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Abstract

We consider a class of inertial second order dynamical system with Tikhonov reg-
ularization, which can be applied to solving the minimization of a smooth convex
function. Based on the appropriate choices of the parameters in the dynamical system,
we first show that the function value along the trajectories converges to the optimal
value, and prove that the convergence rate can be faster than o(1/¢%). Moreover, by
constructing proper energy function, we prove that the trajectories strongly converges
to a minimizer of the objective function of minimum norm. Finally, some numerical
experiments have been conducted to illustrate the theoretical results.

Keywords Convex optimization - Inertial gradient system - Tikhonov regularization -
Convergence analysis

1 Introduction

In recent years, convex optimization problems draw many researchers’ attention due to
its arisen in a lot of application areas, such as machine learning [10,30], statistics [18],
image processing [20,32] and so on. Hence, various algorithms have been proposed
for solving different structured convex optimization problems. One simple and often
powerful algorithm is Nesterov accelerated gradient algorithm, whose convergence
rate can be O(1/t%). Many accelerated algorithms based on Nesterov’s accelerated
technique has been proposed since then, we refer the readers to [11,19,25,26,29,31]
and the reference therein for an overview of these algorithms.
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Most literatures consider Nesterov’s accelerated method by using different numer-
ical optimization techniques. However, differential equations are also important and
efficient tools to study numerical algorithms. Recently, Su, Boyd, Candés [28] propose
a class of second order differential equations to study Nesterov’s accelerated gradient
method, which is

i+2i+vow =0
! (1.1)

x (to) = uo, x (fo) = vo,

where @ is convex and differentiable, and V& is Lipschitz continuous, #y > 0. They
show that this system can be seen as the continuous version of Nesterov’s accelerated
gradient method. In addition, they prove that the convergence rate of the function value
along the trajectories of (1.1) is O(I/tz), if « is chosen as 3, which is the same as
the convergence rate of Nesterov’s accelerated gradient method. Moreover, they show
that 3 is the minimum constant that guarantees the convergence rate of O (1/¢%).

Su, Boyd, Candés work [28] motivates subsequent studies on the second order
differential equation (1.1), see, for example, [3,8,13—-16,24,33]. Particularly, Attouch,
Chbani, Peypouquet and Redont [3] establish the weak convergence of the trajectory if
a > 3, and they also show that the convergence rate of the objective function along the
trajectory is o(1/¢%). Later, Attouch, Chbani and Riahi [5] consider the convergence
properties under the condition that « < 3. They prove that the convergence rate is

1
P (x(t)) —mind = 0( M).
t3
In order to establish the strong convergence of the trajectory, Attouch, Chbani and
Riahi [4] propose the following second order dynamical system:

55+$)‘C+Vd>(x)+8(f)x(f):0 (1.2)

x (to) = uo, x (fo) = vo,

which add a Tikhonov regular term compared with system (1.1). They show that the
function value along the trajectory converges to the optimal value fast, if £(¢) decreases
to O rapidly. In addition, they establish the strong convergence of the trajectory x(z)
to the element of minimum norm of arg min ®, if £(¢) tends slowly to zero. There are
many other literatures considering the Tikhonov regular techniques, the readers can
result the references [1,2,9,17,23].

In 2019, Attouch, Chbani and Riahi [6,7] study another differential equation:

i+yOi+pH)VD(x)=0

) (1.3)
x (to) = uo, x (tp) = vo,

where y (¢) and () are scalar functions. They first consider the convergence prop-
erties of (1.3). Then a discretized numerical algorithm for solving structured convex
composite optimization problem based on the differential equation has been proposed.
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Inspired by the proof of the convergence of the trajectory of (1.1), they establish the
convergence and convergence rate of the algorithm. Concretely, they obtain that the
convergence rate of @ (x(¢)) is

. _ 1
®(x (1)) —mind =0 <—,3 o F(t)2> ,

where I" (¢) = p (¢) ft+°° p(lu)du, pt) = e'/"O y(u)d". In particular, if y (¢) is chosen

as % the convergence rate becomes

. 1
O (x(t)) —mind =0 </3(t)t2)'

According to the above relation, it can be easily seen that the convergence rate
of ®(x (7)) can be faster than O t%), if we choose proper S(z). For the nonsmooth
optimization problems, which means the objective function is not differentiable, dif-
ferential equations can not be applied directly, we recommend the readers to [12,21]
to see the details.

From the above literatures, we note that some work consider the strong convergence
of the trajectory x(#), the other work study the faster convergence rate of objective
@ (x(¢)). A natural question is that whether we can combine these discussions together.
In this work, both the strong convergence property of the trajectory x(¢) and the
fast convergence rate of objective ®(x(¢)) are studied under different choice of the
parameters. To this end, this paper mainly considers the following differential equation:

55(1)+%J'C(t)+ﬁ(t)(V®(X(t))+8(t)X(t))=0 (14)

x (to) = ug, X () = vo,

where @ is convex and differentiable, V ® is Lipschitz continuous, uq, vg € H,fy > 0,
« is a positive parameter, B(¢) is a time scaling parameter, and ¢ (¢) x (¢) is a Tikhonov
regularization term. Throughout the whole paper, we assume that

to > 0,¢: [ty, +00) — Rtisa nonincreasing function ;
H, { €() is continuously differentiable and lim e () = 0;
f——+00

B : [ty, +00) — Rtisa non-negative continuous function.

Our main contributions are as follows:

e By constructing proper energy function, we first prove that the existence and
uniqueness of the global solution of dynamical system (1.4);

e We establish the fast convergence rate of ®(x (7)) and strong convergence
of the trajectory x(f) of system (1.4). In details, under the condition that
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t:w tB(t) e (t)dt < 400, we establish the global convergence rate of ®(x(¢))
which is

) 1
CIJ(x(t))—mlncbzo(m).

