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Abstract

This paper is concerned with the numerical solution of functional-differential and func-
tional equations which include functional-differential equations of neutral type as special
cases. The adaptation of general linear methods is considered. It is proved that A-stable
general linear methods can inherit the asymptotic stability of underlying linear systems.
Some general results of numerical stability are also given.
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1. Introduction

Neutral functional differential equations with one state-independent time delay are usually
formulated in the form

y'(t) = f(t,y(0),y(o(t), ¥ (6(1)), t=0, (1.1)

where f and ¢ are given functions with ¢(¢t) < ¢ for ¢t > 0.
In contrast to (1.1) there are neutral functional differential equations of the form

[2(t) = g(t, 2(6(1)))] = f(t, 2(1), 2((1))), t =0, (1.2)
where f, g and ¢ are given functions with ¢(¢) < ¢ for ¢ > 0. To distinguish (1.2) from (1.1), Liu

[17] calls (1.1) an explicit neutral equation and (1.2) an implicit neutral equation. It is obvious
that (1.1) and (1.2) are equivalent to

{y’() [E V0 Vo0 00N, (1.3)
t >

and

{70 = 1000+ 060N A0 5 14

respectively.
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The numerical solution for neutral functional-differential equations (1.1) has been studied
extensively in recent years (cf. [1,7, 12,13, 19, 22]). There seems to be little difference between
solving (1.1) numerically and solving (1.3) numerically. However, the situation with the implicit
neutral equation (1.2) is very different. Even in the case where (1.2) can be transformed into
the form of (1.1), there are certain advantages in solving it by formulating numerical schemes
based on its equivalent form (1.4). This has been discussed by Liu [17].

More general form than (1.3) and (1.4) is

{’() [ty (Mé

(
(t) = g(t,y(t) t

A (1.5)

(¢(t)), z(¢
(1)), 2(¢(1))),

It is easily seen that

Y1) = fty(0), 2(), y(6(t)). 2(6(2))),
{ @—gum><mn,<<> 120 (1.6)

can be transformed into the form of (1.5). Systems of the form (1.5) are sometimes called
hybrid systems [11] or systems of functional-differential and functional equations [18]. The
form of (1.5) includes functional-differential equations of neutral type (1.1) and (1.2) as special
cases.

In order to investigate the linear stability of numerical methods to (1.5), Liu [18] considers
the following test problems

y'(t) + Ary(t) + Agy(t — 7) + Brz(t — 7) = 0,
i g Sy S S L (17a)
with the initial conditions
y(t) = (1), 2(t) = (1), t<0, (1.70)

where 7 > 0, and A, Ay € Ch>h Az Ay € Clhxd B ¢ Chxd B, ¢ 0%Xd are the
coefficient matrices, ¢, are given vectors of complex functions that satisfy the consistency
condition

¥(0) + A39(0) + Agp(—7) + Batp(—7) = 0.
We introduce some notations. o(A), p(A) and a(A) for a matrix A designate the spectrum,
spectral radius and maximal real parts of the eigenvalues of A, respectively,

o ZIdl =+ A1 + AQ& Blg
P(Z7£) - A3+A4§ Id2 +B2§

Other notation include

CT ={z € C|Rez > 0},C% = {z € C|Rez = 0},C~ = {z € C|Rez < 0},
D={z2€C|lz| <1}, T={zeC|z|=1}.

In [18], it is shown that the initial-value problem (1.7) is asymptotically stable for every
7 > 0 if and only if

p(Bz) <1, (1.8a)
P(z,6) #0forall z € C°\ {0} and £ €T, (1.8b)
Oz(Bl (Id2 + Bg)il(Ag + A4) — Ay — AQ) < 0. (1.80)

Moreover, the asymptotical stability of (1.7) implies the following are true [18]:
(Da(-41) <0,
(2)P(2,&) #0 for all z € C% and ¢ € D,
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(3)P(2,6) #0 for all z € C* and £ € DUT.

