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Abstract

In this paper, we present a new ellipsoid-type algorithm for solving nonsmooth
problems with convex structure. Examples of such problems include nonsmooth con-
vex minimization problems, convex-concave saddle-point problems and variational
inequalities with monotone operator. Our algorithm can be seen as a combination of
the standard Subgradient and Ellipsoid methods. However, in contrast to the latter
one, the proposed method has a reasonable convergence rate even when the dimen-
sionality of the problem is sufficiently large. For generating accuracy certificates in
our algorithm, we propose an efficient technique, which ameliorates the previously
known recipes (Nemirovski in Math Oper Res 35(1):52-78, 2010).
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1 Introduction

The Ellipsoid Method is a classical algorithm in Convex Optimization. It was proposed
in 1976 by Yudin and Nemirovski [23] as the modified method of centered cross-
sections and then independently rediscovered a year later by Shor [21] in the form
of the subgradient method with space dilation. However, the popularity came to the
Ellipsoid Method only when Khachiyan used itin 1979 for proving his famous result on
polynomial solvability of Linear Programming [10]. Shortly after, several polynomial
algorithms, based on the Ellipsoid Method, were developed for some combinatorial
optimization problems [9]. For more details and historical remarks on the Ellipsoid
Method, see [2,3,14].

Despite its long history, the Ellipsoid Method still has some issues which have not
been fully resolved or have been resolved only recently. One of them is the computation
of accuracy certificates which is important for generating approximate solutions to
dual problems or for solving general problems with convex structure (saddle-point
problems, variational inequalities, etc.). For a long time, the procedure for calculating
an accuracy certificate in the Ellipsoid Method required solving an auxiliary piecewise
linear optimization problem (see, e.g., sect. 5 and 6 in [14]). Although this auxiliary
computation did not use any additional calls to the oracle, it was still computationally
expensive and, in some cases, could take even more time than the Ellipsoid Method
itself. Only recently an efficient alternative has been proposed [16].

Another issue with the Ellipsoid Method is related to its poor dependency on the
dimensionality of the problem. Consider, e.g., the minimization problem

;réirQlf(x), (H

where f: R” — R is a convex function and Q := {x € R" : ||x|| < R} is the
Euclidean ball of radius R > 0. The Ellipsoid Method for solving (1) can be written
as follows (see, e.g., sect. 3.2.8 in [19]):

ot e Wi gk
T T (g Wegn) 2 @
2 T
2 W W,
Wiyt = n W, — k8k8 Wk ’ >0,
n?—1 n+1 (g, Wigk)

where xo := 0, Wy := R2I (I is the identity matrix) and g := f’(x) is an arbitrary
nonzero subgradient if x; € Q, and gi is an arbitrary separator! of x; from Q if
Xk ¢ 0.

To solve problem (1) with accuracy € > 0 (in terms of the function value), the
Ellipsoid Method needs

0(n1n @) 3)

I More precisely, gx must be a non-zero vector such that (g, x; — x) > 0 forall x € Q. In particular, for
the Euclidean ball, one can take g := xi.
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iterations, where M > 0 is the Lipschitz constant of f on Q (see theorem 3.2.11
in [19]). Looking at this estimate, we can see an immediate drawback: it directly
depends on the dimension and becomes useless when n — oo. In particular, we
cannot guarantee any reasonable rate of convergence for the Ellipsoid Method when
the dimensionality of the problem is sufficiently big.

Note that the aforementioned drawback is an artifact of the method itself, not its
analysis. Indeed, when n — oo, iteration (2) reads

X1 =Xk, Wigr =W, k>0.

Thus, the method stays at the same point and does not make any progress.

On the other hand, the simplest Subgradient Method for solving (1) possesses
the “dimension-independent” O (M?R?/€?) iteration complexity bound (see, e.g.,
sect. 3.2.3 in [19]). Comparing this estimate with (3), we see that the Ellipsoid Method
is significantly faster than the Subgradient Method only when 7 is not too big com-
pared to M R/e and significantly slower otherwise. Clearly, this situation is strange
because the former algorithm does much more work at every iteration by “improving”
the “metric” Wy which is used for measuring the norm of the subgradients.

In this paper, we propose a new ellipsoid-type algorithm for solving nonsmooth
problems with convex structure, which does not have the discussed above drawback.
Our algorithm can be seen as a combination of the Subgradient and Ellipsoid methods
and its convergence rate is basically as good as the best of the corresponding rates of
these two methods (up to some logarithmic factors). In particular, when n — oo, the
convergence rate of our algorithm coincides with that of the Subgradient Method.

Contents

This paper is organized as follows. In Sect. 2.1, we review the general formulation
of a problem with convex structure and the associated with it notions of accuracy
certificate and residual. Our presentation mostly follows [16] with examples taken
from [18]. Then, in Sect. 2.2, we introduce the notions of accuracy semicertificate and
gap and discuss their relation with those of accuracy certificate and residual.

In Sect. 3, we present the general algorithmic scheme of our methods. To mea-
sure the convergence rate of this scheme, we introduce the notion of sliding gap and
establish some preliminary bounds on it.

In Sect. 4, we discuss different choices of parameters in our general scheme. First,
we show that, by setting some of the parameters to zero, we obtain the standard
Subgradient and Ellipsoid methods. Then we consider a couple of other less trivial
choices which lead to two new algorithms. The principal of these new algorithms is
the latter one, which we call the Subgradient Ellipsoid Method. We demonstrate that
the convergence rate of this algorithm is basically as good as the best of those of the
Subgradient and Ellipsoid methods.

In Sect. 5, we show that, for both our new methods, it is possible to efficiently
generate accuracy semicertificates whose gap is upper bounded by the sliding gap.
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We also compare our approach with the recently proposed technique from [16] for
building accuracy certificates for the standard Ellipsoid Method.

In Sect. 6, we discuss how to efficiently implement our general scheme and the
procedure for generating accuracy semicertificates. In particular, we show that the
time and memory requirements of our scheme are the same as in the standard Ellipsoid
Method.

Finally, in Sect. 7, we discuss some open questions.

Notation and generalities

In this paper, E denotes an arbitrary n-dimensional real vector space. Its dual space,
composed of all linear functionals on E, is denoted by E*. The value of s € E*,
evaluated at x € [, is denoted by (s, x). See [19, sect. 4.2.1] for the supporting
discussion of abstract real vector spaces in Optimization.

Let us introduce in the spaces [E and E* a pair of conjugate Euclidean norms. To this
end, let us fix a self-adjoint positive definite linear operator B: E — E* and define

Ixll == (Bx,x)'?, x€E,  |sl,:= (s, B 's)!/% seE"
Note that, for any s € E* and x € [E, we have the Cauchy-Schwarz inequality
[, ) =< lIsllllxll,

which becomes an equality if and only if s and Bx are collinear. In addition to ||x| and
I, we often work with other Euclidean norms defined in the same way but using
another reference operator instead of B. In this case, we write ||| and [|-||5;, where
G: E — E* is the corresponding self-adjoint positive definite linear operator.

