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Abstract. In this paper, we provide theoretical analysis for a cubic regularization of Newton
method as applied to unconstrained minimization problem. For this scheme, we prove general
local convergence results. However, the main contribution of the paper is related to global
worst-case complexity bounds for different problem classes including some nonconvex cases. It
is shown that the search direction can be computed by standard linear algebra technique.
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1. Introduction

Motivation. Starting from seminal papers by Bennet [1] and Kantorovich [6],
the Newton method turned into an important tool for numerous applied prob-
lems. In the simplest case of unconstrained minimization of a multivariate func-
tion,

Inin f(z),

the standard Newton scheme looks as follows:

Tgr = i — [ (2)] 7 F ().

Despite to its very natural motivation, this scheme has several hidden drawbacks.
First of all, it may happen that at current test point the Hessian is degenerate;
in this case the method is not well-defined. Secondly, it may happen that this
scheme diverges or converges to a saddle point or even to a point of local maxi-
mum. In the last fifty years the number of different suggestions for improving the
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scheme was extremely large. The reader can consult a 1000-item bibliography in
the recent exhaustive covering of the field [2]. However, most of them combine
in different ways the following ideas.

— Levenberg-Marquardt reqularization. As suggested in [7,8], if f”(x) is not pos-
itive definite, let us regularize it with a unit matrix. Namely, use —G ! f/(z)
with G = f”(x) +~I > 0 in order to perform the step:

Tpr1 =z — [f(@r) + I ().

This strategy sometimes is considered as a way to mix Newton’s method with
the gradient method.

— Line search. Since we are interested in a minimization, it looks reasonable to
allow a certain step size hy > 0:

Tt = o — hy[f" (z)] 7 f (),

(this is a damped Newton method [12]). This can help to form a monotone
sequence of function values: f(zr11) < f(zk).

— Trust-region approach [5,4,3,2]. In accordance to this approach, at point xy
we have to form its neighborhood, where the second-order approximation of
the function is reliable. This is a trust region A(xy), for instance A(xy) =
{z : ||z — zx|| < €} with some € > 0. Then the next point xj,1 is chosen as
a solution to the following auxiliary problem:

IGHAﬁ(gk)Kf'(l“k)vx —zp) + 5 (" (@r) (@ — zp), @ — 1))

Note that for A(x) = R™, this is exactly the standard Newton step.

We would encourage a reader to look in [2] for different combinations and
implementations of the above ideas. Here we only mention that despite to a
huge variety of the results, there still exist open theoretical questions in this
field. And, in our opinion, the most important group of questions is related to
the worst-case guarantees for global behavior of the second-order schemes.

Indeed, as far as we know, up to now there are very few results on the
global performance of Newton method. One example is an easy class of smooth
strongly convex functions where we can get a rate of convergence for a damped
Newton method [11,10]. However the number of iterations required is hard to
compare with that for the gradient method. In fact, up to now the relations
between the gradient method and the Newton method have not been clarified.
Of course, the requirements for the applicability of these methods are different
(e.g. smoothness assumptions are more strong for Newton’s method) as well as
computational burden (necessity to compute second derivatives, store matrices
and solve linear equations at each iteration of Newton’s method). However, there
exist numerous problems, where computation of the Hessian is not much harder
than computation of the gradient, and the iteration costs of both methods are
comparable. Quite often, one reads opinion that in such situations the Newton
method is good at the final stage of the minimization process, but it is better to
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use the gradient method for the first iterations. Here we dispute this position:
we show that theoretically, a properly chosen Newton-type scheme outperforms
the gradient scheme (taking into account only the number of iterations) in all
situations under consideration.

In this paper we propose a modification of Newton method, which is con-
structed in a similar way to well-known gradient mapping [9]. Assume that func-
tion f has a Lipschitz continuous gradient:

If' (@) = f' Wl < Dlly — ||, Va,y € R"

Suppose we need to solve the problem

min f(z),

where () is a closed convex set. Then we can choose the next point xyy; in our
sequence as a solution of the following auxiliary problem:

min gz, (y), €1 (y) = flan) + (F'(@r),y — xr) + 5Dlly — x| (1.2)

Convergence of this scheme follows from the fact that & 4, (y) is an upper first-
order approximation of the objective function, that is & 4, (y) > f(y) Yy € R”
(see, for example, [10], Section 2.2.4, for details). If Q = R", then the rule (1.1)
results in a usual gradient scheme:

Tkt1 = Tk — %f’(m)

Note that we can do similar thing with the second-order approximation. Indeed,
assume that the Hessian of our objective function is Lipschitz continuous:

1) = "Wl < Lz —yll,  Vo,y € R

Then, it is easy to see that the auxiliary function

E2.2(y) = f(2) + (f'(2),y — 2) + 5(f"(2)(y — 2),y — @) + §lly — |

will be an upper second-order approximation for our objective function:

fly) <&(y) VYyeR"

Thus, we can try to find the next point in our second-order scheme from the
following auxiliary minimization problem:

Th1 € Argmin &, (y) (1.2)

(here Argmin refers to a global minimizer). This is exactly the approach we
analyze in this paper; we call it cubic regularization of Newton’s method. Note
that problem (1.2) is non-convex and it can have local minima. However, our
approach is implementable since this problem is equivalent to minimizing an
explicitly written convex function of one variable.
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Contents. In Section 2 we introduce cubic regularization and present its main
properties. In Section 3 we analyze the general convergence of the process. We
prove that under very mild assumptions all limit points of the process satisfy
necessary second-order optimality condition. In this general setting we get a rate
of convergence for the norms of the gradients, which is better than the rate en-
sured by the gradient scheme. We prove also the local quadratic convergence of
the process. In Section 4 we give the global complexity results of our scheme for
different problem classes. We show that in all situations the global rate of con-
vergence is surprisingly fast (like O(k%) for star-convex functions, where k is the
iteration counter). Moreover, under rather weak non-degeneracy assumptions,
we have local super-linear convergence either of the order % or % We show that
this happens even if the Hessian is degenerate at the solution set. In Section 5 we
show how to compute a solution to the cubic regularization problem and discuss
some efficient strategies for estimating the Lipschitz constant for the Hessian.
We conclude the paper by a short discussion presented in Section 6.