Further, it is easy to obtain the following result:
Lemma 1.18l. The conditions (1.8) implies

(1) O'(A1 + Agf — Blg(IdQ + BQE)_l(Az; + A4£)) cCct fO'I" all 5 eD,

(2) o(Ar + A2 — Bi&(1a, + B2€) ™' (As + Asf)) C CTU{0} for all § € T.

The stability of difference formulas for the system of functional-differential and functional
equations (1.7) has been studied by several authors. Recently, Liu [18] investigated the numeri-
cal stability of Runge-Kutta-Collocation methods with a constrained grid and linear —methods
with a uniform grid for linear systems of the form (1.7). Huang and Chang [8, 9] considered the
adaptation of linear multistep methods, one-leg methods and Runge-Kutta methods to (1.7)
and investigated the linear stability of these methods. In this paper, the adaptation of general
linear methods to (1.7) is considered. It is proved that A-stable general linear methods can
inherit the asymptotic stability of underlying linear systems. Some general results of numerical
stability are also given. General linear methods [2, 3, 15] contain not only Runge-Kutta meth-
ods, one-leg methods, linear multistep methods, multistep Runge-Kutta methods, but also a
wide range of hybrid methods. Specializing Theorem 3.1 and Theorem 3.6 in this paper to linear
multistep methods, one-leg methods and Runge-Kutta methods, our results are in accord with
those obtained by Huang and Chang [8, 9]. Moreover, the sufficient and necessary condition
of stability of multistep Runge-Kutta methds is also given.

2. Adaptation of General Linear Method to the System (1.7)

An adaptation of r—step and s—stage general linear method to the system (1.7) leads to
the following numerical process:

(") Z Cz2j2yj(n Y +h Z C?jlfj(n)v i = 1527' T (21@)
: =

A" = Z &2y, =12 : (2.1b)

y

£ +A<Zc}fy§” D h Y el M+ Y Bz =0, =125 (21
j=1

()+A3(Zcuyjn 2 —i—hZc11 n))—i—A Y(")—i—B Z(") 0, i=1,2,---,s5  (2.1d)

YR IC ><Z By R DT, =12 s 200
=—u Jj=
n n—m-+k .
Z( = k_ZEMLk( ) z( - )7 7’:1527"' y Sy (21f)

where h > 0 is the fixed stepsize, (c}}) £ C11 € R**,(c¢}?) £ C1z € R, (c}}) £ Cy €

R™s (e2}) £ Cy1 € R, (c37) & Cag € R™7, £ and ¢ " are approximations of y/(t, + u;h)

and z(t, + p;h), respectively, yfn) and zi(n) are approximations of H;(t, +v;h) and G;(t, +v;h),
respectively, where H;(t + v;h) and G;(t 4+ v;h) denote a piece of information about the true

solutions y(t) and z(t), respectively, ¢, = nh, p; and v; are some real constants (let g =

(Ml,/lQ, e 7MS)T517 = (V17V25 e 7VT)T)
and z(t, + pu;h — 7), respectively. Yi(") and Zi(") are obtained by initial conditions ¢ and 1

, Yi(") and Zi(") are approximations of y(t, + u;h — 7)
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whenever t,, + pu;h — 7 <0,

Li(5) = H (‘?*q), Se[0,1)i=—p,—p+l,-- v (2.2)

and
7= (m—94)h, (2.3)
m is a positive integer, § € [0, 1), u, v are nonnegative integers and v+1 < m. fi(") and gg

obtained by the initial conditions ¢ and 1, respectively, whenever ¢,, + pu;h < 0, ylg") is obtained

by the initial condition ¢ whenever ¢,, + v;h < 0. We assume m > v 4+ 1 so as to guarantee
0

%

n)
are

that, in the interpolation procedure, no unknown values fz-(l) and g,/ with [ > n are used.

Lemma 2.1[10:20], ‘ ST Li(8)zk T
i=—p

<1 (whenever |z| =1,0< 8§ < 1) if and only if p < v <

e+ 2.

Lemma 2.209200 Jf < v < p+2,p4v>0,]2| =1,0 <5 <1, then | > L;i(6)z"+| =1 if
i=—p
and only if z = 1.