Sometimes, in the formulas, involving products of linear operators, it is convenient
to treat x € E as a linear operator from R to E, defined by xo := ax, and x* as a
linear operator from E* to R, defined by x*s := (s, x). Likewise, any s € [E* can
be treated as a linear operator from R to E*, defined by s« := as, and s* as a linear
operator from E to R, defined by s*x := (s, x). Then, xx* and ss™ are rank-one self-
adjoint linear operators from [E* to [E and from [E to [E* respectively, acting as follows:
(xx*)s = (s, x)x and (ss™)x = (s, x)s forany x € E and s € E*.

For a self-adjoint linear operator G: E — E*, by tr G and det G, we denote the
trace and determinant of G with respect to our fixed operator B:

rG:=tw(B~'G), detG:=det(B~'G).

Note that, in these definitions, B~! G is a linear operator from [E to [E, so tr(B -1 G) and
det(B~1G) are the standard well-defined notions of trace and determinant of a linear
operator acting on the same space. For example, they can be defined as the trace and
determinant of the matrix representation of B~ G with respect to an arbitrary chosen
basis in [E (the result is independent of the particular choice of basis). Alternatively,
tr G and det G can be equivalently defined as the sum and product, respectively, of the
eigenvalues of G with respect to B.
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For a point x € E and areal r > 0, by
B(x,r):={yeE:|x|l =r},

we denote the closed Euclidean ball with center x and radius r.

Given two solids® Q, Qg C E, we can define the relative volume of Q with respect
to Qo by vol(Q/ Qo) := vol Q¢/ vol Q, where e is an arbitrary basis in E, Q¢, Qf <
R" are the coordinate representations of the sets Q, Qo in the basis e and vol is the
Lebesgue measure in R”. Note that the relative volume is independent of the particular
choice of the basis e. Indeed, for any other basis f, we have Q¢ = T;Qf , 0 =

T]‘i Q({ , Where T; is the n x n change-of-basis matrix, so vol Q¢ = (det T;)(VOI Qf ),

vol Qf = (det T$)(vol Q] ) and hence vol 0¢/ vol Qf = vol 0/ / vol Q.
For us, it will be convenient to define the volume of a solid Q C E as the relative
volume of Q with respect to the unit ball:

vol Q := vol(Q/B (0, 1)).

For an ellipsoid W := {x € E: (Gx, x) < 1}, where G: E — E* is a self-adjoint
positive definite linear operator, we have vol W = (det G)~1/2,

2 Convex problems and accuracy certificates
2.1 Description and examples

In this paper, we consider numerical algorithms for solving problems with convex
structure. The main examples of such problems are convex minimization problems,
convex-concave saddle-point problems, convex Nash equilibrium problems, and vari-
ational inequalities with monotone operators.

The general formulation of a problem with convex structure involves two objects:

— Solid Q C E (called the feasible set), represented by the Separation Oracle: given
any point x € [E, this oracle can check whether x € int Q, and if not, it reports a
vector go(x) € E* \ {0} which separates x from Q:

(go(x),x —y) =0, VyeQ. “)

— Vector field g: int Q — E*, represented by the First-Order Oracle: given any
point x € int Q, this oracle returns the vector g(x).

In what follows, we only consider the problems satisfying the following condition:

*eQ: (gx),x—x*) >0, VxcintQ. 5)

2 Hereinafter, a solid is any convex compact set with nonempty interior.
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Remark 1 A careful reader may note that the notation x* overlaps with our general
notation for the linear operator generated by a point x (see Sect. 1). However, there
should be no risk of confusion since the precise meaning of x* can usually be easily
inferred from the context.

A numerical algorithm for solving a problem with convex structure starts at some
point xo € E. At each step k > 0, it queries the oracles at the current test point xi
to obtain the new information about the problem, and then somehow uses this new
information to form the next test point xx+1. Depending on whether x; € int Q, the
kth step of the algorithm is called productive or nonproductive.

The total information, obtained by the algorithm from the oracles after k > 1 steps,
comprises its execution protocol which consists of:

— The test points xq, ..., xx—1 € E.
— The set of productive steps I := {0 <i <k —1:x; €int Q}.
— The vectors g, ..., gk—1 € E* reported by the oracles: g; := g(x;), ifi € I, and

g =goWx),ifi ¢ I;,0<i<k—1

An accuracy certificate, associated with the above execution protocol, is a nonneg-
ative vector A := (Aq, ..., Ag—1) such that Sy (A) := Zielk A > 0 (and, in particular,
I # ). Given any solid §2, containing Q, we can define the following residual of A
on §2:

k—1
1
ex(A) = max S o) ;)\i (gi, xi —x), (6)

which is easily computable whenever 2 is a simple set (e.g., a Euclidean ball). Note
that

1
A >m , — > (@i, X; 7
€ (L) ax Sk()» EO i(8is Xi I)'Cfleaéﬁ Sk(k) E ri(gi, xi — x) @)

and, in particular, €x (1) > 0 in view of (5).

In what follows, we will be interested in the algorithms, which can produce accu-
racy certificates A with €, (A®¥)) — 0 at a certain rate. This is a meaningful goal
because, for all known instances of problems with convex structure, the residual € (1)
upper bounds a certain natural inaccuracy measure for the corresponding problem.
Let us briefly review some standard examples (for more examples, see [16,18] and the
references therein).

Example 1 (Convex minimization problem) Consider the problem
f* :=min f(x), ®)
x€eQ
where Q C Eisasolidand f: E — R U {400} is closed convex and finite on int Q.
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The First-Order Oracle for (8) is g(x) := f/(x), x € int Q, where f'(x) is an
arbitrary subgradient of f at x. Clearly, (5) holds for x* being any solution of (8).

One can verify that, in this example, the residual € (1) upper bounds the functional
residual: for x; = % Zielk Aix; or x; = argmin{ f(x) : x € X}, where X} :=
{xi i € I}, wehave f (%) — f* < e(X) and f(x}) — f* < e (M).

Moreover, € (A), in fact, upper bounds the primal-dual gap for a certain dual prob-
lem for (8). Indeed, let f,: E* — R U {+o00} be the conjugate function of f. Then,
we can represent (8) in the following dual form:

f*=min max [{s,x) — fu(s)] = s hax [—=fe(s) — (=91, (C))

xeQ sedom f

where dom f; := {s € E* : fi(s) < 400} and £p(—s) := max,cp(—s, x). Denote
Sk = ﬁ Die 1, »i&i- Then, using (7) and the convexity of f and f, we obtain

1
“M=5m ;A" (8i> Xi) + &0 (—st)
1
= Se (L) Ailf (xi) + fi(8i)] + Eo(—sk)

iely

> f(k) + fialsk) + &g (—=sk).

Thus, X; and sy are €; (A)-approximate solutions (in terms of function value) to prob-
lems (8) and (9), respectively. Note that the same is true if we replace Xy with x;.