Notation. In what follows we denote by (-, -) the standard inner product in R™:
(w,y) =Y 2Dy, z.ye R,
i=1

and by ||z|| the standard Euclidean norm:

el = (, ) /2.

For a symmetric n X n matrix H, its spectrum is denoted by {\;(H)}™,. We
assume that the eigenvalues are numbered in decreasing order:

Hence, we write H »= 0 if and only if A,,(H) > 0. In what follows, for a matrix
A we use the standard spectral matrix norm:

1A]l = A (AAT)2,

Finally, I denotes a unit n x n matrix.

Acknowledgement. We are very thankful to anonymous referees for their nu-
merous comments on the initial version of the paper. Indeed, it may be too
ambitious to derive from our purely theoretical results any conclusion on the
practical efficiency of corresponding algorithmic implementations. However, the
authors do believe that the developed theory could pave a way for future progress
in computational practice.

2. Cubic regularization of quadratic approximation

Let F C R™ be a closed convex set with non-empty interior. Consider a twice
differentiable function f(z), x € F. Let x¢ € int F be a starting point of our
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iterative schemes. We assume that the set F is large enough: It contains at least
the level set

L(f(x0)) ={z € R": f(z) < f(z0)}
in its interior. Moreover, in this paper we always assume the following.

Assumption 1 The Hessian of function f is Lipschitz continuous on F:

17 (@) = f" (W)l < Llle —yll, Vo,yeF. (2.1)
for some L > 0.

For the sake of completeness, let us present the following trivial consequences
of our assumption (compare with [12, Section 3]).

Lemma 1. For any x and y from F we have
1f'(y) = f'(2) = (@) (y — @)l < 5Ly — =%, (2.2)
[f(y) = f(2) = (f'(2),y —a) = 3{f"(@)(y — @),y — )| < §lly —«|® (2.3)

Proof. Indeed,

1

1" () = () = £ @)y =)l = || [ 1" (2 + 7y — 2)) = " (@)](y — 2)dr]|

0
1
< Llly - xIIZOdeT = 5Ly —=[*.
Therefore,
[fy) = f(@) = {f'(x),y — 2) = 5(f"(@)(y — x),y — x)|
1

= | [{'(@+ My =) = ['(z) = A" (@)(y — ),y — 2)d]|

0

IN

1
sLlly — x||30f)\2d/\ = §lly —=]*.

(|
Let M be a positive parameter. Define a modified Newton step using the
following cubic reqularization of quadratic approximation of function f(x):

T (@) € Argmin [(f'(2),y = 2) + 3{f"(2)(y — =),y = 2) + Ty — 2] 2.4)

where ” Arg” indicates that Tps(x) is chosen from the set of global minima of
corresponding minimization problem. We postpone discussion of the complexity
of finding this point up to Section 5.1.

Note that point Ths(x) satisfies the following system of nonlinear equations:

f'(@)+ f"(@)(y — 2) + s Mlly — 2 - (y — 2) = 0. (2.5)
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Denote rps(x) = || — Tas(x)|]. Taking in (2.5) y = Tas(z) and multiplying it by
T (x) — x we get equation

(f'(2), Tar (@) — @) + (f"(@)(Tas () = 2), Tar(2) — @) + 5 M1y () = 0. (2.6)
In our analysis of the process (3.3), we need the following fact.
Proposition 1. For any x € F we have
f (@) + Mry(z)I = 0. (2.7)

This statement follows from Theorem 10, which will be proved later in Section
5.1. Now let us present the main properties of the mapping Ths(A).

Lemma 2. For any x € F, f(x) < f(xzo), we have the following relation:
(f'(2),2 — Tm(z)) 2 0. (2.8)
If M > 2L and x € int F, then Ta(x) € L(f(x)) C F.
Proof. Indeed, multiplying (2.7) by & — Tps(x) twice, we get
(f"(@)(Tu () = 2), Twa () = @) + 5 My (x) > 0,

Therefore (2.8) follows from (2.6).
Further, let M > ZL. Assume that Ta(x) € F. Then rps(z) > 0. Consider
the following points:

Yo =z +a(Ty(x) — ), a€l0,1].

Since y(0) € int F, the value
a: Ya € oF

is well defined. In accordance to our assumption, @ < 1 and y, € F for all
a € [0, @]. Therefore, using (2.3), relation (2.6) and inequality (2.8), we get

F¥a) < F(@) + {F'(2), 90 — 2) + 5(F"(@) (Yo — 2), 40 — 2) + SEr3,(2)

[}

< (@) + (@) Yo — 2) + (" (@) Yo — @), Yo — @) + 103, (@)

2

= f(@) + (@ = L)' (2), T () — 2) — 0= 0 ()

< fla) — SO 003 (2).

Thus, f(y(@)) < f(x). Therefore y(@) € int L(f(z)) C int F. That is a con-
tradiction. Hence, Ths(z) € F and using the same arguments we prove that

f(Tu(x)) < f(x). =
Lemma 3. If Ty (z) € F, then

1F"(Tar (@) < 5(L + M)r (). (2.9)
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Proof. From equation (2.5), we get
£/ (@) + f"(@)(Tn(z) — 2)|| = 3 M3y (2).
On the other hand, in view of (2.2), we have
1/ (Tae () = f'(2) = f" (@) (Tua (2) — )| < 3Lr3, ().

Combining these two relations, we obtain inequality (2.9). O
Define

far (@) = min [ (@) + (f'(2),y = ) + (" @)y — @),y — @) + Hlly — 3] .

Lemma 4. For any x € F we have

Jar(2) < min [F(y) + 254 ly — 1] (2.10)
f@) = far(z) > 35 3, (@) (2.11)

Moreover, if M > L, then Ty (x) € F and
f(Tu(@)) < fu(z). (2.12)

Proof. Indeed, using the lower bound in (2.3), for any y € F we have

fl@)+(f'(2),y —2) + (" (@)(y — @),y — 2) < fy) + glly —]*.

and inequality in (2.10) follows from the definition of fy/(z).