Lemma 2.3[4. For any matrices H € C*™J and G € CP*4, there exist permutation matrices
P(i,p) € C*P*'P_P(j,q) € CV999 such that

GoH = P(i,p)" (H®G)P(j.q)
holds, where P(I,J) only depends on the dimensions I and J and satisfies

P(I,J)=P(J, )" = P(J,I)~".

Application of general linear methods in the case of the following scale test problem

w'(t) = Aw(t), Rel <0,
w(0) = wy, wy € C,

yields ~ B
wm = q)(h)w(”fl) = @”(h)w(o), (2.4)

where h = h\, w(™ = (w§"),w§”), - ,w$”>)T(w§”> ~w(ty, + vih)),
®(h) = Caz + hCo:1 (Is — hC11) ' Cia. (2.5)

By (2.5) and matrix theory in [14], we have the following lemma
Lemma 2.4. A general linear method

C’1 1 Cl 2
C’2 1 CV22

is A-stable if and only if (I, — hC11) is nonsingular and p[®(h)] < 1 for Reh < 0.

3. Stability Analysis

Theorem 3.1. Assume p < v < pu+2, the system (1.7) satisfies (1.8), and one of the following
conditions holds:

(i) det(zI, — Ca2) # 0 for all z € T\ {1},
(i) § #0 and p+v > 0.
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Then difference equation (2.1) is asymptotically stable if and only if the underlying general
linear method for ordinary differential equations is A-stable.

Proof. Let
n)T n)T n n n n n)T n)T )T
(yg) ayé) 5 7y5~ ) 1() f() 7f5( 795) 795) a?gg) )T
We can express (2.1) in matrix form
I, ® Iy, —h(Co1 ® I4,) 0 —Cp®l; 0 0
0 I, ® 14, +h(011 ®A1) 0 T, + Cio ® Ay 0 0 | xpo1t+
0 h(Ou ®A3) I, ® 14, C1o ® As 0 0
» 0 0 0
Z L;(6)| 0 h(Cr1®A2) I,@B1 | Tnemti (3.1)
=p 0 h(Cii®Ay) I;® B
v 0 0 0
+ > Li(d)| Cr2®As 0 0 | zp—pmti—1 =0,
P=—p Co®Ay 0 0

where the symbol ® denote the Kronecker product.
The characteristic equation of the above difference equation turns out to be

Z(m+#71)(Td1+5d1+5d2)+5d1+5d2det(Q(Z)) _ 07 (32)
where
(Ir ® Id1>z — C ® Iy, 7h(021 ® Id1> 0
Qz) = Ci2 ® (A1 +q(2)A2) s ® 14, +hC11 ® (A1 +q(2)A2) q(z)(Is ® By) ,
C12 ® (A3 + q(2)As) hCi1 @ (Az + q(2)As) Is ® (Ia, +q(2)B2)

q(z) = Z Li(8)z~ ™,
i=—p
First, we consider the ’if’ part. We will prove by contradiction that the characteristic
equation (3.2) has no solution outside the open unit disc D. Suppose that there exists zZ € C
such that det(Q(2)) = 0 and |2| > 1. We note that m > v + 1, therefore, lim ¢(z) = 0. By
Z—00

Lemma 2.1 and maximum modulus principle, we have
lg(2)] < 1. (3.3)

The condition (1.8a) implies that the matrix Iy, + ¢(2) B2 is nonsingular. Let

S = A1+ q(2)A2 — q(2)B1(Ia, + q(2)B2) "' (A3 + q(2) As). (3.4)
Since
I, ® 14, 0 0
0 I ®1a, —q(2)L; @ (Bi(la, +q(2 Q2
0 0 I ® 14,
2, @ 1, — Coo ® Ig, —hCo ® Ig, 0
= Ci2® S I; 1 +hCi®S ,
C12® (As+q(2)A4) hC11 @ (A3 +q(2)As) I @ (g, + q(2)B2)
therefore,