Moreover, if [ LOLIOY Fass +00, we show that the global solution x(¢) of (1.4)
) t g
satisfies the following ergodic convergence result:

| ! e (0B
i e | Ix (@ = pldz =0,
/;0 -7 dt o T

where p is the element of minimal norm of arg min ®. In addition, we prove that
litm inf ||x (r) — pll = 0.
—00

The rest of the paper is organized as follows: Section 2 presents some basic notation
and preliminary materials. In Sect. 3, the global existence and uniqueness result is
established for (1.4). In Sect. 4, we first establish the fast convergence rate of ® (x(z))
based on the condition ft:oo tB (1) e (t)dt < 400, and then show that the trajectory
x(t) of (1.4) converges to a minimizer of the objective function of minimum norm. In
Sect. 5, we perform some numerical experiments to illustrate our theoretical results.

2 Notation and preliminaries
The problems we consider in this paper are all in Hilbert space H , and we denote its
inner product by (-, -), the corresponding norm is denoted as ||-||.

For the real valued convex and differentiable function ® : H — R, the gradient of
® is said to be L¢-Lipschitz continuous, if

VO (x) = VO Wl < Lo llx —yll,Vx,y € H.

We say that ® is a o-strongly convex if and only if ® () — 5 [|-I% is convex, ¢ > 0.
Moreover, if @ is continuously differentiable, then

D (y) = O @)+ (VO (x).y —x) + %uy — x|

A function x : [0, 0c0) — H is called locally absolutely continuous if x : [0, c0) —
‘H is absolutely continuous on every compact interval, which means that there exists
an integrable function y : [#g, T) — H such that

x (1) =x )+ [y y(s)ds Vi €1, T].

For a locally absolutely continuous function, we would like to point out the following
property, which will be used in the following sections.
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Remark 2.1 Every locally absolutely continuous function x : [fy, +00) — H is
differentiable almost everywhere and its derivative coincides with its distributional
derivative almost everywhere and one can recover the function from its derivative
X = y by the integration formula above.

Before ending this section, we state some lemmas which will be used in our con-
vergence analysis.

Lemma 2.1 Suppose that F : [0, +00) — R is locally absolutely continuous and
bounded below and that there exist G € L' ([0, +00)) such that for almost every
t € [0, 4+00)

dFl <G(t
SF0<GO.

Then there exists tlim F () eR
— 00

Now, we will introduce an energy function we used in the paper, which is
1 . .
W) = EIIX OI* + B (1) (P (x () — min ®) , 2.1

where ®; (x) = ® (x) + #leuz.
Next, we will give two important results, which play important roles in the analysis
of asymptotic behavior of system (1.4).

Lemma 2.2 Let W be defined by (2.1), we have

dvzt(t) = ‘% 1% ()12 + B (1) (@ (x (£)) — min D).

Proof From the definition of ®,(x(¢)), we immediately have
VO, (x () =VO(x@)+e@)x(). 2.2)

On the other hand, by taking the derivative of the energy function (2.1) and using the
definition of ®, (x) = ® (x) + 8(2—t)||x||2, we have

W (1) = (% (1), X (1)) + B () (d; (x (1)) — min D)
lx ()12
2

+ B <<V<D (x (@), x (1)) + £ (1) +e()(x(0), )'C(t)))

= (X (1), % (1)) + B (1) (P (x (¢+)) — min D)

. .l @l
+B@) [ (VP (x (@) +e)x(t),x () +&(1) > .
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Combining (2.2) with the above relation, we obtain further that

W (1) = (X (1), X (1)) + B (1) (D (x (1)) — min )

. N EIGIE
+ 8@ (VO (x (@), £ 0) +& @) == |

By rearranging terms and using the fact that e(¢) is continuously differentiable and
nonincreasing, we have

W (1) = (i (1), ¥ () + B (1) (VP; (x (1)), % (1)) + B (1) (P, (x (1)) — min D)

2
+ B(1)é (1) I (zt)”

= (X @), % (1) + B (1) VO (x (1)) + B (1) (D (x (1)) — min D)

2
LBmEmn (2””

< (X (@), % (1) + B (@0) VP, (x (1)) + B (1) (P (x (1)) — min D),

2.3)
where the last inequality is from the fact that ¢(f) < 0 and B(t) > 0. Moreover,
according to system (1.4), we have

XM +BOVEx@)=X@)+p @) (VP (x (1) +e@)x (1)) = —?56 ().
2.4)
Combining (2.3) and (2.4) together, we obtain that

W) = (0. = )+ 80 (@ (x (1) —min )

= —%nx O + B (1) (D, (x () — min D),

which implies our desired conclusion immediately.

In the following, we introduce another auxiliary function

1 2
hy () = zllx ) —zlI, 2.5)

where z € arg min ®, then we will give the following property of /;.

Lemma 2.3 Suppose h; (t) is defined as (2.5), then

() Jiz (0 + 2 () < 15 O = B @) (@ (x (0) = min & — £L 122 + £ x (1)

—zl%).

.. [h-(0)] . .

(i) sup —— < +ooifsup [|lx (1)]| < +o0.
>ty =1
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Proof (i): From the definition of 4, (z), we immediately obtain that
ho ()= (k1) ., x (1) —2), he () =[O+ E@) . x@©)—2). (2.6)
Hence

i (1) + %h ) = E O+ F ). x () —2) + % G (). x (1) — 2)

2.7
= I I+ (F 0+ S5 0).x (1) —2).
According to (1.4), we have
() + %x ) =—B ) (VO (x (1) +&@)x (1) =—B ) VP (x (1)).
Combining this relation with (2.7), we obtain further that
h () + %h @) =% O = B @) (VP (x (1)), x (1) — 2). (2.8)

On the other hand, recall ® is convex function, from this with the definition ®; ,
we see that ®; is ¢ (¢)-strongly convex function. Hence, we have

Qs (2) = P (x (1) = (VP (x (1), 2 — x (1)) + %t)llz —x I,

which implies that

(VO (x (1), x (1) —2) = @; (x (1)) — P;(2) + %le ) —zII*. (2.9)

Since z is a minimizer of @, by (2.9) and the definition of ®; (z) = ® (z) + % IzI? =
min & + # lzlI%, we obtain further that

(VO (x (1)), x (t) — 2) > @, (x (1)) — min D — ()n 12 + ()n () —zII%.