Further, in view of definition of point T' o T (z), relation (2.6) and in-
equality (2.8), we have

f@) = fu(@) = (f'(2),2 = T) = 3{f"(@)(T — ), T — x) — &ri; ()

= 5(f'(@), o = T)+ 5} (x) = {57}(x).

Finally, if M > L, then Tps(z) € F in view of Lemma 2. Therefore, we get
inequality (2.12) from the upper bound in (2.3). O

3. General convergence results

In this paper the main problem of interest is:

i 1

min f(z), (3.1)

where the objective function f(z) satisfies Assumption 1. Recall that the nec-

essary conditions for a point z* to be a local solution to problem (3.1) are as
follows:

fia®)y=0, f'(a")=0. (3.2)
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Therefore, for an arbitrary x € F we can introduce the following measure of
local optimality:

(@) = max {72 17 @) ], — 5725 e (7 (@) }

where M is a positive parameter. It is clear that for any x from F the measure
was(z) is non-negative and it vanishes only at the points satisfying conditions
(3.2). The analytical form of this measure can be justified by the following result.

Lemma 5. For any x € F we have pup (T (z)) < rar(z).

Proof. The proof follows immediately from inequality (2.9) and relation (2.7)
since

F"(Tu (@) = f"(x) = Lrag (@) = —(5M + Lrag(2)1.

O
Let Lo € (0, L] be a positive parameter. Consider the following regularized
Newton scheme.

Cubic regularization of Newton method

Initialization: Choose xy € R™.

Iteration k, (k > 0):

1. Find My, € [Lo,2L] such that
f(TMk(‘Tk)) < ka(mk)

2. Set Th41 = TMk (l‘k)

Since fas(x) < f(z), this process is monotone:

f(@rs1) < fog).

If the constant L is known, we can take M} = L in Step 1 of this scheme.
In the opposite case, it is possible to apply a simple search procedure; we will
discuss its complexity later in Section 5.2. Now let us make the following simple
observation.

Theorem 1. Let the sequence {z;} be generated by method (3.3). Assume that
the objective function f(x) is bounded below:

fl@)> f* VeeF.
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o0
Then Y ri () < %(f(:vo)—f*). Moreover, lim pr(z;) =0 and for any k > 1

=0 ) i— 00
we have

\1/3
i 3(f(xo)—f
min o () < § - (B (3.4

Proof. In view of inequality (2.11), we have

k-1 k-1
flzo) = f* 2> ;)[f(%) — f(wigy1) > ;J Nordy (@) > S8r3, (24).

It remains to use the statement of Lemma 5 and the upper bound on My in
(3.3):
rag, (i) > ping, (Tig1) > Spp(wig).

Note that inequality (3.4) implies that

: / —-2/3
in [£/(29)]| < O(2/2).
It is well known that for gradient scheme a possible level of the right-hand side
in this inequality is of the order O (k_l/ 2) (see, for example, [10], inequality
(1.2.13)).
Theorem 1 helps to get the convergence results in many different situations.
We mention only one of them.

Theorem 2. Let sequence {x;} be generated by method (5.8). For some i > 0,
assume the set L(f(x;)) be bounded. Then there exists a limit

lim f(z;) = £

The set X* of the limit points of this sequence is non-empty. Moreover, this is
a connected set, such that for any x* € X* we have

f@)=f7 fl@)=0, f'(=") =0

Proof. The proof of this theorem can be derived from Theorem 1 in a standard

way. O
Let us describe now the behavior of the process (3.3) in a neighborhood of a

non-degenerate stationary point, which is not a point of local minimum.

Lemma 6. Let T € int F be a non-degenerate saddle point or a point of local
mazimum of function f(x):

F(@) =0, M\(f"(@)<0.

Then there exist constants €, § > 0 such that whenever a point x; appears to be
inasetQ={x:|z—Z|| <ef(x) > f(@)} (for instance, if x; = T), then the
next point x;y1 leaves the set Q:

f(xit1) < f(2) =0
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Proof. Let for some d with ||d|| = 1, and for some 7 > 0 we have
(f"(z)d,d) = -0 <0, T+7deF.

€2. Then, in view of inequality (2.10), upper
, for |7] < 7 we get the following estimate

Define € = min{ﬁ,?} and § =
bound on M;, and inequality (2.3

ol

~

fl@is1) < f(@+7d) + L)z + 7d — 2]

< f@ —or?+ LrP+ L[+ 27(d, 2 — x;) + 72]3/2.

Since we are free in the choice of the sign of 7, we can guarantee that

frin) < F@) —or2+ LrPp+ L2472 r <7

Let us choose 7 = ¢ < 7. Then

2

flzigr) < f(Z) —072—1—%73 < f(z) —072—1—% “5F 12 = f(7) — tor?.

[N

Since the process (3.3) is monotone with respect to objective function, it will
never come again in Q. O

Consider now the behavior of the regularized Newton scheme (3.3) in a neigh-
borhood of a non-degenerate local minimum. It appears that in such a situation
assumption Ly > 0 is not necessary anymore. Let us analyze a relaxed version
of (3.3):

Tgt1 = T, (xk), £ >0 (3.5)

where Mj, € (0,2L]. Denote

_ LI @)l
Ok = X2 (7 (an)) -

Theorem 3. Let f”(z0) = 0 and & < %. Let points {z} be generated by (5.5).
Then:

1. For all k > 0, the values 0y, are well defined and they converge quadratically
to zero:

2
3 (0 8 52
Op+1 < 3 (1,’3k) < 30; <

wln

2. Minimal eigenvalues of all Hessians f"(xy) lie within the following bounds:

e An(f"(0)) < Aa(f" (1)) < €/ *Xn(f" (20))- (3.7)

3. The whole sequence {x;} converges quadratically to a point x*, which is a
non-degenerate local minimum of function f(x). In particular, for any k > 1 we
have

