hardy inequality method. t, is supposed as a
real number. Besides, I = [ty,00) and RT = (0,+00). Then, we establish the
following conditions.

(H1) For all t € [tg, +00), 11,72 € Cl[t0,+oo) (r1(t),ra(t) > 0, 7} (), r5(t) > 0
and ftj ds = +o0, ft L 7 (8)ds = 400);

(H2) For all t € [ty, +00), p,q € C[to,+oo) (0 <p(t) <b<1,q(t) >0, b refers
to constant);

(H3) 7,0 € C[ty, +00), o(t) <t, 7(t) <t, lim o(t) = +oo, lim 7(t) = 4o0;

t—+00 t——+00

rg(s

(H4) f € C(R* R). There is a positive constant k that can make ;y) > k when

y £ 0; ¢,7 € C(I x [a,b],RT),7(t,§) < t,7(t,&) is non-decreasing with
regard to t and & and moreover llm min 7(¢,&) = oo;
—+00 £€ab)
(H5) v =" (m and n are positive odd numbers); f(u) € C(R, R), u:t) > >0,
u # 0.

We suppose z(t) = z(t) +p(t)z(o(t)). It can be known from lim o(t) = +o00

t—+00

and lim 7(t) = +o0 that, there is T' that can make o(t) > t, when ¢t > T; besides,

t——+4o0

there is a minimum value as o(t) is continuous in the interval of [ty, +00) and it is
recorded as ;. Similarly, for 7(¢), there is also a minimum value ¢, in the interval
of [tg, +00). Hence we take the value of ¢, as min{ty, ¢y }; then we get 7(t) > t,
and o(t) > t,. Therefore we consider the solution of equation (2.4) has definition
in the interval of [t,,+00) and there is also T, that can make z(t) second order
and continuously differentiable and make ry(t)((r2(t)(x(t) + p(t)z(7(t)))"))" first
order and continuously differentiable and meet equation (2.4) when ¢ € [T}, +00).
If 2(t) is unbounded in zero locus set of [T, +00), then solution of equation (2.4),
i.e., x(t), is considered as oscillatory, that is, the final result is neither positive
nor negative. In contrast, if z(¢) is bounded in zero locus set, then solution of
equation (2.4), i.e., (), is non-oscillatory, that is, solution of equation (2.4) is
positive or negative. Before proof of theorem, necessary prerequisite knowledge
and lemma are given in the following.

3. Prerequisite knowledge

Lemma 3.1 Suppose (H1)~(H5) are tenable and z(t) is the final positive solution
of equation (2.3), then function z(t) defined by z(t) = x(t) + p(t)x(co(t)) only has
one of the following properties.

(1) 2() > 0, ri(H)2 (1) > 0, (m(t)2 (1)) > 0;
(2) 2(t) > 0, m()2(t) < 0, (r(£)2(t)) > 0.
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Proof. As z(t) is the final positive solution of equation (2.3), t € [t, +00), we
have:
x(t) > 0,z(c(t)) > 0,z(7(¢,£)) > 0.
It can be known from (H2) and z(t) = x(t) + p(t)x(c(t)) that z(t) > x(t) > 0
when ¢ € [t1, +00).
It can be known from (H5) that,

fx(7(t,€)))
zy(7(t,€))

>c>0.

—_

Hence, for all ¢ € [t;,4+00), there is f:q(t,f)f(x(T(t,f)))dg > 0, then

b
(r(@)((r2)2"(1))')7) = _/ q(t, &) f(x(7(t,€)))dE <0, t >t (3.1)
We can know that 71 (¢)((r2(¢)(z(t) + p(t)z(7(t)))")’)” is a decreasing function
on [t;,+00) and it is positive or negative eventually. Thus we have verified the
establishment of the first condition.
Otherwise, there is constant G > 0 and t5 > t; that can make:

r()((r2(0)2' (1)) < —G <0, t > o,

is the nth-autocommutator subgroup of G.
Now, we obtain the following series of characteristic subgroups. Integrating
the above equation from t5 to t and combining H1, we have:
/ / A
ro(t)2'(t) < ra(te)z'(ta) — G~ ——ds — —oo(t — +00). (3.2)

1 (s)

Hence, ro(t)2'(t) is negative eventually. Besides, it can be known from
(ro(t)2'(t)) < 0 and r5(t)2'(t) < 0 that, z(¢) is negative eventually, which is con-
tradictory with z(¢) > 0. Therefore, ((r2(t)2'(t))’)" is positive, i.e., (r2(¢)2'(¢))" > 0
holds.