Using this, the fact 8(¢) > 0 from H; and (2.8), we have

. o .
hz (6) + —hz (1)
=[x O = B O (VO (x (1), x (1) —2)
<O =B <q>, @) —mind — =22 4 £ ) 2 )
This completes the proof of (i).
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Now we prove (ii). By the definition of fzz () in (2.6) , the assumption that

sup ||x (1)]| < 400 and Schwartz’s inequality, we obtain that
t>1o

|/lz (t)| <IxOllx @) =zl < Su}) lx ) x @) =zl . (2.10)
s>1o

In addition,

llx @) = zll < llx (1) = x (@) || + llx (fo) — zll = (& —1o) sup [IX ()]l + llx (fo) — zIl -

s>t

Combining the above inequality, the assumption sup [|x (¢)|| < +oo with (2.10), we
t>19
immediately deduce that

lh, )] < sup 1% ()]l ((r — 1) sup 1% ()1 + Ilx (o) — z||> <C(l+1),
s>10 s=10

()]
t

where C > 0 is a constant. Thus, SUpP; >, < +4o00. This completes the proof.

3 Existence and uniqueness of the solution of (1.4)

In this section, we will prove the existence and uniqueness of a global solution of
dynamical system (1.4). We first give the definition of a strong global solution of
(1.4).

Definition 3.1 We say that x : [fp, +00) — H is a strong global solution of (1.4), if
it satisfies the following properties:

(a) x,x : [ty, +00) — H are locally absolutely continuous, in other words, absolutely
continuous on each interval [fg, T] forty < T < +00;

(b) X () + X @)+ B () (VP (x (#)) + & (t) x (t)) = O for almost every ¢ > 1o;

(¢) x (t9) = up and x (ty) = vo.

We are now ready to prove the existence and uniqueness of system (1.4). We mainly
use Cauchy-Lipschitz-Picard theorem for absolutely continuous trajectories (see, for
example [[22], proposition 6.2.1], [[27], Theorem 54]) to establish the result. The
proof is based on the idea that rewriting (1.4) as a particular first order dynamical
system in a suitably chosen product space (see also [8,17]).

Theorem 3.1 For any initial points ug, vo € H, there exists a unique C2-global solu-
tion of the dynamical system (1.4).

Proof Define X (t) = (x (t),x (t)), and F : [tg, +00) x H x H — H x H as
o
F(t,u,v) = (v,—?v—ﬂ(t) (V<I>(u)+8(t)u)). 3.1
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Hence, from (1.4), (3.1) and the definition of X (¢), we see that (1.4) can be rewritten
as a first order dynamical system, which is

(3.2)

X () =F @, X (@) =F@tx@),x)
X (t0) = (uo, vo) .

We will first show that F (¢, -, -) is L(¢)-Lipschitz continuous for every t > f1y.
And the Lipschitz constant is a function of time with the property that L () €
L}, (It +00)). Concretely, for every (u, v), (i, v) € H x H, by (3.1), we have

£t u,v) = F(t,u, 0)|

2
=\/||v—v||2+ [SE-v+p0ve@-Vow+sn@—w)|

Using the fact that (a + b)2 < 2a? + 2b% and the above formula, we have

”F(t’ M,U) - F(t,ﬁ,ﬁ)”

2
< \/nv T2 +2| % @0 =B +28021V0 @ ~ VO @)+ ¢ () @ — 0

2
< \/ (1 +2‘;‘—2> lv—0)? + 481 IVP () — VO @) |1> + 4B(1)*e(t)?|lu — ul*.

From this relation and the fact V& is L ¢-Lipschitz continuous in the assumption, we
obtain further that

|F(t,u,v)—F(t,u,v)|

2
< \/ (1 + 2‘;‘—2) lv =01 + (4LL B> +4B(1)*e(1)?) |u — ull?

a? 2 prn2 2 2\/ 2 —2
< 1+2t_2 +4LG B +4B1) e@) /v — v + lu — ull

= (14V2242Le () +26 (06 ) . v) = @ D),

where the last inequality follows from the fact vaZ +b%? < a+bifa > 0,b > 0,
anda > 0, () > 0,e(t) > 0. Define L(r) = 1+ \/_% +2Lof (t) +2B () e (1),
then we have

IF (t,u,v) = F @, u,0)|| = L@ [[(w,v) — @, ). (3.3)

Hence F (¢, -, -) is L(¢)-Lipschitz continuous for every ¢ > ty. Recall that %, B()
and &(¢) are continuous for any ¢ > #y. Thus we see that L(z) is integrable on [7g, T'],

consequently, L () € L}OC ([to, +00)).
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2034 B. Xu, B. Wen

Next, we will show that F (-, u, v) € L} ([tg, +00),H x H) for all u, v € H.

loc

Take any u, v € H, by the definition of F, forty < T < 400, we have

T
/ | F (¢, u,v)|dt
to

T ) o 2
:/ \/||v|| +H—?v—,8(t)(VCI>(u)+8(t)u) dt
0]

T 2
< / \/ (1+ztiz) IlI> + 4802V @II* +48(1) e (1) ul*dt
0]

T 202
< \/nvn2 + Ve @)|* + ||u||2/ L4 =5 4B +4B(1)7e (1) dr,
]

(3.4)
where the first inequality follows from the fact ||a + b|* < 2lla|* + 2||b|12, the last
inequality follows from that the points u, v € R" are fixed.

Hence, by (3.4) and the fact ‘7)‘, B(t) and e(¢) are continuous for any ¢ > fy, we
immediately obtain that

F (-,u,v) € L}, ([ty, +00) , H x H) .
Combining this relation with (3.3) and the result L (-) € L }oc ([to, +00)), and using
the Cauchy-Lipschitz-Picard theorem, we see that there exists a unique global solution
of system (3.2), which implies the existence of a unique Cz—global solution of (1.4)
by the Lipschitz continuity of V& and the the continuities of B(¢) and &(¢). This
completes the proof.

4 Convergence analysis of the trajectory of (1.4)

In this section, we will establish the convergence and convergence rate of the trajectory
x(t) of (1.4). The proof of convergence will be casted into the following two cases.