17 ()| < X2 (F"(20)) 2o () (3.8)
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Proof. Assume that for some k > 0 we have f”(xy) > 0. Then the corresponding
81, is well defined. Assume that §; < 1. From equation (2.5) we have

rag (@r) = [ Tag, (2x) — 2l = (7 (28) + ra, (22) 4= D) 71 ()| < sLls
(3.9)
Note also that f”(zr11) = f"(xx) — ra, (xr) LI. Therefore

A (" (@p41) = A (" (@k)) — 7oa, (w8 L

> (" () — U — (1= 5 (£ (1))

Thus, f”(zx41) is also positive definite. Moreover, using inequality (2.9) and the
upper bound for M} we obtain

S — Ll @] o 3L, (k) B f (@) _ 3 (s
BT X (@) = D2 (anen) = 2T @) (1607 — 2 \T-0

(V)
IN

8
55,%.
Thus, dp41 < i and we prove (3.6) by induction. Note that we also get dp41 <

2
gék.
Further, as we have already seen,

5 1=
1—15,, > — Z 61 Z —1.

A (" (21) < S MR-
Gy = L1 =0) = =2,

In order to get an upper bound, note that f”(zry+1) = f"(zr) + v, (zr) LI
Hence,

A (f"(@rr1) < Ma(f(2k)) 4 ragy (o6) L < (14 0x) An (7 (1))

Therefore

Al (21) — o Ve S5 o3

It remains to prove Item 3 of the theorem. In view of inequalities (3.9) and
(3.7), we have

g (@) < T (" (1)) 0k < #)\n(f”(xo))(slw

Thus, {z;} is a Cauchy sequence, which has a unique limit point z*. Since the
eigenvalues of f”(x) are continuous functions of x, from (3.7) we conclude that
f"(x*) > 0.
Further, from inequality (3.6) we get
5

16 52
Or+1 < g=hoyz < 90k

Denoting Sk = %5;6, we get Sk+1 < 3,% Thus, for any k > 1 we have

Using the upper bound in (3.7), we get (3.8). O
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4. Global efficiency on specific problem classes

In the previous section, we have already seen that the modified Newton scheme
can be supported by a global efficiency estimate (3.4) on a general class of non-
convex problems. The main goal of this section is to show that on more specific
classes of non-convex problems the global performance of the scheme (3.3) is
much better. To the best of our knowledge, the results of this section are the
first global complexity results on a Newton-type scheme. The nice feature of
the scheme (3.3) consists in its ability to adjust the performance to a specific
problem class automatically.

4.1. Star-convex functions

Let us start from a definition.

Definition 1. We call a function f(x) star-convex if its set of global minimums
X* is not empty and for any x* € X* and any x € R™ we have

flaz*+ (1 —a)z) < af(z*)+ (1 —a)f(x) VeeF, Yael0,1]. (4.1)

A particular example of a star-convex function is a usual convex function. How-
ever, in general, a star-convex function does not need to be convex, even for
scalar case. For instance, f(z) = |z|(1 — e~ 1?),2 € R, is star-convex, but not
convex. Star-convex functions arise quite often in optimization problems related
to sum of squares, e.g. the function f(z,y) = x?y%+22+1? belongs to this class.

Theorem 4. Assume that the objective function in (5.1) is star-conver and the
set F is bounded: diam F = D < oo. Let sequence {xy} be generated by method

1. If f(wo) — f* > 3LD3, then f(x1) — f* < SLD3.
2. If f(zo) — f* < 3LD3, then the rate of convergence of process (3.3) is as
follows:

3
flaw) = f(@*) < 5558552, k20 (4.2)
Proof. Indeed, in view of inequality (2.10), upper bound on the parameters My
and definition (4.1), for any k > 0 we have:

f(@rir) = f(27)

< myin [f(y) = f@*)+ 5lly — 2l y = a2+ (1 — &)ay, a € [0,1]]

< aren[gll] [f(xk) = f(@*) — a(f(zr) — f(2*)) + 5P |z* — a]® ]

< min [f(@) - f@*) = o f(ee) = f@") + 50D ].
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The minimum of the objective function in the last minimization problem in

« > 0 is achieved for
o = /2(f(w§e2—DJ;(w*))'

If o > 1, then the actual optimal value corresponds to o = 1. In this case
flars1) = f(z*) < 5LD*.

Since the process (3.3) is monotone, this can happen only at the first iteration
of the method.
Assume that o < 1. Then

Faen) = @) < flaw) = F@) = [3(f @) — f)]? L

Or, in a more convenient notation, that is ai 1 < aﬁ — %ai < ai. Therefore
2 2 2
1 1 _ ok—0k41 X~ Y41 > Yk ak+1 > 1
Qg1 ag Q41 agagyr(aptagyr) = 2073
1 5> 1 4k k
Thus, 2L ar Zas T2 1+ 3, and (4.2) follows. O

Let us mtroduce now a generalization of the notion of non-degenerate global
minimum.

Definition 2. We say that the optimal set X* of function f(x) is globally non-
degenerate if there exists a constant v > 0 such that for any x € F we have

fl@) = f* = 3 p*(z, X*), (4.3)

where f* is the global minimal value of function f(x), and p(x, X*) is the Fu-
clidean distance from x to X*.

Of course, this property holds for strongly convex functions (in this case
X* is a singleton), however it can also hold for some non-convex functions. As
an example, consider f(z) = (||z]|> — 1)?,X* = {x : ||z|| = 1}. Moreover, if
the set X™* has a connected non-trivial component, the Hessians of the objective
function at these points cannot be non-degenerate. However, as we will see, in this
situation the modified Newton scheme ensures a super-linear rate of convergence.

Denote 3
w=1:(3)"

Theorem 5. Let function f(x) be star-convex. Assume that it has also a globally
non-degenerate optimal set. Then the performance of the scheme (3.8) on this
problem is as follows.

1. If f(xo)—f(z*) > gw then at the first phase of the process we get the following
rate of convergence:

Flaw) - £@*) < [(Flao) = F@)1 = 5 Fa] (4.4)
This phase is terminated as soon as f(wy,) — f(z*) < 3@ for some ko > 0.