Example 2 (Convex-concave saddle-point problem) Consider the following prob-
lem: Find (1™, v*) € U x V such that

fw*,v) < fW*, v < f(u,v*), Yu,v)eUxV, (10)
where U, V are solids in some finite-dimensional vector spaces E,, E,, respectively,

and f: U x V — Ris a continuous function which is convex-concave, i.e., f (-, v) is
convex and f(u, -) is concave forany u € U and any v € V.

In this example, we set E := E, x E,, QO := U x V and use the First-Order Oracle
g(x) := (fy(x), = fy(x)), x:=(u,v) €int Q,
where f,(x) is an arbitrary subgradient of f(-,v) at u and f,(y) is an arbitrary
supergradient of f(u,-) at v. Then, for any x := (,v) € intQ and any x’ :=
W', v) e Q,
(), x = x') = (fy(x),u—u') = (fy(x), v —=V) = f(u,v') = f@' v). (1)

In particular, (5) holds for x* := (u*, v*) in view of (10).
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312 A. Rodomanov, Y. Nesterov

Let¢p: U - Rand ¥ : V — R be the functions
¢ (u) := max f(u,v), Y (v) ;= min f(u, v).
veV uelU

In view of (10), we have ¥ (v) < f(u*, v*) < ¢ (u) forall (u, v) € U x V. Therefore,
the difference ¢ (1) — ¥ (v) (called the primal-dual gap) can be used for measuring
the quality of an approximate solution x := (u, v) € Q to problem (10).

Denoting X; := ﬁ Zielk Aix; =: (lig, V) and using (7), we obtain

1
ex(A) > max 500 Zk-<gi, Xj — X)

>  max
uel,veV Sk()\.)

D O hilf i v) = £, )]

ely

> max [f(uk,v) fu, 0] = @ ix) — ¥ (0p),

uel,ve

where the second inequality is due to (11) and the last one follows from the convexity-
concavity of f. Thus, the residual €;(X) upper bounds the primal-dual gap for the
approximate solution Xy.

Example 3 (Variational inequality with monotone operator) Let O C E be a
solid and let V: Q — IE* be a continuous operator which is monotone, i.e.,
(V(x) = V(y),x —y) = 0 for all x,y € Q. The goal is to solve the following
(weak) variational inequality:

Findx* € Q: (V(x),x —x*) >0, VxeQ. (12)

Since V is continuous, this problem is equivalent to its strong variant: find x* € Q
such that (V (x*), x — x*) > Oforall x € Q.

A standard tool for measuring the quality of an approximate solution to (12) is the
dual gap function, introduced in [1]:

f(x) :=max(V(y),x —y), x € Q.
yeQ

It is easy to see that f is a convex nonnegative function which equals 0 exactly at the
solutions of (12).

In this example, the First-Order Oracle is defined by g(x) := V(x) for any x €
int Q. Denote Xy := ﬁ > el Aix;. Then, using (7) and the monotonicity of V, we
obtain

(L) > &neaé( S 00 Z)»i(V(Xi),Xi —x)

> m
- er Sk (A)

Zx (V(x), xi —x) = f(&).
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Thus, € (A) upper bounds the dual gap function for the approximate solution x.

2.2 Establishing convergence of residual

For the algorithms, considered in this paper, instead of accuracy certificates and resid-
uals, it turns out to be more convenient to speak about closely related notions of
accuracy semicertificates and gaps, which we now introduce.

As before, let xg, . .., xx—1 be the test points, generated by the algorithm after k > 1
steps, and let g, . .., gxk—1 be the corresponding oracle outputs. An accuracy semicer-
tificate, associated with this information, is a nonnegative vector A := (Ag, ..., Ak—1)

such that I';(A) := Zf;& Aillgill, > 0. Given any solid §2, containing Q, the gap of
A on £2 is defined in the following way:

k—1

> hilgi xi — x). (13)
i=0

Sr(A) =
k) = max =y

Comparing these definitions with those of accuracy certificate and residual, we see
that the only difference between them is that now we use a different “normalizing”
coefficient: I (1) instead of Sx(A). Also, in the definitions of semicertificate and gap,
we do not make any distinction between productive and nonproductive steps. Note
that §x (A) > 0.

Let us demonstrate that by making the gap sufficiently small, we can make the
corresponding residual sufficiently small as well. For this, we need the following
standard assumption about our problem with convex structure (see, e.g., [16]).

Assumption 1 The vector field g, reported by the First-Order Oracle, is semibounded:
(g(x),y —x) <V, VxeintQ, Vy e Q.

A classical example of a semibounded field is a bounded one: if there is M > 0, such
that ||g(x)|l, < M for all x € int Q, then g is semibounded with V := M D, where
D is the diameter of Q. However, there exist other examples. For instance, if g is
the subgradient field of a convex function f: [E — R U {+o00}, which is finite and
continuous on Q, then g is semibounded with V := maxo f —ming f (variation of f
on Q); however, g is not bounded if f is not Lipschitz continuous (e.g., f(x) := —/x
on Q := [0, 1]). Another interesting example is the subgradient field g of a v-self-
concordant barrier f: E — R U {400} for the set Q; in this case, g is semibounded
with V := v (see, e.g., [19, Theorem 5.3.7]), while f(x) — 400 at the boundary of
0.

Lemma 1 Let A be a semicertificate such that §y(A) < r, where r is the largest of the
radii of Euclidean balls contained in Q. Then, A is a certificate and

Sk (L)

€(A) < m

@ Springer



314 A. Rodomanov, Y. Nesterov

Proof Denote &; = 8;(A), I := I(\), S¢ := Sk(A). Let X € Q be such that
B (x,r) € Q.Foreach(0 <i < k — 1, let z; be a maximizer of z — (g;, z — X) on
B (x,r). Then, forany 0 <i <k — 1, we have (g;, X — x;) = (gi, zi — xi) —rllgill«
with z; € Q. Therefore,

k—1 k—1
D hilgi ¥ —xi) =Y hilgizi —xi) —rlk < SV —rlk, (14)
i=0 i=0

where the inequality follows from the separation property (4) and Assumption 1.
Let x € 2 be arbitrary. Denoting y := (8k)'c + (r — 8k)x)/r € £2, we obtain

k-1 k-1 k-1
(r =8 Y hifgixi —x) =r Y dilgi, xi — )+ ) hilgi, ¥ —x;)
i=0 i=0 i=0
k-1
< 8T+ 8 Y Ailgi ¥ —xi) S &SV, (15)
i=0

where the inequalities follow from the definition (13) of §; and (14), respectively.

It remains to show that X is a certificate, i.e., Sy > 0. But this is simple. Indeed, if
Sk = 0, then, taking x := X in (15) and using (14), we get 0 > Zf:ol Ailgi, xi —Xx) >
r Iy, which contradicts our assumption that X is a semicertificate, i.e., I'; > 0. O

According to Lemma 1, from the convergence rate of the gap 8; (A*)) to zero,
we can easily obtain the corresponding convergence rate of the residual e (A(). In
particular, to ensure that €, (A ®) < € for some € > 0, it suffices to make 8§; (A*)) <
8(e) := er/(e+V).For this reason, in the rest of this paper, we can focus our attention
on studying the convergence rate only for the gap.