Case 1: ft:“ tB(t) e (t)dt < 4o00. In this case, we will show in Theorem 4.1 that
for any global solution trajectory of (1.4), the function ® (x (¢)) satisfies the fast
convergence property

D (x () —mind =o0 <t2,81(t)) .

Case 2: ft;roo wdt = +00. In this case, we will show in Theorem 4.2 that for
any global solution trajectory of (1.4), the following ergodic convergence result holds

1 t
lim — @B o) = plPdr =0,
t—00 S(t)ﬁ(r)d‘[ 10 T
i) T
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where p is the element of minimal norm of arg min ®. Moreover, the strong global
convergence of x (z) will be established, which is

liminf ||x () — p|| = 0.
t—0o0
Now we are ready to present the convergence results case by case.

4.1 Case [,7 tB (t) & (1) dt < +o00

For simplicity, we set m = min ®. Take any z € arg min &, we will introduce another
auxiliary function for o # 1, which is

2
,  @&D

2

t 1
E (1) = mﬁ @) (P (x (1)) —m) + 3

t

a—1

x()—z+ X (1)

where @, is the same function as defined in (2.1). Let g (r) = a%l, then by simply
computing, we immediately have

1+¢(0) = %g ). 4.2)

From this relation and the definition of E (¢) in (4.1), we can rewrite E (t) as the
following formula

1
E (1) = g()*B (1) (®; (x (1)) —m) + She®—z+gmi 0. (4.3)

Combining (4.3) with the definition of W (¢) in (2.1) , h; in (2.5) and izz in (2.6), we
obtain that )
E(@) =gy ’W ) +h. () +g®)h (1. (4.4)

Next, we will prove that the global convergence rate of ® (x (7)) is o (%)

Theorem 4.1 Let ® : H — R be a convex continuously differentiable function such
that arg min © is nonempty. Assume that €(t), B(t) satisfies condition (Hy), a > 1,

to+oo tB(t)e (t)dt < +ooand there exist b > 0 such that t,B ) <(@—=3-=>b)B ().
Let x(-) be a classical global solution of (1.4), consider the energy function (4.4), then

@) E (1) < 5g=ptB D e @) 1zl

(ii) ft:w tB (1) (®; (x (1)) —m)dt <+ oo.
(iii) The following fast convergence of ® (x(t)) holds:

1
db(x(t))—mzo(ﬂ(t)tz).
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(iv) Moreover, the trajectory x (-) is bounded on [to, +00) and

+oo
f 1B (1) e (1) |lx (1)]>dt < + oo.

0]

Proof We first prove (i). From the definition of E(¢) in (4.4), we immediately have

E@t) =g()*W (1) +28 (1) § ()W (1) + hy (1) + 8 (1) oo (1) + g (1) (1)

=50 [~ S5 O + B 1) (@ (x (1) = m)]
(4.5)
1
+28(0§ (1) [Enx W12+ B (1) (@ (x (1) - m)}
+he () (148 () +g () h: (1),

where the last inequality follows from the Lemma 2.2.
On the other hand, according to (4.2) and Lemma 2.3, we have

he () (14§ (1) + 8 iz () = g ) (I (1) + T ()
=g [ufc OI* =B <<1>, (x (1) —m — 8( )n 2+ 28 )|| (1) — z||2>] :
(4.6)
Combining the (4.5) and (4.6), we obtain further that
E 1) =g [~ 02 + B (1) (@1 (x (1)) = m) |
+28 (1§ (1) Bux O+ (1) (@1 (x (1)) m)]
+8 ) [ux O =@ (cbt (x (1) —m — %’)nzuz + i;)nx OF z||2)] :

By rearranging terms, we have

E@ =g 15O (1480 = =g 0) + 1) 1) = ( el

+ (D (x (1) —m) g (1) (1) B (1) +28 (1) B (l) —BM)—g®B®

Dy -2
=5 (0B (O NP+ @ () = m) g (0 (2 0 B 4280 B 0) ~ ()
—g(t)ﬁ(r)ﬁu o -z

4.7)
where the second equality follows from the fact g (1) = —f5 and 1 + g (1) = %g (1)
from (4.2).
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Recallthat g (1) = ;=7 and 1+ ¢ (1) = 7 2 ¢ (¢) from (4.2), combining this with the
assumption tﬂ (1) < (a — 3 —b) B (t) and @ > 1, we obtain that

g PO +28 ()R 1) — B (1)

g +2(2e0-1)p0) - p0)

1t . > o t 1
Eﬂ(f)—i- <?'m— >/3(1)—,3(1‘)

t . 33—«
—B @)+ ——B1)
oa—1 a—1

—bp(1)
0.

IATA

Thus, according to this relation, the fact that g(r) > 0, g(¢t) > 0, ¢(r) > O,
@, (x (1)) —m > 0 and (4.7), we obtain further that

. 1 1
EM)=58@p e lzII* - S8MBMHe@ lx @) - zl®. 4.8)

Moreover, using the fact that g (), 8 (t), e (f) > 0 and g (t) = we finally have

Otl’

1
E@) < g(t)ﬂ(t)a(t)llz||2 e )tﬂms(r)nznz (4.9)

which proves (i).

We now prove (ii). From the assumption fl:w tB(t)e (t)dt < +oo and (4.9), we
deduce that the positive part of E (1) belongs to L' (19, +00). Using this and the fact
that E is bounded from below, we obtain that E(¢) has a limit as t — 400 due to
Lemma 2.1. Hence, there exists C; > 0 such that |E(7)| < C;.

In addition, according to (4.7), we have

EM+gm(B@)—g®B@)—28)B 1) (P (x (1) —m)

1 2
=58 B@e) |zl

[\S}

Recall the fact that g (t) = -4, B(r) > 0 and the assumption that tB(t) <
(¢ —3—Db)B (1), x > 1, we obtain further that

E@) +

b 1 )
e 1B (1) (P (x (1)) —m) < e 1B M)zl

(o — -1

Integrating this inequality, and using that fl:w tB(t) e (t)dt < 400 andthe fact E (¢)
is bounded from below, we have

+00
/ 1B (1) (P (x (1)) —m)dt <+ o0,
fo
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which proves (ii).
We now prove (iii). According to Lemma 2.2, we have

2 2 2

—(a_1)2W(”+W‘” FOI = =z O @ ) =m).