2. For k > kg the sequence converges superlinearly:

Flapp) = F(@*) < L(f(n) — flar))y/Leal=tn), (4.5)
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Proof. Denote by z; the projection of the point x; onto the optimal set X*. In
view of inequality (2.10), upper bound on the parameters M} and definitions
(4.1), (4.3), for any k£ > 0 we have:

f(@ri) — f(27)

< min, [F(e) = f(*) — o(f(e) = F@) + bl lai  mul* ]

. * * L _3(2 * 3/2
< min | Fw) = f(a) = alf @) — f@) + 5o (27 - f@)) }

Denoting A = (f(xg) — f(z*))/©, we get inequality

. 3/2
Apiq < aren[g’ll] [Ak — aAy + %QBAk ] . (4.6)

Note that the first order optimality condition for a > 0 in this problem is

_ . /2A"1/2
Therefore, if Ay > %, we get

Apr < A = (3)*2 A%

Denoting u; = %Ak. we get a simpler relation:

2 3/4

Upt1 < up — Uy

which is applicable if u; > 1. Since the right-hand side of this inequality is
increasing for u;, > i, let us prove by induction that

16°
4
1/4
up < {uo/ —%} .

Indeed, inequality
1/4 + 4 1/4 14 1/4 13
{Uo/ — —kﬁl} > {uo/ — L‘] — % {uo/ — %]

clearly is equivalent to

which is obviously true.
Finally, if ux < 1, then the optimal value for « in (4.6) is one and we get
(4.5). O
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4.2. Gradient-dominated functions

Let us study now another interesting class of problems.

Definition 3. A function f(z) is called gradient dominated of degree p € [1,2]
if it attains a global minimum at some point x* and for any x € F we have

f@) = f(=™) < 7l @)IIP, (4.7)

where T¢ 15 a positive constant. The parameter p is called the degree of domina-
tion.

Note that we do not assume that the global minimum of function f is unique.
For p = 2, this class of functions has been introduced in [13].
Let us give several examples of gradient dominated functions.

Example 1. Convex functions. Let f be convex on R™. Assume it achieves its
minimum at point z*. Then, for any € R", || — z*|| < R, we have

f@) = f(@") < (f'(2), 2 —a") < [If'(2)]| - R.

Thus, on the set F = {x : ||z — z*|| < R}, function f is a gradient dominated
function of degree one with 7 = R. a

Example 2. Strongly convez functions. Let f be differentiable and strongly con-
vex on R™. This means that there exists a constant v > 0 such that

fy) = f@) + (f'(x),y — =) + 37y — 2|, (4.8)
for all z,y € R™. Then, (see, for example, [10], inequality (2.1.19)),
flx) = f(@*) < g 1f (@)|? Vo e R

Thus, on the set 7 = R"™, function f is a gradient dominated function of degree

two with 7p = % O

Ezxample 3. Sum of squares. Consider a system of non-linear equations:
g(z) =0 (4.9)

where g(z) = (g1(2),...,gm(z))? : R® — R™ is a differentiable function. We
assume that m < n and that there exists a solution z* to (4.9). Let us assume
in addition that the Jacobian

J(x) = (g1 (@), ., gy ()

is uniformly non-degenerate on a certain convex set F containing x*. This means
that the value

o= ;Ielg__)\n (J"(z)J (2))
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is positive. Consider the function

Clearly, f(z*) = 0. Note that f'(x)

= J(x)g(x). Therefore
1" (@) = (" () (2)) g(2), g(2)) = ollg(2)]|* = 20(f(x) — f(z")).

Thus, f is a gradient dominated function on F of degree two with 7¢ = % Note
that, for m < n, the set of solutions to (4.9) is not a singleton and therefore the
Hessians of function f are necessarily degenerate at the solutions. a

In order to study the complexity of minimization of the gradient dominated
functions, we need one auxiliary result.

Lemma 7. At each step of method (3.8) we can guarantee the following decrease
of the objective function:

Flaw) — f( ) > Lo |l £/ (zrg1) 1?2 k>0 (4.10)
o Thtl) = BUa(LrLepsr 0 P '

Proof. In view of inequalities (2.11) and (2.9) we get

. 3/2 "o 3/2
M, My (21f My |lf
f(xk) - f(xk-i-l) > 1216 TJSWk (mk) > 1216 ( H LS:L;\C/[ZI)”) = 35/%.([(7::;[1:)"3/2 .

It remains to note that the right-hand side of this inequality is increasing in
M, < 2L. Thus, we can replace My, by its lower bound Lg. a
Let us start from the analysis of the gradient dominated functions of degree
one. The following theorem states that the process can be partitioned into two
phases. The initial phase (with large values of the objective function) terminates
fast enough, while at the second phase we have O(1/k?) rate of convergence.

Theorem 6. Let us apply method (3.3) to minimization of a gradient dominated
function f(x) of degree p = 1.

1. If the initial value of the objective function is large enough:
flzo) — f(a*) >0 =157} (L+ Lo)?,
then the process converges to the region L(&) superlinearly:

In (L(f@x) — F@) < (2) I (L(F(xo) — f(z7)). (4.11)

wln

2. If f(wo) — f(a*) < ~2Q for some v > 1, then we have the following estimate
for the rate of convergence:

’72(2“1’%7)2
ereeyey T (4.12)

flag) = fa") <@-
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Proof. Using inequalities (4.10) and (4.7) with p = 1, we get

(F(z —F(z%))3/2 L y
f(@e) = fere) 2 L;,\(/J;.((Lkiz)ﬂ)f/(z:?’)” =07V (fapar) — f(27))*2
f

Denoting 0 = (f(zx) — f(x*))/&, we obtain

8 — Gy > 67 (4.13)
Hence, as far as §, > 1, we get

g < (2)" 6o,

and that is (4.11).
Let us prove now inequality (4.12). Using inequality (4.13), we have

3/2
11 s 1 1 _ VO8O
V Okt Vor V/Ok+1 \/5k+1+52fl \/5k+1\/5k+1+52fl

_ 1 _ 1
\/1+1/5k+1-<1+ 1+\/5k+1) 1+\/6k+1+\/l+\/6k+1

p— > 1
= 243 /6p41 — 2+3V00

Thus, 3+ > < + —k_and this is (4.12). O
k ol 245y
The reader should not be confused by the superlinear rate of convergence
established by (4.11). It is valid only for the first stage of the process and de-
scribes a convergence to the set £(w). For example, the first stage of the process
discussed in Theorem 4 is even shorter: it takes a single iteration.
Let us look now at the gradient dominated functions of degree two. Here two

phases of the process can be indicated as well.