3 General algorithmic scheme

Consider the general scheme presented in Algorithm 1. This scheme works with an
arbitrary oracle G: E — E* satisfying the following condition:

x* e B(xg,R): (G(x),x —x*) >0, Vx ek, (16)

The point x* from (16) is typically called a solution of our problem. For the gen-
eral problem with convex structure, represented by the First-Order Oracle g and the
Separation Oracle g for the solid Q, the oracle G is usually defined as follows:
G(x) :=g(x),ifx € int Q, and G(x) := go(x), otherwise. To ensure that (16) holds,
the constant R needs to be chosen sufficiently big so that Q € B (xg, R).
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Algorithm 1: General Scheme of Subgradient Ellipsoid Method

Input: Point xg € E and scalar R > 0.

Initialization: Define the functions £¢(x) := 0, wo(x) := %||x||2.

For k > 0 iterate:
1. Query the oracle to obtain gi := G(xg).
2. Compute Uy := maxxegkm; (gk, Xr — x), where

2 ={xeE:ap(x) < 4R*, Ly :={x eE: (x) <0
3. Choose some coefficients ay, br > 0 and update the functions

L1 (%) i= L (x) + ar{gr, x — xk), an
W1 (X) := o (x) + 3be Uk — (8k. Xk — X)) gk, X — xk).

4. Set xp41 := argmin[€yy1(x) + @g41(x)].
xek

Note that, in Algorithm 1, wy are strictly convex quadratic functions and ¢, are affine
functions. Therefore, the sets §2; are certain ellipsoids and L, are certain halfspaces
(possibly degenerate).

Let us show that Algorithm 1 is a cutting-plane scheme in which the sets £, N L~
are the localizers of the solution x*.

Lemma2 In Algorithm 1, for all k > 0, we have x* € £, N L, and Qk+1 -
k41 N Ly, where Qg1 :={x € 2 N L @ (g, x — xx) < O}

Proof Let us prove the claim by induction. Clearly, 290 = B (xo, R), L, = I, hence
20N Ly, = B(xp, R) > x* by (16). Suppose we have already proved that x* €
$2 N L, for some k > 0. Combining this with (16), we obtain x* e Qk+1, SO
it remains to show that Qk+1 C k41 N Ly Letx € Qk+1 (€ 2N L) be
arbitrary. Note that 0 < (gx, xx — x) < Uy. Hence, by (17), €x+1(x) < £x(x) < 0and

p+1(x) < wp(x) < %Rz, which means that x € 2x41 N Ly ;. O

Next, let us establish an important representation of the ellipsoids §2; via the func-
tions £ and the test points xi. For this, let us define Gy := V2a)k (0) for each k > 0.
Observe that these operators satisfy the following simple relations (cf. (17)):

Go=B, Giy1 = Gr+brgegi, k=>0. (18)
Also, let us define the sequence R; > 0 by the recurrence

2
lgxll,

Ro=R, R’ =R}+ (ax + i Up)?—————%
° b = R+ (@3 ")1+bk||gk||ék

19)
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Lemma 3 In Algorithm I, for all k > 0, we have
_ . 1 2 1 p2
2r=xeE:—£{;(x)+ §||x — xk||Gk < §Rk}.

In particular, for all k > 0 and all x € §2, N L, , we have ||x — Xkllg, < Rk

Proof Let ¥ : E — R be the function ¥ (x) := €;(x) + wr(x). Note that ¥ is a
quadratic function with Hessian G, and minimizer x;. Hence, for any x € E, we have

Y (x) = ¥ + 3llx — xellg, (20)

where ¥ := minyeg ¥ (x).

Let us compute ;. Combining (17), (18) and (20), for any x € [E, we obtain

Vi1 (%) = Vi (X) + (ax + 3biUi) {8k X — xi) + 3bic{g, x — xi)?
=Y+ g lx — xellg, + (@ + 30eUi) (8. X — k) + 3bic(ge. X — Xk

=i + 3lx —xllg,,, + (@ + 35U (g x — xx), 1)

)2

Therefore,

Vi = Vi — e+ U0 lglg,
lgxll, (22)

=V — (@ + b U’ ———
: : 1+ bellgily,
where the last identity follows from the fact that G,:Ji] gk = Gk_lgk/(l + brllgr ”2Gk)

(since GkHGk_lgk =1+ bk||gk||%;k)gk in view of (18)). Since (22) is true for any
k > 0 and since 1//3‘ = 0, we thus obtain, in view of (19),

Vi =3 (R* = RY). (23)
Let x € £2¢ be arbitrary. Using the definition of ¥ (x) and (23), we obtain
—0e(0) + Sllx = xllg, = k(%) — ¥ = o (x) + 3(RE — R).

Thus, x € 2 <= wi(x) < 3R? & —Li(x) + 3lx —xlf, < 3R} In
particular, for any x € 24 N L, we have £x(x) <0 and |[x — x¢llg, < Rk O
Lemma 3 has several consequences. First, we see that the localizers £y N L, are
contained in the ellipsoids {x : |lx — x¢|lg, < Rk} whose centers are the test points
Xk
Second, we get a uniform upper bound on the function —£; on the ellipsoid £2:
—lr(x) < %R,% for all x € £2;. This observation leads us to the following definition
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of the sliding gap:

k—1
1
Ay = max [0 ()] =gé%§7k§ai<g,~,x,~ —x), k=1, (24)

provided that I} := Zf‘;& aillgillx > 0. According to our observation, we have

2

Rk
A < 2_Fk (25)

At the same time, A; > 0 in view of Lemma 2 and 16

Comparing the definition (24) of the sliding gap A with the definition (13) of
the gap &« (@®) for the semicertificate a®® := (ay, ..., ax_1), we see that they are
almost identical. The only difference between them is that the solid £2¢, over which
the maximum is taken in the definition of the sliding gap, depends on the iteration
counter k. This seems to be unfortunate because we cannot guarantee that each 2y
contains the feasible set Q (as required in the definition of gap) even if so does the
initial solid £29 = B (xp, R). However, this problem can be dealt with. Namely, in
Sect. 5, we will show that the semicertificate a®) can be efficiently converted into
another semicertificate A®) for which 8;(A®)) < A; when taken over the initial
solid £2 := £2¢p. Thus, the sliding gap Ay is a meaningful measure of convergence
rate of Algorithm 1, and it makes sense to call the coefficients a®) a preliminary
semicertificate.

Let us now demonstrate that, for a suitable choice of the coefficients a; and by in
Algorithm 1, we can ensure that the sliding gap Aj converges to zero.

Remark 2 From now on, in order to avoid taking into account some trivial degenerate
cases, it will be convenient to make the following minor technical assumption:

In Algorithm 1, gz # 0 for allk > 0.

Indeed, when the oracle reports gx = 0 for some k > 0, it usually means that the test
point x, at which the oracle was queried, is, in fact, an exact solution to our problem.
For example, if the standard oracle for a problem with convex structure has reported
gr = 0, we can terminate the method and return the certificate A := (0, ..., 0, 1) for
which the residual €; (1) = 0.