After integration by parts on (g, t), we obtain

2 2

2 t
WW(I)_(QIO—l)ZW(tO)_W/ SW(S)dS
— — — 10

o 2
+ _1)2/ sl (5) s

= m/to SZB (s) (D (x (s)) —m) ds.

From the definition of W (¢) in (2.1), we immediately have

1)ZW< )+ Gt S SIE @)11Pds < s
ot Jo s (5P ) +28.()) (@ (x (5)) —m)ds.

W (1)

From the assumption ¢ ,3 (t) < (¢ —3 —b) B (1), we obtain further that

2 .
(ozt—l)2 W+ al_l ftf) slx (5)||2d5 f a1 W (t9)

(a 1)2 fzo 5B (s) (Py (x (s)) — m) ds.

According to (ii), there exists a constant C such that 1)2 © 5B (5) (Py (x (5))
—m)ds < C. Then,

: /M 1% (s)]12d 0 o) 4 &
SIxX (S FI< —- .
a—1J, @—12

From the definition of W (¢) in (2.1), we have

1 +00
/ tW (¢)dt
L Js

o —

1 oo ) 1 o0
= / tllx (O]l dt+—/ tB (1) (& (x (1)) —m)dt
0 2 a—1J4,

a—1

2 a—1

a—1—5>b

Iy

1~ ~
< —W(tp)+ =C + C,
1) (to) >
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which implies that
“+0oo
/ tW(t)dt <+ oo. (4.10)

4]

In addition, according to the Lemma 2.2, we have

i(—tz W(t))
dr \ (a — 1)2

2
T (- 1)2W(t)+ (o — 1)2W(t)
o <1||x OIF + B (1) (®, (x (1)) — m)>
T (a—12\2 '
t2 a . .
+ m (—?”x O+ B (1) (P; (x (1)) — m))

= e e (11 O1F +208 (1) (@1 (x (1)) = m) =t ()]

+2B (1) (@ (x (1) —m))

(=)l O +1 (28 1) + 18 ) (@ (x (1) —m))

T @-1y
=t o*+ P 1)2t (2B (1) + 1B (1)) (®; (x (1)) — m)
< e BBOHIBO) @ ) —m).

which the last inequality is due to @ > 1. Recall the assumption that 78 (f) <
(¢ —3 —b) B (t), we immediately have

d 2 W <a—1—bt N o
E((a—l)z ())—Wﬂ()(z(x()) m).

According to (ii), we see that the positive part of % (ﬁW(r)) belongs to
L' (19, +00). As a result,

2

li W (¢ ists,
t_)nroo (a—1)2 (¢) exists

which implies that

2

t—lgrﬁ{loo (a — 1)2W =0

@ Springer



2040 B. Xu, B. Wen

Otherwise, there would exist a constant C > 0 such that 1)2 W () > C fort

(a—1)2 W) > 7. Accordmg to (4.10), we have fz: %d; <+

oo, which leads to a contradiction. According to the definition of W(¢) in (2.1) again,
we have

sufficiently large, i.e.

2

lim — o O @) —m =0,

t——+00 (

Recall that &, (x) = ® (x(¢)) + #Hx(t)”2 and , ligl e (t) = 0. Combining these
— 400

facts with the above relation, we obtain further that

1
@(x(t))—m=0<W>,

which proves (iii).
Finally, we prove (iv). According to (4.8),we have

EO+50p0 - <gmpo "Dt @i

By integrating (4.11) from 7y to co, we obtain that
+00 ( ) )
g(t)ﬂ(t)—ll (1) — z||"dt < + oo, (4.12)
1o

which follows from the fact g (1) = = 1, the assumption ft tB(t)e(t)dt < +oo,

and the positive part of E (1) belongs to L' (#9, +-00). Using again the definition of
gt) = ﬁ, the assumption & > 1, and (4.12), we immediately have

/+oo e (1) )
1B (1) —=llx (1) = zlI"dt <+ co.
4]

Combining this relation with the assumption that fl:)roo tB(t)e(t)dt < 400 and the

fact |x (O))% < 2 |lx (1) — z|I> + 2 |lzl|%, ¢ > 0, B(r) = 0, £(t) > 0, we obtain further
that

+o00
/ tB(t)e(t)|lx (t)||2dt <+ 00. (4.13)
1o

Next, we begin to establish the boundedness of the trajectory of (1.4). Recall the
definition of E(z) in (4.3) and the result E(¢) is bounded from the discussion in the
proof of (ii), we see there exists Cy > 0 such that

1
Sl @ —z+gMF O < Ca (4.14)
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Moreover, we have
llx (1) — zlI* + 28 () {x (1) — 2, % (1)) < 2C». (4.15)

After dividing (4.15) by p () = (L)a, we obtain that

fo

Ix 1) —zlI* | 2g @) . 20,
(1) pin *O e 0=

Combing this relation with the definition of 4, (f) = %Hx (t) — z||2 in (2.5) and
fzz (1) = (x (t), x (t) — z) from (2.6), we obtain further that
&)

h (1) :
ho (1) < —=, 4.16
o0 +q@) (t)<p(t) (4.16)

o
where ¢(t) = %. Using the definition of g (1) = —t5 and p (1) = (%) , we can

o o l—a
_ g0 _ i 1§ _ gt

easily compute g(1) as g () D= a1 1 T Hence, we have g (t) = — ﬁ
and ¢ () is bounded due to the fgct « > 1 from the assumption. From these discussion,
we can rewrite (4.16) as

q (1) hz (1) = 4 (1) (h: (1) = C2) <0,
dividing this equation by q(t)2, we have

q ) h, (t) = @) (h; (1) — C2)
q(1)?

i hz (t ) - C2 <0

dt q (1) -
Hence, by integrating the above inequality from 7 to ¢, we see that there exists C3 > 0
such that

SO’

which is equivalent to

ho (1) <C3(1+4 (1) .
Note that g(¢) is bounded due to the fact « > 1 from the assumption, combining

this with the definition of 4,(7) = %le (1) — z|1%, we immediately obtain that x(¢) is
bounded. This completes the proof.