Theorem 7. Let us apply method (3.3) to minimization of a gradient dominated
function f(x) of degree p = 2.
1. If the initial value of the objective function is large enough:

Ly

f(l‘o) - f(.’IJ*) > w= 324(L+Lg)° 7-?7 (414)
then at its first phase the process converges as follows:
Flag) = f(@*) < (f(wo) = f(2*)) - e, (4.15)
ol/4

where o = ST (e @) This phase ends on the first iteration kg, for

which (4.14) does not hold.
2. For k > kg the rate of convergence is super-linear:

4/3

Fonsn) = f(a7) < @ (Lot (4.16)
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Proof. Using inequalities (4.10) and (4.7) with p = 2, we get

Lo- ) _ *\\3/4 ~ N
flan) = flana) = SEE It = OV (flann) — F@)**,

Denoting 0, = (f(xr) — f(z*))/@, we obtain
8 > Oar + 610 (4.17)

Hence,
—1/4 —1/4 1

)
5k:121+6k 21+60 EZGJ

)

and we get (4.15). Finally, from (4.17) we have 011 < 5:/3, and that is (4.16).
O

Comparing the statement of Theorem 7 with other theorems of this section we
see a significant difference: this is the first time when the initial gap f(xo)— f(z*)
enters the complexity estimate of the first phase of the process in a polynomial
way; in all other cases the dependence on this gap is much weaker.

Note that it is possible to embed the gradient dominated functions of degree
one into the class of gradient dominated functions of degree two. However, the
reader can check that this only spoils the efficiency estimates established by
Theorem 7.

4.8. Nonlinear transformations of convex functions

Let u(z) : R™ — R™ be a non-degenerate operator. Denote by v(u) its inverse:
v(u): R" —= R", ov(u(x)) ==.

Consider the following function:

where ¢(u) is a convex function with bounded level sets. Such classes are typical
for minimization problems with composite objective functions. Denote by z* =
v(u*) its minimum. Let us fix some g € R™. Denote

o = max{[[v/ ()] : $(u) < flao)),
D = max{llu—u*| : ¢(u) < f(xo)}.

The following result is straightforward.

Lemma 8. For any x,y € L(f(x0)) we have

[z =yl < oflu(z) —u(y)]l (4.18)
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Proof. Indeed, for z,y € L(f(xq)), we have ¢(u(x)) < f(xo) and ¢(u(y)) <
f(zo). Consider the trajectory x(t) = v(tu(y) + (1 — t)u(x)), t € [0,1]. Then

y—x= [0t = <f1 o (tuly) + (1 - t)u(x))dt> (uly) - ula)),

0 0

and (4.18) follows. O
The following result is very similar to Theorem 4.

Theorem 8. Assume that function f has Lipschitz continuous Hessian on F 2
L(f(xo)) with Lipschitz constant L. And let the sequence {x1} be generated by
method (3.3).

1 If fzo) — f* = 3L(oD)3, then f(z1) — f* < 1L(0D)3.

2. If f(xo) — f L(oD)3, then the rate of convergence of the process (3.3) is
as follows:

o 3
Flaw) = fa*) < 557, k=0, (4.19)

Proof. Indeed, in view of inequality (2.10), upper bound on the parameters M},
and definition (4.1), for any k > 0 we have:

frea) = f(a®) < min] f(y) — f(27) + Flly — @]l -

y = v(au* + (1 — Q)u(zy)),a € [0,1]].
By definition of points y in the above minimization problem and (4.18), we have
fy) = f@) = dlow” + (1 = a)u(zy)) — ¢(u*) < (1 = a)(f(zx) — f(2¥)),
ly — 2kl < aollu(zy) — u*|| < aoD.

This means that the reasoning of Theorem 4 goes through with replacement D

by oD. O
al )3

Let us prove a statement on strongly convex ¢. Denote & = 77 (32

Theorem 9. Let function ¢ be strongly convex with convexity parameter v > 0.
Then, under assumptions of Theorem 8, the performance of the scheme (3.3) is
as follows.

1 If f(xo)—f(z*) > %d), then at the first phase of the process we get the following
rate of convergence:

flan) = F@®) < [(Fl@o) = Fla®) /4 = é\/%v“‘*f- (4.20)

This phase is terminated as soon as f(zy,) — f(z*) < 3@ for some ko > 0.

2. For k > ko the sequence converges superlinearly:

Flonn) = F(*) < S(Flag) - Flat))y/ Lot (4.21)



20 Yu. Nesterov, B. Polyak

Proof. Indeed, in view of inequality (2.10), upper bound on the parameters My
and definition (4.1), for any k > 0 we have:

farsa) = f(a®) < min[ f(y) - f(27) + Flly — @]l -

y=v(au* + (1 — a)u(zg)),a € [0,1] ].
By definition of points y in the above minimization problem and (4.18), we have

fy) = f(@") = oloau” + (1 — dJu(w)) — ¢(u”) < (1 — ) (f(zk) — f(z7)),

ly — k|| < aollu(zg) —u*| < aa\/%(f(xo) — f(a¥)).

This means that the reasoning of Theorem 5 goes through with replacement L
by o3L. a

Note that the functions discussed in this section are often used as test func-
tions for non-convex optimization algorithms.

5. Implementation issues
5.1. Solving the cubic reqularization

Note that the auxiliary minimization problem (2.4), which we need to solve in
order to compute the mapping Ty (), namely,

. 1 M
min [(g,h) + §(Hh, h) + 4 |h]*]. (5.1)

is substantially nonconvex. It can have isolated strict local minima, while we
need to find a global one. Nevertheless, as we will show in this section, this
problem is equivalent to a convex one-dimensional optimization problem.