Let us choose the coefficients a; and by in the following way:

_orR+ %QyRk ) y

) k = T 5 - 07 (26)
lgxllg, leklz,

ay :

where ay, 0, y > 0 are certain coefficients to be chosen later.

According to (25), to estimate the convergence rate of the sliding gap, we need
to estimate the rate of growth of the coefficients Ry and Iy from above and below,
respectively. Let us do this.
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Lemma4 [n Algorithm 1 with parameters (26), for all k > 0, we have
R} < [g:()) CkR?, 27)

where qe(y) i= 14 525 c o= L@+ DO+ D Coi= 14+ ZL Y5 02 and v > 0
can be chosen arbitrarily. Moreover, if ax = 0 for all k > 0, then, Rk = [qc()/)]kR2
forallk > 0 with ¢ := (0 + D).

Proof By the definition of Uy and Lemma 3, we have

Ug= max (gg,xx —x) <  max (g, xx —x) = Rellgellg,-  (28)
xeNL; lx—xkllG, <Rk

At the same time, U; > 0 in view of Lemma 2 and (16). Hence,

2
lgxllZ,
2
1+ bellgll,

(PP
(@ + L U0)? ———5 < (ap + Lo Rellgi s )?
2 1+ bellgill, ? ‘

_ ! (R + 106+ Dy Ry),
1+y 2

where the identity follows from (26). Combining this with (19), we obtain

1 2
Ri, <RI+ 1er(osz + 10+ DyR)’ 29)

Note that, for any &1, &, > 0 and any t > 0, we have

1 1
@+er=grma 8= TG+ @+ D8 =+ (-8 +8)

(look at the minimum of the right-hand side in 7). Therefore, for arbitrary ¢ > 0,

T+1
Rfy, < Rk+1+y

1
(Lo3R + 40+ 1202 RE) = 482 + AR,

_T+l

where we denote g := g.(y) > 1 and B := (e

we get

ak Dividing both sides by g**!,

2 2
Riv1 _ R iR
g = gk T g

Since this is true for any £ > 0, we thus obtain, in view of (19), that

R2 2
_kS_(()) Z t+l_<1+z l+l>

q
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Multiplying both sides by ¢* and using that il < TH a2 we come to (27).

When o = 0 for all k > 0, we have Ek 0 and L, = E for all k > 0.
Therefore, by Lemma 3, 2, = {x : |x — x¢llg, < Ry} and hence (28) is, in fact, an

equality. Consequently, (29) becomes R, , = R} + Te] +y) 55— R? = q.(y)R%, where
=10+ o

Remark 3 From the proof, one can see that the quantity C in Lemma 4 can be improved

/o T+1 i
up to C =1+ ;5 Zl 0 oo (y)],ﬂ

Lemma 5 In Algorithm I with parameters (26), for all k > 1, we have

k—1

Iz R(Y o+ 30\ yn[(1+ ) —1]). (30)

i=0

Proof By the definition of I} and (26), we have

k=1 k—1 k=1
=Y aillgill, =RY aipi+ 307 Y Ripi,
i=0 i=0 i=0

where p; = ||gill./|lgi ||’&l_. Let us estimate each sum from below separately.
For the first sum, we can use the trivial bound p; > 1, which is valid for any i > 0

(since G; > B in view of (18)). This gives us Zf;(; o pi > Zf-‘;& o

Let us estimate the second sum. According to (19), for any i > 0, we have R; > R.
Hence, Zf:é Ripi > R Z () pi > R (Z{:& ,oiz)l/2 and it remains to lower bound
Y i) p?. By 18 and 26, Go = B and Giy1 = G, + ygig}/lgil%, foralli > 0.
Therefore,

k—1

dYopi==> Gy —tuG)= —(tr Gy —trB) = —(tr Gy —n)
j i=0

> L(det G —1] = Z[(1 + p)k/n — 1],
_y[<e k) ] y[( ) ]

where we have applied the arithmetic-geometric mean inequality. Combining the
obtained estimates, we get (30). O

4 Main instances of general scheme

Let us now consider several possibilities for choosing the coefficients o, 6 and y in
(26).
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4.1 Subgradient method
The simplest possibility is to choose
o > 0, 0:=0, y :=0.

In this case, by = O for all k > 0, so Gy = B and wi(x) = wy(x) = %||x||2 for all
x € Eand all £k > 0 (see (17) and (18)). Consequently, the new test points x4 in
Algorithm 1 are generated according to the following rule:

k

xiar = argmin 3 aigi.x — ) + Jlal?].

xeE i=0

where a; = «; R/||gi||. Thus, Algorithm 1 is the Subgradient Method: x;4+1 = x; —
A 8k-

In this example, each ellipsoid 2y is simply a ball: 2y = B (xo, R) for all £ > 0.
Hence, the sliding gap Ay, defined in (24), does not “slide” and coincides with the
gap of the semicertificate a := (ao, ..., ax—1) on the solid B (xo, R):

Ay = i(gi, xi —x).

xeB(xo R) I} Zo

In view of Lemmas 4 and 5, for all kK > 1, we have

k—1 k—1
R,%§<1+Za,»2)R2, FkZRZOli
=0 i=0

(tend T — 400 in Lemma 4). Substituting these estimates into (25), we obtain the
following well-known estimate for the gap in the Subgradient Method:

1+Z"‘1
ZZ _0 o

Ay < ———

The standard strategies for choosing the coefficients «; are as follows (see, e.g.,
sect. 3.2.3in [19]):

1. We fix in advance the number of iterations £k > 1 of the method and use constant
coefficients o; := \/LE’ 0 <i < k— 1. This corresponds to the so-called Short-Step

Subgradient Method, for which we have

A <

=
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2. Alternatively, we can use time-varying coefficients «; = ﬁ, i > 0. This

approach does not require us to fix in advance the number of iterations k. However,
the corresponding convergence rate estimate becomes slightly worse:
Ink 42
S JE—
2Vk

(Indeed, Y iy o? = Y5 L <Ink + 1, while Y42} o; > Vk.)

Ag

Remark 4 1f we allow projections onto the feasible set, then, for the resulting Sub-
gradient Method with time-varying coefficients a;, one can establish the O (1/+/k)
convergence rate for the “truncated” gap

k
1
Aok 1= _max Z ai(gi, xi — x),
x€B(x0.R) Ty k Parst

where I, r = Zf:ko aillgill, ko := [k/2]. For more details, see sect. 5.2.1 in [2]
or sect. 3.1.1 in [12].