Remark 4.1 From Theorem 4.1, we see that if §(¢) = 1, then we have

1
CD(x(t))—m:o(t—z),
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which is just‘the result obtained by Attouch, Chbani, Riahi [4]. Furthermore, the
assumptionzf (t) < (¢ — 3 — b) B (¢) and the assumption ft;roo tB(t)e(t)dt <400

in Theorem 4.1 reduced to o > 3 and ft:w te (1) dt < 400 in [4]. Hence our results
are more general.

Remark 4.2 From Theorem 4.1, we see that if 8(¢) = ¢, then we have

1
@(x(t))—m:o(ﬁ).

Furthermore, the assumption ¢ B() < (@—3—b)B(t) and the assumption
,O+°° tB(t)e (t)dt < +oo in Theorem 4.1 reduced to o > 4 + b and fm*"" t2e (t) dt
< 400, respectively. This also shows that the convergence rate of the function value

is faster than O (%) ifa > 3.
4.2 Case L;""o Mdt = +00

For each ¢ > 0, we use x, to denote the unique solution of the strongly convex
minimization problem

Xe = arg min {db (x) + E||)C||2} .
xeH 2

From the first order optimality condition, we immediately have
Vo (x;) + ex. = 0.

Let us recall the Tikhonov approximation curve, ¢ — x., which satisfies the well-
known strong convergence property:

lim x; = p, 4.17)
e—0

where p is the element of minimal norm of the closed convex nonempty set arg min ®.
Moreover, by the monotonicity property of V® ,and V& (p) =0, VD (x,) = —ex,,
we have
(Xe — p, —&x¢) 20,
which, after dividing by ¢ > 0, and by Cauchy-Schwarz inequality gives
lxell < |lpll foralle > 0. (4.18)

Theorem 4.2 Let © : H — R be a convex continuously differentiable function such
that arg min @ is nonempty. Suppose that €(t), B(t) satisfies condition (Hy), B(t) is
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a nonincreasing function such that f+°° S(I)ﬂ(t)dt +o0 and a > 1 hold. Let x(-)
be a classical global solution of (1 4) Then llm mf lx (t) — pll = 0, where p is the

element of minimal norm of arg min ®. Moreover the ergodic convergence property

holds, which is

. 1 "e(r)B (1) 2
tl—lfgo L e@B@ 4o / T lx (z) = pli*dz = 0.

o T
Proof From Lemma 2.2, we have

dw (t)

— -2 I OIP + B @) (1 (x (1) = m).

According to the assumption that B(#) is a nonincreasing function, we have

dw (t)
dt

-2 =0T

Hence, W (¢) is nonincreasing, and . liril W (¢) exists in R. Then, by the definition of
—+00

W(t) in (2.1), we obtain further that sup ||x (¢)|| < +o00 and that
t>1

+00 15 2
/ flx )l dr < ! (W (o) — lim W(t)) < +o0. (4.19)
o t o t—+00

Now, we introduce an auxiliary function 4, (¢), which is defined by

1
hy (1) = S lx (@) = Pl (4.20)

where p is the element of minimal norm of arg min ®. By taking the derivative and
second derivative of the & ,(t), we have

hy(t) = (k(t), x(t) — p), hy@t) = |31+ (F@), x(t) — p).  (4.21)

Hence, we deduce that
i (1) + %fz,,(t) = 1E0|? + <)'c'(t) T ?x(t), x(t) — p>. (4.22)

Moreover, recall the definition &, (x) = ® (x) + % ||x||2 in (2.1), from this and the
assumption €(¢) > 0, we see that ®; is strongly convex with modulus ¢(¢). Then we
have

Q; (p) = 1 (x (1) + (VO (x (1), p — x (1)) + Q“P —x (0.
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Combining this relation with system (1.4), we obtain further that

<1>,<p>><1>,<x(t)>+m( £ - 250, p—x o)+ Lip-x P,

From this relation and the definition of 4 (p) in (4.20), we have

1
SO P EOF IO ey O S @) =2 @) @2

By the definition of x; and ®,, we immediately get

®, (xe (1) = ® (xe (1)) + L)uxs O < @ (x (1)) + Qn O = &, (x (1)) .

Combining (4.23) with the above relation, we obtain further that

ﬁit)< x (@) —p,X@)+ x(t)>+8(t)h ) <@, (p) — D, (x: (1)). (4.24)

Since p is the element of minimal norm of arg min ®, we have ® (p) < ® (x, (7)).
Using this and the definition of ®;, we obtain that

B, (p) — B, (xe (1)) = D (p) + ()||p||2 ol><e(r)>—ﬁ||g(z)||2

< ()(npn? e 1)

Combining (4.24) with (4.25) together, we obtain further that

(4.25)

1
SO =p @+ Siw)+e om0 = 52 (1P - 1n 0FF).

Multiply both sides of the above formula by 8(¢), we have

B (1) e (1)
o (

(f0-pio+Z0)+B0 O, O < 112 = lxe 0)I1).

(4.26)

Combining (4.22) with (4.26) together, we obtain that

B(t)e ()

iy (1) + %hp )+ B WO h, ) < 13O + ==

(P17 = e )12).
(4.27)
On the other hand, by simply computing, we have

. o . 1 d o
h, (1) + 7h,, @) = dr (t%hp (1)) .
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Hence, from the above relation and (4.27), we obtain that

. (t) e (1) 1d,,.
pwewny =1k OF + 205 (19 e 07) - 5 (5, 0).

Dividing both sides of the above formula by ¢, we deduce that

BWemhy ) _EOI>  pWe® (o Nl d
e = e e (11— e OF) = o (%, ).