2L @ Ig, — C22 ® Ia, —hC21 ® Ia,

det Cia® S L@ly +hCy ® S
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On the other hand, using(3.3), (3.4) and Lemma 1.1, we obtain that o(S) € C*T U {0}. In
view of A-stability of the method and Lemma 2.4, we have o(Cy;) € CF U CP. Therefore,
I; ® Iy, + hC11 ® S is nonsingular. Consequently, we have

{ In ® 14, (hC2a1 ® I4,)(Is ® Ig; + hC11 ® S)_l 2l @ Iq, — Co2 ® Ig, —hC21 ® Ia, }
0 I, ® Iq, Ci2® 8 I; @1 +hC11®S

. { 21, @ Igy — C22 @ Iy + (hC21 @ Ia,)(Is @ Iy + hC11 @ )71 (Ch2 ® S) 0 :|

o Ci2® S Is®14, +hC11®S |’

which shows

det (21, ® Iy, — Cas ® Iy, + (hCo1 @ Ig,)(Is ® Iy, + hC1y @ S) "1 (C1a ® S)) = 0. (3.6)
It follows from (3.6) and Lemma 2.3 that

det (214, @ I, — I3, ® Cog + h(Ig, ® C21)(Ig, ® Is + hS ® C11) "1 (S ® C12)) = 0. (3.7)

Let J denote Jordan’s normal form of matrix S, i.e., there exists a nonsingular matrix T’
such that S = T~1JT. It follows from (3.7) that

det((Iy, ® I)2 — I, @ Cgo + h(Ig, @ Co1)(Ig, @ Is + hJ @ C11) " H(J® C12)) =0,  (3.8)

which yields
d1

Hdet(é[r — Coo + hA;Cy (IS + h)\iCu)_lClg) =0, (39)

i=1

where A\;(i = 1,2,---,dy) are the eigenvalues of S. By (3.9), there exists at least one \; €
o(S) € C*t U {0} such that
det(2, — ®(—hA;)) = 0. (3.10)

If |2] > 1 then (3.10) contradicts A-stability of the methods. Therefore,

|2 = 1. (3.11)
If ReA; > 0 then it also contradicts A-stability. Therefore,

A = 0. (3.12)

On the other hand, if |¢(2)] < 1, It follows from Lemma 1.1 that o(S) C CT, It contradicts
(3.12). Therefore,

g(5) = 1. (3.13)
If condition (ii) holds, then from (3.11), (3.13) and Lemma 2.2, we have

s=1, (3.14)

which gives
q(2) = 1. (3.15)
If condition (i) holds, then from (3.10), (3.11) and (3.12), we also get (3.14). Therefore, we
have ¢(2) =1 and
0=\ € O'(S) = J(Al + Ay — Bl(Idz + BQ)_l(Ag + A4)) (316)

This contradicts the assumption (1.8c). Consequently, the characteristic equation (3.2) has no
solution outside the open unit disc D. From the theory of difference equation it follows that
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lim x, = 0, accordingly, lim ™ = 0. By (2.1b), we also have lim z(™) = 0. Therefore,

n—oo n—oo

difference equation (2.1) is asymptotically stable.

The ’only if” part follows directly from setting dy = 1,42 =0,B, =0,A43=0,4, =0,B =
0 in (2.1).
Remark 3.2. In view of A-stability of the method and Lemma 2.4, we have o(C1;) C CTUC?.
We also note that a(—A;) < 0. Therefore, Is ® 15, + hC11 ® A; is nonsingular. Consequently,
(2.1c) possesses an unique solution. Hence, the system (2.1) possesses an unique solution.
Remark 3.3. Specializing Theorem 3.1 to linear multistep methods, one-leg methods and
Runge-Kutta method, we can obtain the numerical stability results obtained by [8, 9]. Es-
pecially, in the case of Runge-Kutta methods, condition (i) automatically holds. Further,
according to the prove process of Theorem 3.1, the condition (ii) is not necessarily required in
the case of Runge-kutta methods. Therefore, the conditions (i) and (ii) can be removed in the
case of Runge-Kutta methods. Our results are accordant with that obtained by [8, 9]

Leta:(alaon"' 7O[T)T5’Y:(715727"' af}/S)T, vy = 151/2:27"' sy Ur =T,
0 I_ 0
] enn[H]

Specializing Theorem 3.1 to the case of multistep Runge-Kutta methods, we can obtain imme-
diately the following result

Corollary 3.4. Assume p < v < pu+2, the system (1.7) satisfies (1.8), and one of the following
conditions holds:

(I) ox +asz+ ...+ ap2""t—2"#0 for all z € T\ {1},
(II) 6 #0 and p+v > 0.