4.2 Standard ellipsoid method
Another extreme choice is the following one:
ar =0, 6 :=0, y > 0. 31D

For this choice, we have ay = Oforallk > 0. Hence, £y = 0and L, = Eforallk > 0.
Therefore, the localizers in this method are the following ellipsoids (see Lemma 3):

QNLy =2 ={xeE:llx—xlg, <R}, k=0, (32)

Observe that, in this example, [} = f:& aillgilly = 0 for all kK > 1, so there is

no preliminary semicertificate and the sliding gap is undefined. However, we can still
ensure the convergence to zero of a certain meaningful measure of optimality, namely,
the average radius of the localizers $2;:

avrad ¢ == (vol 2)'/",  k>0. (33)
Indeed, let us define the following functions for any real ¢, p > 0:

2
cy _lgen1?
—2(1 i ]/)’ Cp,c()/) =, Yy > 0. (34)

. = 1
qe(y) + T+

According to Lemma 4, for any k > 0, we have
RE = g1 R, (35)
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At the same time, in view of (18) and (26), det G = [T/Z5 (1 +b;llgil% ) = (1+y)F
for all £ > 0. Combining this with (32)—(34), we obtain, for any k > 0, that

Ry [QI/Z(V)]k/ZR k/(2n)
(et G /@)~ (1 + y)k/@ = w12 IR (36)

avrad £2; =

Let us now choose y which minimizes avrad §2;. For such computations, the fol-
lowing auxiliary result is useful (see Sect. A for the proof).

Lemma 6 For any ¢ > 1/2 and any p > 2, the function &, , defined in (34), attains
its minimum at a unique point

2 12
Ye(p) = €l —— (37
2p2—Q2c—1)4cp—1 cpcp
with the corresponding value §p,c(yc(p)) < e/ @ep),
Applying Lemma 6 to 36, we see that the optimal value of y is
2 2
Yy =vyip@) = , (38)

n24n/2—1 n—1
for which ¢, 1,2(y) < e~ /" With this choice of y, we obtain, for all kK > 0, that

avrad 2, < e K/ R, (39)

One can check that Algorithm 1 with parameters (26), (31) and (38) is, in fact, the
standard Ellipsoid Method (see Remark 6).

4.3 Ellipsoid method with preliminary semicertificate

As we have seen, we cannot measure the convergence rate of the standard Ellipsoid
Method using the sliding gap because there is no preliminary semicertificate in this
method. Let us present a modification of the standard Ellipsoid Method which does not
have this drawback but still enjoys the same convergence rate as the original method

(up to some absolute constants).
For this, let us choose the coefficients in the following way:

ar =0, 6:=+2—-1(041), y>0. (40)
Then, in view of Lemma 4, for all k > 0, we have
R{ = [q1(n)1FR?, 1)
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Also, by Lemma 5, I}, > %QR\/yn[(l + y)k/n — 1] for all k > 1. Thus, for each
k > 1, we obtain the following estimate for the sliding gap (see (25)):

[q1 (IR 1 o
A= - n R, 42
= 0 ynl(L+p)Fm —11  Oxi(y. n)[;“z 1] (42)

where ki (v, n) ==  /yn(l — iy )k/,,) and {2, 1(y) is defined in (34).

Note that the main factor in estimate (42) is [g“zn,l(y)]k/ @n) Let us choose y by
minimizing this expression. Applying Lemma 6, we obtain

11
y :=y1(2n) € |:2——i| . (43)
nn
Theorem 1 In Algorithm 1 with parameters (26), (40), (43), for all k > 1,
A < 6K/ B R,

Proof Suppose k > n2. According to Lemma 6, we have £2,.1(y) < e~ 1/ Hence,

by (42), A < eu (1 ) ¢~K/Bm) R 1t remains to estimate from below Oki(y, n).
Since k > n?, we have (1+y)k/” > (14+y)" = 14+yn.Hence, kx(y, n) > «/W
Note that the function T — m isincreasing on Ry . Therefore, using (43), we obtain

/2 _ 1 V2-1 1 .
kr(y,n) > TR = T.Thus, Ok (y,n) > T > % for our choice of 0.

Now suppose k < nZ. Then, 6e=¥/®") > 6¢=1/8 > 5 Therefore, it suf-
fices to prove that Ay < 5R or, in view of (24), that (g;, x; —x) < S5R|gill.,

where x € 2 N Ly and 0 < i < k — 1 are arbitrary. Note that (g;, x; — x) <
||g,-||*Gi||x,- —xllg, < lIgillillxi — xllg, since G; = B (see (18)). Hence, it remains to
prove that [[x; — x|lg, < 5R.

Recall from (18) and (19) that G; < G and R; < Ry. Therefore,

lxi = xllg, < llxi =x*llg, + Ix* = xllg, < llxi —x"llg, + Ix* —xllg,
< lxi = x"llg, + llxe — x*llg, + llxe — xllg, < Ri +2Rx < 3Ry,

where the penultimate inequality follows from Lemma 2 and 3. According to (41),
Re = [q10)TF2R < [q1()1"*/?R (recall that ¢; () > 1). Thus, it remains to show
that 3[¢1(y)]"’/> < 5. But this is immediate. Indeed, by (34) and (43), we have
[q1 ()12 < &7 /GUH) < 14 50 3[q ()] /2 < 3e'/* < 5. o

4.4 Subgradient ellipsoid method
The previous algorithm still shares the drawback of the original Ellipsoid Method,

namely, it does not work when n — oo. To eliminate this drawback, let us choose ok
similarly to how this is done in the Subgradient Method.
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Consider the following choice of parameters:

0 3 11
= Bj. | —— 0:=+2—-1(=0.206), = 2 ——1, (44
@ =B g V2-1¢( ),y m(n)e[z n} (44)

where B; > 0 are certain coefficients (to be specified later) and y; (2n) is defined in
(37).

Theorem 2 In Algorithm 1 with parameters (26) and (44), where By > 1, we have, for
allk > 1,

s (L S50 BDR. ifk <.
T R (43)
6K/ (1 4 Y520 BAR, ifk = n?.

Proof Applying Lemma 4 with t := 6 and using (44), we obtain

R <l CR?, Ci=1+) B} (46)

At the same time, by Lemma 5, we have

R(| Zﬂ,+ Lo Jynl(1 +y)kn 1)), @7)

Note that %0. /yn < %9 < 0/ + 1) by (44). Since By > 1, we thus obtain

I 2 3ROyn(1 4+ (1 + ) = 1) = 1RO fym(1 + )/ )

1 k/(2n) 1 k/(2n)
> 55RO+ VY = HRA + ),

where the last two inequalities follow from (44). Therefore, by (25), (46) and (48),

R/% [QI(V)]k k/(2n)
A < m =< WQ(R = 6[2n,1(¥)] CkR,
where ¢2,,.1(y) is defined in (34). Observe that, for our choice of y, by Lemma 6, we
have £2,,1(y) < e~ 1/4n) This proves the second estimate? in (45).
On the other hand, dropping the second term in (47), we can write

] k—1
iz R\ o= > bie (49)

i=0

3 In fact, we have proved the second estimate in (45) for all k > 1 (not only for k > nz).
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Suppose k < n2. Then, from (34) and (44), it follows that

2 2.2
[ (IF < [qr()]" < e /U < /e,

Hence, by (46), Ry < /eCy RZ. Combining this with (25) and (49), we obtain

1 [e(®@+1) 1
A < 3 7 = CrR.
dico Bi

By numerical evaluation, one can verify that, for our choice of 6, we have 4 74/ e(QH) <
2. This proves the first estimate in (45).

|

Exactly as in the Subgradient Method, we can use the following two strategies for
choosing the coefficients §;:

1. We fix in advance the number of iterations k > 1 of the method and use constant
coefficients §; := f’ 0 <i <k — 1. In this case,

4R/«/_ ifk < n?, 50
12Re= /3 ifk > n2. (50)

1
Vit+l’

2. We use time-varying coefficients 8; := i > 0. In this case,

2(Ink +2)R/k, ifk <n?,
6(Ink + 2)Re=K/G™) ifk > n2.