It can be known from (r9(t)2'(¢)) > 0 that, ro(t)2'(¢) is monotonically increa-
sing in the interval of [t1, +00); therefore ro(t)2/(t) is either negative or positive.
The proof of Lemma 3.1 is over. n

It can be known from the above requirement of the question and monotonic
boundedness theory that, there is constant d > 0 that can make 1tlirn 2(t) = d.

—00

Besides, due to limit existence of z(t), d = 0. Otherwise, if d > 0, then for any
e > 0, there is

d<z(t)<d+ed<z(o(t) <d+ed<z(1(t,§)) <d+e, (3.3)
when t; > ¢,
Therein, L = w > 0.

d+e
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It can be known from (H5) that, when ¢ > ¢5, there is t5 € [t;, +00) that can

(H5
make f(z(7(t,€))) > ca”(7 3(t ,§)) = L2 (7(t,€)).

Combining equation (3.3), we have:

b
(r () ((r2()2'(2)))7)" < —cL”d”/ q(t, §)d¢ (3.4)

Hence, we can conclude that function rq(t)((ro(t)z'(¢))")? is monotonically
decreasing in the interval of [ty,+00). It can be known from the monotonic
boundedness theory that ri(t)((r2(t)2'(t))")Y > 0; there is a finite limit, i.e.,
tlggo r1(t)((r2(t)2'()))” > 0. Integrating equation (3.4) in the interval of [t, +00),
we have:

+oo
() ((ro(6)2'(¢))) — lim r1(¢)((r2(2)2'(t))") > —cL”dV/ / &)déds.

t—o00

Hence, 1 (t)((ra(t)2'(t))")" > cL7d [ fz q(s,&)déds, that is,

(ra(£)2'()) > ¢ Ld (rll(t) /t m / bq(s,g)dgds)i . (3.5)

It can be known from (75(¢)2'(¢))" > 0 that r5(¢)2'(¢) is monotone increasing in the
interval of [t2, +00). Besides, ro(t)2(t) < 0. It can be known from the monotonic
boundedness theory that there is a finite limit, i.e., tlim ro(t)2'(t) < 0. Integrating

equation (3.5) in the interval of [t, +00), we have:

Tim ro(1)2/(1) — ra(8)2/(1) = e Ld / (m / m / dgds) 1 du.

Then, we get

—ry(t)2 () > ¢ Ld / ( o / - / dgds) du,
() > Z(I;;l /tm (7’1 /m/ dgds)ldu (3.6)

As 2/(t) is monotonically decreasing in the interval of [ty, +00) (2/(t) < 0 and
z(t) > 0), we can know that there is a finite limit, i.e., tlim z(t) > 0. Integrating
—00

=

that is,

equation (3.6) in the interval of [t, +00), we have:

2(tz) = lim 2(t) > v Ld /:O Tit) / (m / m / dgds) 1 dudv,

Hence,

2(ty) > 7 Ld /:O T;(t) / ( o / m / dgds> dudv.

|
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The result obtained is contradictory with equation (3.2).
Because of 0 < z(t) < z(t), we know that lim x(t) = lim z(¢) = 0. The proof

t—o00 t—o00

of Lemma 3.1 is over. n

Lemma 3.2 Suppose there is w(t) > 0,w'(t) > 0,w"(t) < 0,9(t) < t in the
interval of t € [tg, +00). Then, for any 6 € (0,1), there is Ty >ty that can make:

w(g(t)) > Q@w(t), t > Tp.