Before we present an “algorithmic” proof of this fact, let us provide it with
a general explanation. Introduce the following objects:

&1(h) = (g,h) + 5(Hh, ), &(h) =[],
Q={¢=(W, T W =g (n), P =&(h), he R"} C R?,
ol6) = €0 1 M (62)¥2
where (a); = max{a,0}. Then

min (g, k) + 3(Hh b+ 3 [AI) = min [ (k) + 46 (h)]

= 2’%13“0(5)'
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Theorem 2.2 in [14] guarantees that for n > 2 the set Q is convexr and closed.
Thus, we have reduced the initial nonconvex minimization problem in R™ to
a convex constrained minimization problem in R?. Up to this moment, this
reduction is not constructive, because @ is given in implicit form. However, the
next statement shows that the description of this set is quite simple.
Denote
valh) = (g.) + S(HR. 1) + M[n|?, he R,

and

1 3

Ul(’l“):—%«H—‘r%I) gg> 127“
For the first function sometimes we use the notation v, (g; k). Denote

D={reR: H+2rI+0,r>0}
Theorem 10. For any M > 0 we have the following relation:

in v, (h) = 5.2
m2in, vu(h) = sup (). (5:2)

For any r € D, direction h(r) = — (H + %I)_ g satisfies equation
0 < vu(h(r)) —ui(r) = 5 (r + 2| DA = 1) = 537 - it - vl ()2,
(5.3)

Proof. Denote the left-hand side of relation (5.2) by v, and its right-hand side
by v/. Let us show that v, > v;". Indeed,

v = min [(g,8) + SRR + 3 1]

= i M \3/2
= min [(9.h)+ §(Hh b+ ()]
T=|h|2

= min sup [{g, ) + 3(HR,R) + 2(r)Y* + v (|0])2 - 7)]

heR™, rcR
> sup }r?én [<g,h> + L(HR By + M ()32 4 My (|12 —7)} = 7.
reD "
Consider now an arbitrary r» € D. Then
g=—Hh(r)— 2rh(r).
Therefore
va(h(r)) = (g, h(r)) + 5 (HA(r), h(r)) + G [P ()]

=g {HA(r), h(r)) = Frlh(r)]* + Flla)|?

M‘H

= —5((H + 2571) h(r), h(r)) = Fr|[p()|? + G R )]?
= u(r) + 337° = Frlp)|? + Fllhr)]?

= u(r) + 35+ 2[a)]) - (Ih(r)]| - 7).
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Thus, relation (5.3) is proved.
Note that

vi(r) = (AP = r?).

Therefore, if the optimal value v/ is attained at some r* > 0 from D, then
vj(r*) = 0 and by (5.3) we conclude that v; = vj. If 7* = 2 (=\,(H)), then
equality (5.2) can be justified by continuity arguments (since v} = v} (g) is a
concave function in g € R"; see also the discussion below). a
Note that Proposition 1 follows from the definition of set D.
Theorem 10 demonstrates that in non-degenerate situation the solution of

problem (5.2) can be found from one-dimensional equation

r= Il (H+20) " gll, > 2 (~Aa(H)) (5.4)

A technique for solving such equations is very well developed for the needs of
trust region methods (see [2], Chapter 7, for exhaustive expositions of the dif-
ferent approaches). As compared with (5.4), the equation arising in trust region
schemes has a constant left-hand side. But of course, all possible difficulties in
this equation are due to the non-linear (convex) right-hand side.

For completeness of presentation, let us briefly discuss the structure of equa-
tion (5.4). In the basis of eigenvectors of matrix H this equation can be written

as
32

= 2 i +MT)2> Z H( )\n)Jr; (55)

where \; are eigenvalues of matrix H and g; are coordinates of vector g in the
new basis.

If g, # 0, then the solution r* of equation (5.5) is in the interior of the
domain:

r> %(_)\’ﬂ)‘l’a

and we can compute the displacement h(r*) by the explicit expression:

N
h(g;r*):f(HJrM; I) g.

If g, = 0 then this formula does not work and we have to consider different
cases. In order to avoid all these complications, let us mention the following
simple result.

Lemma 9. Let §, = 0. Define g(e) = g + ee,,, where e, is the nth coordinate
vector. Denote by r*(e) the solution of equation (5.5) with § = g(e). Then any
limit point of the trajectory

is a global minimum in h of function v,(g;h).
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Proof. Indeed, function v} (g) is concave for g € R"™. Therefore it is continuous.
Hence,

v, (g) = lim vi(g(€)) = lim vy (g(€); h(g(€); ™ (€)))-

e—0 e—0

It remains to note that the function v,(g; k) is continuous in both arguments.
O
In order to illustrate the difficulties arising in the dual problem, let us look
at an example.

Ezxample 4. Let n = 2 and

g:(é), M =0, d=-1, M=1.

Thus, our primal problem is as follows:

3
. _ 2 2 2
min, {¢(h) =-hM -1 (n®)" +1 W(h(l)) + (h) ] }
Following to (2.5), we have to solve the following system of non-linear equations:
ey 2 2
B () 4 ()" = 1,

ﬁ\/(hu))? + (h@)? = 1),

Thus, we have three candidate solutions:

5= () () 5-(L4)

By direct substitution we can see that

b(hy) = =22 > T =(h3) = (h3).

Thus, both i3 and hj are our global solutions.
Let us look at the dual problem:

i =1+3r>0|.

Note that ¢'(r) = 7% + 2. Thus, ¢/(2) = =3 < 0 and we conclude that

r*=2, ¢*=-—

(BN

However, r* does not satisfy the equation ¢'(r) = 0 and the object h(r*) is not
defined. O
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Let us conclude this section with a precise description of the solution of primal
problem in (5.2) in terms of the eigenvalues of matrix H. Denote by {s;}?; an
orthonormal basis of eigenvectors of H, and let k satisfy the conditions

G £0fori < k,

G =0fori>k.