Letus discuss convergence rate estimate (50). Up to absolute constants, this estimate
is exactly the same as in the Subgradient Method when k < n? and as in the Ellipsoid
Method when k > n2. In particular, when n — o0, we recover the convergence rate
of the Subgradient Method.

To provide a better interpretation of the obtained results, let us compare the con-
vergence rates of the Subgradient and Ellipsoid methods:

Subgradient Method: 1/ vk
Ellipsoid Method: e/,
To compare these rates, let us look at their squared ratio:

k/n?
k

pk::( 1/vk )2:e

o—k/(2n?)

Let us find out for which values of k the rate of the Subgradient Method is better than
that of the Ellipsoid Method and vice versa. We assume that n > 2.
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Note that the function t > e7 /7 is strictly decreasing on (0, 1] and strictly increas-
ing on [1, +00) (indeed, its derivative equals e’ (t — 1)/12). Hence, py is strictly
decreasing in k for 1 < k < n? and strictly increasing in k for k > n2. Since n > 2,
we have pp = ez/”z/Z < e1/2/2 < 1. At the same time, pr — +00 when k — o0.
Therefore, there exists a unique integer Ko > 2 such that py < 1 for all k < K and
px > 1 forall k > Ko.

Let us estimate K. Clearly, for any n? <k <n? In(2n), we have

enz In(2n) /n? )

= <
n21n(2n) nln(2n) —

Pk =

’

while, for any k > 3n21n(2n), we have

e3n2 ln(2n)/n2 (2}1)3 8n .
= = >
3n21n(2n) 3n2In(2n)  31n(2n)

Pk =

Hence,
n*In(2n) < Ky < 3n°In(2n).

Thus, up to an absolute constant, n? In(2n) is the switching moment, starting from
which the rate of the Ellipsoid Method becomes better than that of the Subgradient
Method.

Returning to our obtained estimate (50), we see that, ignoring absolute constants and
ignoring the “small” region of the values of k between n? and n? In n, our convergence
rate is basically the best of the corresponding convergence rates of the Subgradient
and Ellipsoid methods.

5 Constructing accuracy semicertificate

Let us show how to convert a preliminary accuracy semicertificate, produced by Algo-
rithm 1, into a semicertificate whose gap on the initial solid is upper bounded by
the sliding gap. The key ingredient here is the following auxiliary algorithm which

was first proposed in [16] for building accuracy certificates in the standard Ellipsoid
Method.

5.1 Augmentation algorithm

Let k£ > 0 be an integer and let Qo, ..., Ok be solids in [E such that

Oi=(xe€Qi:(gx—x)<0}CQiy1, O0<i<k-—1, (51)
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where x; € E, g; € E*. Further, suppose that, for any s € E*andany 0 <i <k — 1,
we can compute a dual multiplier ;1 > 0 such that

max (s, x) = max[(s, x) + (g, xi — x)] (52)
xeQ; xeQ;

(provided that certain regularity conditions hold). Let us abbreviate any solution p of
this problem by (s, Q;, x;, gi)-
Consider now the following routine.

Algorithm 2: Augmentation Algorithm

Input: s, € E*.

Iteratefori =k —1,...,0:
1. Compute p; = pu(si+1, Qi, Xi, 8i)-
2. Sets; := 841 — Kig&i-

Lemma7 Let o, ..., k—1 > 0 be generated by Algorithm 2. Then,

maX[ (51, %) + Zul (gi,xi — ] < max (s, x).

xeQo x€ 0k
Proof Indeed, at every iterationi =k — 1, ..., 0, we have

max (sjy1, xX) > max(s,H x) = max[<sl+1 X) + wilgi, xi — x)]

x€Qiy1 xe€Q; x€Q;
= max(s;, x) + pi(gi, xi).
x€Q;
Summing up these inequalities fori =0, ..., k — 1, we obtain
k—1

max (sg, x) > max(sg, x) + , X —max[s, + ,x—x]
XGQk< k> X) ero( 0 ;Ml 8i,> Xi) {8k lZ 8i» Xi

where the identity follows from the fact that so = s — Zf:& WHigi. O

5.2 Methods with preliminary certificate

Let us apply the Augmentation Algorithm for building an accuracy semlcertlﬁcate for
Algorithm 1. We only consider those instances for which I} := 0 aillgilly > 0
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so that the sliding gap Ay is well-defined:

1 1
Ap ;= max —[—€r(x)] = max —[—£x(x)]
xesy Iy xenLy Tk

max E a;(gi, xi —
XeNL; Fk

Recall that the vector a := (ao, ..., ax—1) is called a preliminary semicertificate.
For technical reasons, it will be convenient to add the following termination criterion
into Algorithm 1:

Terminate Algorithm 1 at Step 2 if Uy < 818k ||, (53)

where 6 > 0 is a fixed constant. Depending on whether this termination criterion has
been satisfied at iteration k, we call it a terminal or nonterminal iteration, respectively.

Remark 5 In practice, one can set § to an arbitrarily small value (within machine pre-
cision) if the desired target accuracy is unknown. As can be seen from the subsequent
discussion, the main purpose of the termination criterion (53) is to ensure that Uy never
becomes equal to zero during the iterations of Algorithm 1. This guarantees the exis-
tence of dual multiplier in (52) for any s € E* at every nonterminal iteration. The case
Ui = 0 corresponds to the degenerate situation when Algorithm 1 has “accidentally”
found an exact solution.

Let k > 1 be an iteration of Algorithm 1. According to Lemma 2, the sets Q; :=
£2; N L, satisfy (51). Since the method has not been terminated during the course of
the previous iterations, we have? U; > O0forall 0 <i < k — 1. Therefore, for any
0 <i <k — 1, there exists x € Q; such that (g;, x — x;) < 0. This guarantees the
existence of dual multiplier in (52).