Proof. Applying Lagrange’s mean value theorem and considering that fact that
w'(t) is monotonically decreasing, we have:

w(t) —w(g(t)) < w'(g(t)(t — g(t))

Multiplying both sides of the above inequation with m, we have:

wt) L W)= g(t) (3.7)

w(g®) = w(g(®))

Using Lagrange’s mean value theorem again, we have:

w(g(t)) = w(g(t)) — wlte) = w'(g(t))(g(t) — to)-

Therefore, for any 6 € (0, 1), there is Ty > to that can make:
to

w(g(t) o
o > 90 (1 57) 250 3

Combining equation (3.7) and (3.8), we can get:

)
_w(t) Lo ot
wlg@) =T g I = Gy

e, w(g(t)) > 9@11}(15),75 > Ty. The proof of Lemma 3.2 is over. n

Lemma 3.3 If z(t) > 0,ry(t)2'(t) > 0 and (ro(t)2'(t))" > 0 hold in the interval
of t € [Ty, +00), then there is 3 € (0,1) and Tz > Ty that can make:

z(t) > pt2'(t), t > Tp.

Proof. Suppose y(t) = f:ﬁg Ty(s)z'(s)ds,t € [Ty, +00). Then, the following condi-
tions with regard to y(¢) hold.

y(t) > 0,9/ (t) > 0,y"(t) > 0,y"(t) <O0.
Besides, there is § € (0,1) and T3 > Ty that can make y(t) > SGty'(t),t > Tg,

that is,
thQ ro(s)2'(s)d

7w 2Ptz T (3.9)
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Using the distribution integral method and taking (H1) into account, we have:

/ 1a()2 (5)ds = ra(0) () [, / 5 ()2(s)ds

Ty

Combining this with equation (3.9) yields:

ra(t)z(t)
ro(t)2!(t)

that is, z(t) > pt2/(t),t > T. The proof of Lemma 3.3 is over. n

> Bt, t > Tp,

Lemma 3.4 Suppose A and B are non-negative constants. Then we have:
AY = XABM ' 4 (u—1)B*>0, A > 1.

The equation holds if and only if A = B.

4. Main results and proof

Theorem 4.1 Suppose (H1)~(H5) and equation (3.2) are tenable, and moreover

o (2080 - (1 27) e

where B is given by Lemma 3.3. For convenience, we write:

7i(s) =7(s,a)
T1(s) 1

b
Rn(s) [ n )dsants) = (1) [ als.€)de
t0 a
Then, every solution of equation (2.3), i.e., x(t), either oscillate or satisfies

lim z(t) = 0.
t—+o0
Proof. Suppose z(t) is a non-oscillatory solution of equation (2.3) and it is
positive. Then, we can know from Lemma 3.1 that, z(¢) can only satisfy property
(1) or (2). On that condition that z(t) satisfying property (1), there exists t; > t,
such that
z(t) > 0,z(c(t)) > 0,2'(t) > 0

when ¢ > t;. Then, z(t) is considered monotonically increasing in the interval of
[t1,+00). And then
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Combining this with (H5), we have:

b

(i () ((r2(t)2(1))')7) = —/ q(t, &) f(x(7(t,€)))dE

a

< —e(l—p) / o(t, €)= (7(t, £))de

b
< —c(1 —p)W(T(t,a»/ q(t, §)d¢
< —qi(t)27(ni(t)) < 0.

Then, we get

(r@)((r2(0)z(1))')") = —aq(t)z7(71(t)) <0, (4.2)
where q;(t) = (1 — p)? [ q(t, €)d€.
T
is defined.
It can be known from equation (3.1) that,
W(t) = RV (r(t))ra(t) <7~2 (22(%))?((?1)(;))) .

Thus, when t > t,, there is t5 > t; such that
z(t) > 0, (r2(t)2(t)) > 0,7m2(m1 ()2 (11(t)) > 0, (ro(2)2'(¢))" < 0.
Then, W (t) > 0 (t > ty). Considering Lemma 3.3 and equation (4.2), we have:

w'(t)

(ra(m ()2 (1 (1))