Assume that r* is the solution to the dual problem in (5.2). Then the solution
of the primal problem is given by the vector

k-1 .

(4)
* g ’Si
h*=— + o8p,
P A + %T‘* n
where o is chosen in accordance to the condition ||h*|| = r*. Note that this rule

works also for k=1 or k=n+ 1.

We leave justification of above rule as an exercise for the reader. As far as we
know, a technique for finding A* without computation of the basis of eigenvalues
is not known yet.

5.2. Line search strategies

Let us discuss the possible computational cost of Step 1 in the method (3.3),
which consists of finding My, € [Lo, 2L] satisfying the equation:

F(T, (@) < ()
Note that for My > L this inequality holds. Consider now the strategy
while f(TMk (LC)) > f(ack) do My := 2Mjy; Mk+1 = M. (56)

It is clear that if we start the process (3.3) with any My € [Lo,2L], then the
above procedure, as applied at each iteration of the method, has the following
advantages:

— My <2L.
— The total amount of additional computations of the mappings Thy, (x) during
the whole process (3.3) is bounded by

2L
log, 72-
This amount does not depend on the number of iterations in the main process.

However, it may be that the rule (5.6) is too conservative. Indeed, we can
only increase our estimate for the constant L and never come back. This may
force the method to take only the short steps. A more reasonable strategy looks
as follows:

while f(Th, (x)) > f(zr) do My := 2Mj;
(5.7)
Lh+1 = TMk ({Ek); Mk+1 = max{%M;ﬁ Lo}
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Then it is easy to prove by induction that Ny, the total number of computations
of mappings Tas(x) made by (5.7) during the first k iterations, is bounded as
follows:

Nj, < 2k + log, JZ—[(’:

Thus, if N is the number of iterations in this process, then we compute at most
2L
2N +log, £

mappings T (z). That seems to be a reasonable price to pay for the possibility
to go by long steps.

6. Discussion

Let us compare the results presented in this paper with some known facts on
global efficiency of other minimization schemes. Since there is almost no such
results for non-convex case, let us look at a simple class of convex problems.

Assume that function f(z) is strongly convex on R™ with convexity param-
eter v > 0 (see (4.8)). In this case there exists its unique minimum z* and
condition (4.3) holds for all x € R™ (see, for example, [10], Section 2.1.3). As-
sume also that Hessian of f(z) is Lipschitz continuous:

1f"(x) = f"W)l < Lllz = yll, Va,y € R™

For such functions, let us obtain the complexity bounds of method (3.3) using
the results of Theorems 4 and 5.
Let us fix some xg € R". Denote by D the radius of its level set:

D =max{|lz —z"||: f(z) < f(zo)}-

From (4.3) we get
1/2

D < [2(f(wo) - f(z)

We will see that it is natural to measure the quality of starting point zy by the

following characteristic:
Kk = k(o) = %.

Let us introduce three switching values

'\/3

3
Wo = 1312

- _ 3.2 _ 3
w, wiy=35vD% wy=35LD".

Il
ol

In view of Theorem 4, we can reach the level f(zo) — f(z*) < 1LD? in one
additional iteration. Therefore without loss of generality we assume that

f(@1) = f(2") < wa.

Assume also that we are interested in a very high accuracy of the solution. Note
that the case k < 1 is very easy since the first iteration of method (3.3) comes
very close to the region of super-linear convergence (see Item 2 of Theorem 5).
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Consider the case k > 1. Then wg < w; < wq. Let us estimate the duration
of the following phases:

Phase 1: w1 < f(z;) < wa,
Phase 2: wg < f(x;) < wy,

Phase 3: ¢ < f(z;) < wp.
In view of Theorem 4, the duration k; of the first phase is bounded as follows:

3LD?

YIS TR

Thus, k; < 3y/k. Further, in view of Item 1 of Theorem 5, we can bound the
duration ko of the second phase:

we* < (f(@pg) — fla)V4 = %wé“ < (LyD2)1/4 - %wé/“.

This gives the following bound: ky < 33/421/2,/k < 3.25/k.

Finally, denote 6, = - (f(x1) — f(x*)). In view of inequality (4.5) we have:

4w0
Ok41 S52/2, k>k=k +koy+ 1.

At the same time f(z;) — f(z*) < wo. Thus, 6z < %, and the bound on the

duration k3 of the last phase can be found from inequality

4(3)" < dwo

€

That is k3 < log% log, %. Putting all bounds together, we obtain that the
total number of steps NV in (3.3) is bounded as follows:

N <6.25/L2 +logs <10g4 L 4 log, g%) . (6.1)

Tt is interesting that in estimate (6.1) the parameters of our problem interact
with accuracy in an additive way. Recall that usually such an interaction is
multiplicative. Let us estimate, for example, the complexity of our problem for so
called “optimal first-order method” for strongly convex functions with Lipschitz
continuous gradient (see [10], Section 2.2.1). Denote by L the largest eigenvalue
of matrix f”(z*). Then can guarantee that

NI < f"(z) < (L+LD)I Vaz, ||z —z*| < D.

Thus, the complexity bound for the optimal method is of the order

L+LD . (L+LD)D?
O<\/ b In - >

iterations. For gradient method it is much worse:

0 (Ezte y G207
Y

€
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Thus, we conclude that the global complexity estimates of the modified New-
ton scheme (3.3) are incomparably better than the estimates of the gradient
schemes. At the same time, we should remember, of course, about the difference
in the computational cost of each iteration.

Note that the similar bounds can be obtained for other classes of non-convex
problems. For example, for nonlinear transformations of convex functions (see
Section 4.3), the complexity bound is as follows:

3
N <6.25,/2LD + logs <log4 1} log, g%) . (6.2)

To conclude, note that in scheme (3.3) it is possible to find elements of
Levenberg-Marquardt approach (see relation (2.7)), or a trust-region approach
(see Theorem 10 and related discussion), or a line-search technique (see the rule
of Step 1 in (3.3)). However, all these facts are consequences of the main idea of
the scheme, that is the choice of the next test point as a global minimizer of the
upper second-order approximation of objective function.
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