Then the adaptation of multistep multistep Runge-Kutta methods to (1.7), i.e. the corresponding
difference equation of (2.1), is asymptotically stable if and only if the underlying multistep
Runge-Kutta method for ordinary differential equations is A-stable.
Remark 3.5. Condition (i) in the assumptions of Theorem 3.1 is very weak. In fact, in addition
to Runge-Kutta methods, multistep methods of Admas type and BDF methods, there are
many methods which satisfy the assumption, such as many of multistep Runge-Kutta methods
appeared in [15, 16].

For general case of general linear methods, we have the following result.
Theorem 3.6. Suppose n < v < pu+2,p(Bz2) <1 and o(h(B1&(La, + B2&) 1 (A3 + Agl) — Ay —
As&)) C Sarm for all € € D UT, then the difference equation (2.1) is asymptotically stable.
Where

Scrm = {h € C s.t. the matriz (I, — hCyy) is regular and p[®(h)] < 1}.

Proof. We only need to prove that the matrix Q(z) is nonsingular for any z € C, |z| > 1.
In fact, for any z € C,|z| > 1, we have

lg(2)] < 1. (3.17)

Let S = Ay + q(2)A2 — q(2)B1(1g, + q(2)B2) (A3 + q(2)A4). In view of (3.17) and the
assumptions of the theorem, we have

o(=hS) C Sarm- (3.18)
This shows that, for every \; € o(5),

det(z1, — B(—h);)) 2 0,
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which yields
dy

[T det(2 — Caz + hXiCar (I + hAiC11) "' Cha) # 0.

i=1
It follows from (3.18) that Iy ® I4, + hC11 ® S is nonsingular. Similar to the reverse process
from (3.5) to (3.9), we have

det(Q(z)) # 0 for any z € C, |z] > 1

Therefore, the matrix Q(z) is nonsingular for any z € C, |z| > 1.

Specializing Theorem 3.6 to the case of functional-differential equations of neutral type, we
obtain immediately
Corollary 3.7. Consider the methods (2.1) applied to the system

y'(t) + Ary(t) + Asy(t — 7) + Brz(t — 7) = 0,

2(t) + Ary(t) + Agy(t — 7) + Brz(t — 7) = 0, (3.19)

i.e., functional-differential equations of neutral type
y'(t) + Awy(t) + Asy(t —7) + Bry'(t — 7) = 0.

Suppose p < v < p+2,p(B1) <1 and o(h(1g, +B1&) ™ (— A1 — A2€)) C Sgra for allé € DUT.
Then the corresponding difference equation is asymptotically stable.

Remark 3.8. Specializing Theorem 3.6 to linear multistep methods, one-leg methods and
Runge-Kutta method, we can obtain the numerical stability results obtained by [9]. Further-
more, specializing Corollary 3.7 to linear multistep methods and Runge-Kutta methods, our
results are in accord with the those presented in the literature [1, 5, 6, 7, 19, 21, 23]

4. Numerical Results

In order to illustrate the results of this paper obtained in Section 3, we consider the following
problem
y'(t) +y(t) +ylt—1)+2(—-1) =0,
> 4.1
{ 2(8) +y(t) + 05yt — 1) + Boz(t — 1) =0, =0 (4.1)

with the initial conditions

. By + 0.5sinl
y(t) =sint, z(t)=t+ 178, t<0
where By # —1 is a parameter. It is obvious that the initial functions satisfy the consistency
condition: z(0) + y(0) + 0.5y(—1) + B2z(—1) = 0. We can easily verify that the initial value
problem (4.1) satisfies conditions (1.8) for By = 0.5 and doesn’t for By = 1.5. Therefore,
problem (4.1) with By = 0.5 is asymptotically stable.
Consider 2 step 1 stage Runge-Kutta methods[15]:

a —a 0
Cn=(0, Ca=@d. ca=( ], ).