( (ra(t) (1)) )W_mm(t))ql(t)z'f(t))
ro(T1(t)) 2 (11(2))
e oo () ) (ra(m () (1 () (1)
Bn®) (ra(ra (D)2 (m (£)))7 1
<R RO (- PO ) (ORI )
o oy OO 1))
B ) = am @y m@)y
TR (1) (OZ0) \" (Ar@Rm)Y
= Rin() On® <7"2(71(t))2'(71(t))> ( ra(ra (1)) )QI“)
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y7'(t) jreas! = (r2(t)21(t)) S
- T () (t)
( ( (72 t)) )

R (t))ry (i (1)) (D)= (n(
(BRI’ ) 28 (m@)
- ( ra(n (D) )%®+(W@ W) Fm)

It can be known from Lemma 3.4 that,

, B (R (1)) £ 1\ R (1))
”“”§‘< ra(ri (1) )%W+( 7) Rin(D)

Integrating both sides of the above equation, we have:

vz [ (Y i (22)

Assume t — +o00. Considering equation (4.1), we know that, W (t) — —oo, which
is contradictory with W (¢) > 0. Therefore, x(t) oscillates.

Then, if z(t) satisfy property (2), we can know from equation (3.2) and Lemma
3.1 that lim z(¢) = 0. The proof of the theorem is over. .

t——+o0

Deduction 4.2 If equation (4.1) in Theorem 4.1 is substituted with

iy |, (i) o ()

then the conclusion of Theorem 4.1 still holds.

Proof. If we only consider z(t) satisfying property (1), then for all sufficiently
large t, there exists € > 0 and t5 > t; that can make:

m /t: (ﬂTzS()f((sT)l)(S)))7 qi(s)ds > (WTH)W +e
that is,

/t: (6T1(S)R(Tl(8)))7q1(s)ds ) <7—+1>v+1 R > e RO (0

72(71(5)) v
Therefore,
[/ Br(s)R(m(s))\ (2T E@Oe) |,
LJ( ra(n(5)) >m@“ (g ) Rm@Jd (43)
<elnR(m(t)) + (WTH) In R(7(ts))

It can be known from (H1) that tliin R(7(t)) = oo. Hence, equation (4.3) ensures

the holding of equation (4.1). .
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Deduction 4.3 If equation (4.1) in Theorem 4.1 is substituted with

imin At R(n (1) 77_ R(71(1)) v +1 v+1
lﬁ+oof( ro(T1(t)) ) l(t)R/(Tl(t))>( - ) : (4.4)

then the conclusion of Theorem 4.1 holds.

Proof. If equation (4.4) holds, then for all sufficiently large ¢, there exists £ > 0
and t9 > t; that can make

SR\ Rn() _ (y+1\""
( ra(m(2)) )T““Rfvl(t))z( Y ) e

R/(n(t)

Multiplying both sides of the above equation with R/((T?((t)) , we have:

SRR (141) RE®) | R@©)
( a1 (0) ) 1(f) ( 5 ) R(n(®) ~ “Ri(n(t)

Therefore, the above equation ensures the holding of equation (4.4).

Next, we will prove the Philos oscillation criteria of equation (2.3). Conside-
ring set Dy = {(t,s) : t > s > Tp} and D = {(t,s) : t > s > Ty}, we call the
function H possesses property P if the function H € C(D, R) and satisfies the
following conditions:

(I) H(t,t) = 0.t > to, H(t,s) > 0, (t,s) € Dy;

(IT) For all (t,s) € Dy, % is continuous and non-positive.

Theorem 4.4 Suppose (H1)~(H5) and equation (3.2) hold. Then there is the P
function H(t,s),h € C(Dy,R) and p € C'(I,R") (I = [ty,00), RT = (0,+00))
that can make

COHWs) s ),
B4 = h(t,s)H "1 (t,s) + o0 H(t,s) (4.5)

and
htril-fip Tt 1o) /to (H(t,s)@(s) - % |h(t, 5)|7+1)ds =400, (4.6)

where

Q(s) = p(s)a(s) (597,(S)>77

ry(s) s

B,0,91(s) and qi(s) are defined according to Lemmas 3.2 and 3.3. Then, every
solution of equation (2.3), i.e., oscillates or satisfies tli+m z(t) = 0.
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Proof. If x(t) is a non-oscillatory solution of equation (2.3) and does not lose
generality, then we can suppose x(t) > 0. Similar to the proof of Theorem 4.1, we
consider z(t) satisfies property (1) or (2). If z(¢) satisfies property (1), i.e., there
exists t; > to that can make

2(t) > 0,7m2()2'(t) > 0, (r2(t)2'(t))" > 0,

when ¢ > t;.
Moreover, equation (4.2) holds. The function W(t) is defined as follows.