Define 6 (1) = %(||p||2 — |lxe (t)||2), from the assumption tlim g(t) = 0 and
— 00
(4.17),(4.18) we see that tlim 6 (t) = 0. Moreover,
—00

,B(t)S(t)hp(t)<IIJ'C(t)IIZJrﬁ(t)e(t)S(I)_ 1 d

— o A
t -t t e+l gt (“hp 1))

By rearranging terms, we have

I*@1> 1

hp () =8(0) = —— = o5

B (@) e1) d ,
t ( E(t hy (1)) . (4.28)

By integrating (4.28) on [#o, t], there exists C4 > 0 such that

1 d .
(hp (s) —§& (s)) ds < Cy4 — / AT s (s”‘hp (s)) ds, (4.29)
0]

/’S(S)ﬂ(S)
P s

0
which follows from (4.19).

Next, we begin to analyze the right terms in the above formula, i.e., ft; wlﬁ % (s“fz » (s))
ds. According to the integration rule, we have

C1od .
_— h d
[ e s )i

1. r.
= (-hp (s)> A s 1)/ —hp (s)ds
N 0 S

1. 1. a+1 oa+1
= ;hp (’)_ghf’ (t0) + 2 hp (1) — ) hp (t0) +2(ax+ 1)
0

1
/ s—3hp (s)ds
fo

1. o+ 1 |
:C5+;h,, (t)+t—2hp (t)+2(oz+l)/ S—3h,7 (s)ds,
1o
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where Cs is other constant. Recall the definition of %, (¢) in (4.20), we see that /1, (t)
is nonnegative. From this with the fact @ > 1, we have

1 d ., 1.
g s“+1£(s hp (s))ds 2C5+;hp ().

Combining the above formula with (4.29), we have

1
/ E(S)Sﬁ (s) (hy (s) = 8(s))ds < C4— Cs — ;}',p (1) < C6+; |hp )], (4.30)
1

0

where Cg is other constant. )
. - . h
From the fact sup ||x (¢)|| < +00, similar to Lemma 2.3 (ii) , we have sup Mﬂ <
>t =19

~+o00. Using this result and (4.30), we obtain that there exists another constant C>0

such that
f Te(s)B(s)
i) s

Since f;oo wd t = +oo from the assumption, by (4.31), we obtain further that

(hp(s) —8(s))ds < C. (4.31)

liminf (1, (1) = 8 (1)) < 0.

Note that lim 6 (r) = 0, hence, liminfh, () = 0, which implies that lim inf
t—00 t—00 t—00

llx (£) — pll = 0. This proves the strong convergence of the trajectory x(¢).
In the following, we will prove the trajectory x(¢) is ergodicly convergent to the
solution with minimal norm of the solution of (1.4). Note that

t
/ E(T)ﬁ(f)hp (1)dr
Io T
1 t
=/ e A ) (h,,(f)_s<f>)df+/ e A ()
10 T T

10
t
< C_' +/ M& (T)df,
i) T

S (t)dr
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where the last inequality follows from (4.31). Dividing both sides of the above formula
by ft; Wd 7, then we have

t
lim sup ! / e@Pp (r)hp (r)dr
to

oo [ SOE@ gy T

T
( c Ji ARED s (7) dr)
)i

CEORm | B g
fo

< lim sup
t—00

0 T T

- t EDB()
—C 4+ lim su /to . 0mdr
Py s [ HDP@ g

0]

t
In) T T

t—00

-0,

where the first inequality follows from the fact e(r) > 0, 8(¢) > 0, and the last
equality follows from the assumption that tlim flg wd T = 400 and the fact that
— 00

tlim 8 (t) = 0. Then, by the definition of /4, we have
— 00

1 t
lim sup — / AQLAC) lx (t) — p||2dt <0. (4.32)
t—00 fto —S(T)Tﬂ(r)df fo T

Since, all the terms in the left side of (4.32) are nonnegative, we obtain further that

Ix () — pl*dt = 0. (4.33)

1 /IS(I)ﬂ(t)
T

m
1 e(@p()
1—00 - dt

0 o

This completes the proof.

5 Numerical experiments

In this section, we perform numerical experiments to illustrate our theoretical results
of dynamical system (1.4). All the experiments are performed by Matlab 2014b on
a 64-bit Thinkpad laptop with an Intel(R) Core(TM) i7-6600U CPU (2.60GHz) and
12GB of RAM.

In our numerical tests, we consider three optimization problems: the first two exam-
ples are two dimensional strongly convex problem and convex problem respectively,
the third is a convex and twice continuously differentiable one-dimensional problem
and the minimizer is not unique, this example comes from reference [17]. We use
Runge Kutta 4-5 adaptive method to solve them.

The first two examples are mainly to emphasize the fast convergence rate of the
function value (Theorem 4.1), and the third example is to show the strong convergence
of the trajectory (Theorem 4.2). A detailed description is given below.
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6000 . ; ; " ; ; ; 6000 ; . ; : ’ ; ;
— s+ 24 (V(>(:z(t)) i %1(!)) -0 0+ 22+t (vq; () + ii‘r(t)) =0

5000 5000

§(0+ T+ B (s() 4 g2 (0 =0

)+ 20+ (V&(:(e))+ llﬁxft)) =0 ]

—(t)+ gx[f}+l' (V@(:(:)H ;lxz(z)) =0 ||

4000 | 4000

2000

1000 1000

1 15 2 25 3 35 4 15 5 1 15 2 25 3 35 4 45 5
(@) |P1 (2 (2)) — @17 (b) [®1 (2 (2)) — @17

Fig. 1 Error analysis with different parameters in dynamical system (1.4) for a strong convex objective
function ®. The red, green, black and blue line correspond to the three choices, « = 5, (1) = 1,
s =1/t =780 =13,6() =1/t%a=9,80) =12,e(t) = 1180 =5, (1) = 1,8(t) = 1/1*,
respectively

In the next two subsections, we choose b € (0, 1) and (o, B(1), €(t)) = (5, t, %4),

(@ B(t), (1)) = (7, 3 ,%) (@ B(t), (1)) = (9, £, tlg) respectively. All the
choices of «, B(t), £(t) satisfy the assumptions in Theorem 4.1. Hence, by Theorem
4.1, the function value along the trajectory is convergent fast.

5.1 Strongly convex function
In this subsection, we consider the strongly convex optimization problem:
min ®; (x1, x2) = 2x12 + 5x2% — 4x1 + 10x2 + 7.