cn=(o 41, ) A= p=2"

a 1—a

(4.2)

where 0 < a < 1,¢c = 21(1++33) and u = ¢+ ijr—g The methods have order 2 and are alge-

braically stable[15], therefore, they are A-stable. It is easily verified that the methods satisfy
the assumption condition (i) in Theorem 3.1.
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Table 1. IMR for problem (4.1) with By = 0.5

t 5 10 20 30 50 100
h=02 |y | 55x107° | -1.4x10™* | -1.4x10™" | -1.4x107 0 | -1.3x10~™° | -1.2x107°!
z | -22x107% | 6.5x107" | 6.4x107" | 6.2x10° "7 | 5.9x10° ™ | 5.3x107>!
t 6 12 24 36 60 99.9
h=03 [y | -1.7x107° | -21x107° | -2.0x107° | -1.3x10™ " | -7.1x10" % | 1.4x10~ %>
z | 42x1073 | 29x107° | 3.4x10° Y | -1.2x107 ™ | -1.6x107 2T | 1.0x10~*®
Table 2. MRK for problem (4.1) with B2 = 0.5
t 5 10 20 30 50 100
h=02 |y ]| 53x1077 | -1.3x10™% | -1.4x10~" | -1.3x10~ ™0 | -1.3x107™® | -1.1x10~ "
z | -1.8x107 7% | 5.3x10~* | 52x107" | 5.1x107 "0 | 4.8x10° ™ | 4.3x10~°"
t 6 12 24 36 60 99.9
h=03 |y | -21x107% | -24x107° | -2.2x1077 | -1.6x10™ " | -1.7x10~* | 1.6x10~*
z | 3.4x107° | 1.6x107° | -1.0x107 7 | -2.2x10" ¥ | -1.7x10™%F | 2.0x10~%°

82:0.5; IMR--h=0.2
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Fig. 1: Numerical results of IMR with § = 0

We can write implicit midpoint rule[3] as general linear method with

1
011 = (5) S Rl,

Cia = Cy = Coyp = (1) € R,

1

2

n=v=—.

45

It is well known that implicit midpoint rule has order 2 and is A-stable. It also satisfies the

assumption condition (i) in Theorem 3.1.
We apply the multistep Runge-Kutta methods (4.2)(MRK) and implicit midpoint rule

(IMR) to the problems (4.1), respectively, where the delay terms are evaluated using linear
interpolation procedure (i.e., 4 = 0, = 1). In addition to starting values y(0) and z(0), we
require the other starting values for MRK, which are evaluated using implicit midpoint rule.
Numerical results of IMR and MRK (a=0.5) are shown in Fig. 1-4 and Table 1-2.
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B,=0.5; IMR-—h=0.3 4 B,=15;IMR——h=0.3
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Fig. 2: Numerical results of IMR with § # 0
B,=0.5; MRK--h=0.2 B,=1.5; MRK--h=0.2
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Fig. 3: Numerical results of MRK with § =0

For B2=0.5, the numerical results of IMR and MRK are displayed in left pictures of Fig.
1-4. The related data is listed in Table 1-2. The pictures and the tables show that IMR and
MRK inherit the asymptotic stability of problem (4.1), and confirm theorem 3.1. Meanwhile,
we note that the problem (4.1) and the both methods satisfy the assumption conditions in
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Fig. 4: Numerical results of MRK with § # 0

Theorem 3.6. The results mentioned above also confirm Theorem 3.6.

For By=1.5, problem (4.1) doesn’t satisfy the conditions (1.8). The numerical solutions of

(4.1) are displayed in right pictures of Fig.1-4. The pictures show that the numerical solutions
are unlikely to be asymptotically stable.
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