W(t) = plt)r (1) (M) I

ro(t) 2! (t)

Then W (t) > 0 (t > t;). Combining equation (2.3) and (4.2), we have:

- (B (800

() o ()
e

Ao (Y St (s
oo ()
2Oy - L1900 (2D s

that is,
W= /;,((tt))W(t) - plfﬁ?ﬁf” <Z<ZT/1(<£)))W - (p(t>:1 (t));wlﬂt) (4.7)

In Theorem 4.4, suppose w(t) = Z/(t). Then, we get Z,%t) > t;&%), t>Ty) > t.
Combining this with Theorem 4, we have:

1 57'1 (t)
@) = =n()

7t2T,82T97

then Z,L(t) > tif:f((;))) ,t > Ts. Combining this with equation (4.7), we have:

W) < p’(t)W(t)_p(tqu(t) (ﬁGTt{(t))”_WW”ﬂ(t), t> Ty (4.8)
pPLL)TIL))”
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Both sides of equation (4.8) multiply with H(¢,s) and then it is integrated from
T(> Tp) to t. Combining the above result with equation (4.5), we get the following
equation:

o
(t s)W (s ‘T
/T W)+ EE W () = (e 5o () () s
=H(t,T)W(T)+
[ 7 W) =) sl W (9] s
< H(t, T)W(T)+
| [l ¢ owis) = ame s eone) W e @)

Combining the above result with Theorem 5, we suppose

A:W(S) B = p(8>7’1(8)|h(t78)|7 )\:1+l
’ (y+ )7 H71(t,s) v
Then, we have:
LY o @M ) e Lp(s)n(e) ™ bt )
<1+7) W) (v + D)HT(t, s) W )Sv (v+ )7L H(t, s)

Multiplying both ends of the above equation with vH (¢, s)(p(s)rl(s))fi, we have:

p(s)ri(s) |At,s)""
(v+1) '

IN

Aty )| H 5 (t, )W (s) — yH(t, 8)(p(s)r1(s) T W3 ()
Then, equation (4.9) transforms into:

" p(s)ri(s) h(t )"

/Hts $)ds < H(t, T)W(T)+/T Ry
Therefore,
T /T (mt,sw(s)—”Wgﬁ‘f;fj)‘ >ds§W(T5),

which is contradictory with equation (4.6). It follows that z(t) is the oscillation
solution of equation (2.3).
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Then, if x(t) satisfies property (2), we can get lim z(¢) = 0 from equation

t—+o00

(3.2) and the theorem. .

5. Some properties of autonilpotent groups

Note that when ry(t) = 1, equation (2.3) transforms into:

b
{r()((z(t) + p(t)z(a(1))) )} + / q(t, &) f(x(7(t,€)))ds = 0, t = to.
Corresponding theorem of the above equation can be obtained from the theorem of
this study. Therefore, we can say, theorem of this study generalizes corresponding

theorem of the above equation.

6. Conclusion

In conclusion, this study established oscillatory criteria for equation (2.3). The
novelty of this study lies in the innovation of the differential equations we studied,
understandable inference process and convenient use of the conclusion obtained.
However, we found that, the restrictive conditions given by the equation were too
strict. Whether restrictive conditions can be reduced or relaxed and whether such
kind of method can be used for exploring oscillation of higher-order functional
differential equation are expected to be further explored in the future.

Exploration of boundary value problem of differential equation is an impor-
tant part of differential equation, which is of great significance to many problems
theoretically. Due to practical condition and demand of practical engineering,
more and more scholars will deeply discuss over boundary value problem of dif-
ferential equation. Chinese financial industry develops rapidly currently, which
increases the complexity and uncertainty of research problems. Most specialists
consider that boundary value problem of random differential equation will be the
hot research direction of boundary value problem in the future.
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