By simply computing, we obtain that V&q (x1, x3) = (4x; —4, 10x2 + lO)T and
x* =, —l)T is the unique minimizer of ®1, hence the optimal value is ®* =
@ (1,—-1)=0.

To illustrate the fast convergence rate of ® (x(¢)), we plot in Fig. 1 the trajectory of
|®; (x (1)) — P *| versus the time 7, the horizontal axis represents 7, the initial point is
chosenas ug = vo = (=53, 30)7. According to Fig. 1a, we see that 1 (x (7)) converges
to @7 fast for all the choices of «, B(¢) and (¢). Fig. 1b shows the performance of
|® (x (t)) — ®1*| under the choice of « = 5, B(t) = t, e(t) = l/z‘4 and the case
a =35, B(@) =1,e@) = 1/t*, where the latter choice is from [4]. We see from Fig.
1b that the choice §(#) = ¢t in (1.4) are comparable with g(z) = 1.

5.2 Convex function
In this subsection, we consider convex optimization problem:
min @ (x1, x2) = x14 + 5x22 —4x1 — 10x, + 8.
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120 T T T T T T T 120
HOES ‘;x(t)+t(Vc’D(x(e))+ %x(t)) =0

1(t)+?x(l)+t(vﬁ(z(t))+%1(t)) =0

100 bay 100

O+ ?x(l)+V§(:(i))+’i‘m(t) -0

H0+ 15+ (v@(:(e)w tls:(e)) =0 ||

ol | 3&(!)+%i(¢)+ti (Vﬁ(z(t))+%x(¢)):0 | sl

B0

201

N D ——— e n 0 n L n n
1 15 2 25 3 35 4 45 5 1 15 2 25 3 35 4 45 5

(@) [®2 (z () — 27 (b) [®2 (z () — D27

Fig. 2 Error analysis with different parameters in dynamical system (1.4) for a convex objective function
®,. The red, green, black and blue line correspond to the three choices, « = 5, B(t) = ¢, ¢(t) = 1 /t4;
a=T780)=13,e1)=1/1%a=981)=1,e0)=1/t% a0 =5,B() =1, () = 1/t*, respectively

We can easily deduce that V&, (x1, x3) = (4x13 —4,10x — IO)T and x* = (1, 1)T
is the minimizer of ®,, thus the optimal value is ®,* = @, (1, 1) = 0.

The computational results are presented in Fig. 2. We plot |® (x (1)) — ®,*| versus
the time ¢ in the following figures, the horizontal axis represents ¢, and the initial point
ischosen as ug = vo = (=1, 5)7. From Fig. 2a, we see that ®,(x (7)) converges to @3
fast for all the choices of «, B(¢) and &(¢). Figure 2b shows the comparison between the
case = 5, B(t) =1, e(t) = 1/¢* and the case « = 5, (1) = 1, e(t) = 1/1*, where
the latter case is from [4]. From the numerical results, we see that the convergence
rate of ®,(x(¢)) are comparable under both choices of «, (), €(¢).

5.3 One-dimensional function

In this subsection, we conduct numerical experiments to illustrate the influence of
Tikhonov regularization on the strong convergence of the trajectory x(¢). We con-

sider (a, B(1), e(t)) = (3, ﬁ, ﬁ) and («, B(1),e(t)) = (3, ﬁ,O)

respectively, and the choice of («, B(?), e(t)) = (3, ﬁ, \/lim
assumptions in Theorem 4.2.

The optimization problem we consider in this part is as follows:

) satisfies the

—(x+ 13 ifx<-1
mnd®:R >R, &@x)=1{0, if —1<x<l1
(x — 13, ifx > 1

By easily computing, we can deduce that argmin® = [—1, 1] and x* = 0 is its
minimum norm solution.

Our computational results are presented in Fig. 3. We plot the trajectory x(t)
generated by (1.4) versus the time ¢ in the following figure, the horizontal axis
represents . We see from the figure that x(z) generated by (1.4) with the choice
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i(£)+§1’(t)+ . (Vtﬁ(m(t))+ ! a:(t)) =0
t VI +Int YT+t -
3 1
s b LI =0 H
15 E(t)+ eme (z(t))
1 ol
05 N
0 [v‘\/\m
_05 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500

Fig. 3 The red line shows the trajectories of the dynamical system with Tikhonov regularization &(r) =
are approaching the minimum norm solution x* = 0; the green line shows the trajectories of

/Tt PP & 0; the g y

the dynamical system without Tikhonov regularization are approaching the optimal solution, but not the

minimum norm solution

(o, B(2),e(t)) = (3, WiErTe —m) converges to the minimum norm solution
x* = 0, which conforms with our theory. However, the trajectory x(¢) under the case

(o, B(2), e()) = (3, Jliﬁ’ O) (without the Tikhonov regularization) converges to

the optimal solution, but not the minimum norm solution.

6 Conclusion, perspective

In this paper, we mainly study the convergence behavior of a second order gradient
system with Tikhonov regularization (1.4). We first prove the existence and uniqueness
of the C 2-global solution of (1.4). Next, under the assumption ft:w tB(t)e(t)dt <
+o00, we establish the global convergence of @ (x (¢)) to the optimal value of &.
Moreover, we show that the convergence rate of ®(x(z)) to min ® is o(l/tz,B(t)),
which can be faster than o(1 /tz). In the case ft:m wdt = +00, by constructing
proper energy function, we show that the trajectory x (¢) strongly converges to p, where
p is the element of minimal norm of arg min . In addition, we also prove the ergodic
convergence of x(¢). Finally, we conduct some numerical experiments to illustrate the
theoretical results.

At the end of this paper, we would like to list some possible directions of future
research related to the dynamical sytem (1.4):

(1) A natural direction is to propose some proper numerical algorithms via time dis-
cretization of (1.4). Furthermore, one can investigate their theoretical convergence
properties, and confirm them with numerical experiments;
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(i1) One can also consider (1.4) endowed with an additional Hessian driven damping,

see for example [8,17];

(iii)) Another direction is to consider the non-smooth optimization problems, which

mean the objective functions are not differentiable, then we can not apply (1.4)
directly. One can use the monotone inclusion to solve it, see for example [8,12,21].
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