Let us apply Algorithm 2 to s := — Zi-:é a;g; in order to obtain dual multipliers
= (o, ..., dik—1). From Lemma 7, it follows that
k—1 k—1

max a; + ni){gi, x; —x) < max ai{gi, xi —x) = I Ag,
xeB(xo,R)ig(;(l wi)(8i, X ) XEQkiZ(; i(gi, xi ) kAk

(note that Qo = §2o N L, = B (xp, R)). Thus, defining A := a + u, we obtain
[ = YiZg illgill = Y12y aillgill, = Tk > 0 and

Sk (M) = Ap = Ay,

I A

k
ma X —
veBagR) Fk(k 2(; i8i. X T (V)

4 Recall that gi #0foralli > 0by (2).
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Thus, A is a semicertificate whose gap on B (xg, R) is bounded by the sliding gap Ax.
If k > 0 is a terminal iteration, then, by the termination criterion and the definition
of Uy (see Algorithm 1), we have max, .o nr; m(gk, Xxx —x) < 4. In this case,

we apply Algorithm 2 to s; := —gi to obtain dual multipliers wg, ..., wk—1. By the
same reasoning as above but with the vector (0, ..., 0, 1) instead of (ag, ..., ak—1),
we can obtain that 511 (A) < §, where A := (uo, ..., g—1, 1).

5.3 Standard ellipsoid method

In the standard Ellipsoid Method, there is no preliminary semicertificate. Therefore,
we cannot apply the above procedure. However, in this method, it is still possible to
generate an accuracy semicertificate, although the corresponding procedure is slightly
more involved. Let us now briefly describe this procedure and discuss how it differs
from the previous approach. For details, we refer the reader to [16].

Let k > 1 be an iteration of the method. There are two main steps. The first step is
to find a direction s, in which the “width” of the ellipsoid £2¢ (see (32)) is minimal:

Sk := argmin max (s,x —y) = argmin[ max (s, x) — min (s, x)],
lsll, =1 %-Y€2% sl =1  *€% xe2

It is not difficult to see that s is given by the unit eigenvector® of the operator Gy,
corresponding to the largest eigenvalue. For the corresponding minimal “width” of
the ellipsoid, we have the following bound via the average radius:

max (sg, X — y) < ok, (54)
Xx,yesf2

where p := 2 avrad £2;. Recall that avrad £2; < e~ %/ R in view of (39).

At the second step, we apply Algorithm 2 two times with the sets Q; := £2;: first,

to the vector s; to obtain dual multipliers u := (uo, - . . , tk—1) and then to the vector
—si to obtain dual multipliers p/ := (ug, . .., ;_,). By Lemma 7 and (54), we have
k—1
xegl(il())(,R)l:“k’ X —xi) + ;;m (8isxi — X)] < ){1;%(Sk, X = Xk) < Pk
1
xegl(i())(,R)l:(Sk’ Xk —x) + ;M (gi,xi — X)] < }C‘;ﬁ%“k’ Xk —x) < pi

(note that Qo = §290 = B (x¢, R)). Consequently, for A := u + u’, we obtain

k—1
max Ailgi, xi —x) <2pk.
xeB(xo,R)g l<gl i ) < 201

5 Here eigenvectors and eigenvalues are defined with respect to the operator B inducing the norm ||x||.
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Finally, one can show that

— r— Pk
L) =3 xillgille = —

where D is the diameter of Q and r is the maximal of the radii of Euclidean balls
contained in Q. Thus, whenever p; < r, A is a semicertificate with the following gap
on B (xg, R):

2ok D
Z (8i, xi —x) < .
-0 r = Pk

Sk (A ma
k() = xeB(xo R) Fk()»

Compared to the standard Ellipsoid Method, we see that, in the Subgradient Ellip-
soid methods, the presence of the preliminary semicertificate removes the necessity in
finding the minimal-“width” direction and requires only one run of the Augmentation
Algorithm.

6 Implementation details
6.1 Explicit representations

In the implementation of Algorithm 1, instead of the operators Gy, it is better to work
with their inverses Hy := Gk_l. Applying the Sherman-Morrison formula to (18), we
obtain the following update rule for H:

by Hy gr g Hk

Ha=H-————F7——7—,
* 1 + br(gk» Higk)

0. (55)

Let us now obtain an explicit formula for the next test point x1. This has already
been partly done in the proof of Lemma 3. Indeed, recall that x4 is the minimizer
of the function Y1 (x). From (21), we see that x;4+1 = xx — (ar + %bk Ur)Hi+18k-
Combining it with (55), we obtain

ai + %kak

—=——— Higr, k=>0. (56)
1+ belgr. Hege) <8

Xkl = Xk —

Finally, one can obtain the following explicit representations for L, and §2;:

v <D 6T)

Ly ={xeE:{.x) <o}, S={xeE:|x—zl
where, for any k > 0,

co:=0, 00:=0, crq1:=ck + a8k Okt1 = 0k + ar(gk, Xk),

N (58)
2k = Xk — Hycx, Dy = R + 2(ox — (ck, xk)) + {ck, Hrcy).
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Indeed, recalling the definition of functions ¢;, we see that £x(x) = (ck,x) — o
for all x € E. Therefore, L, = {x:{;(x) <0} = {x:{(ck,x) < ox}. Further,
by Lemma 3, 2 = {x : {cx, ) + 5llx — xx|§, < 3RE + ox}. Note that (cz, x) +
%Hx —xk||ék = %le —Zk||2(;k + {ck, xx) — %||ck||2Gk for any x € E. Hence, 2, =
{x: 3lx — zllf, < 5Dk

Remark 6 Now we can justify the claim made in Sect. 4.2 that Algorithm 1 with
parameters (26), (31) and (38) is the standard Ellipsoid Method. Indeed, from (26)

and (32), we see that by = (gkkagk) and Uy = Ry (gk, Hrgx)'/%. Also, in view of (38),
% = % Hence, by (56) and (55),
Ry Hi gi
Xk+1 = Xk

41 (g Higi)'/?
2 Higrgy Hk
n+1(gk, Hegr)’

(59
Hiy1 = Hy —

Further, according to (35) and (38), for any k > 0, we have R,% = qk RZ%, where
qg=1+ (n_l)lw = % Thus, method (59) indeed coincides® with the standard
Ellipsoid Method (2) under the change of variables Wy := R,% H;.

6.2 Computing support function
To calculate Uy in Algorithm 1, we need to compute the following quantity (see (57)):
Uk = max{(g, % = x) : ¥ = 2l 1 = D ek, %) = o).

Let us discuss how to do this.
First, let us introduce the following support function to simplify our notation:

E(H’S’a9 :3) = mxax{<s’x> : ”x”%_[—l E 1’ (a,x) E :3}7

where H: E* — E is a self-adjoint positive definite linear operator, s, a € E* and
B € R. In this notation, assuming that Dy > 0, we have

Ur = (gk, xk — zk) + &(Dy Hy, —gk, ¢k, 0k — (Ck, 2k)).

Let us show how to compute £(H, s, a, B). Dualizing the linear constraint, we
obtain

S(H,s,a, :B) = rfn>18[”s - ta”}k_[—l + TIB]v (60)

6 Note that, in (2), we identify the spaces E, E* with R” in such a way that (-, -) coincides with the standard
dot-product and ||x || coincides with the standard Euclidean norm. Therefore, B becomes the identity matrix
and g becomes g .
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provided that there exists some x € E such that ||x||z-1 < 1, (@, x) < B (Slater
condition). One can show that (60) has the following solution (see Lemma 10):

0, if (a, Hs) < Blls|l

3
. L (61)
u(H,s,a,B), otherwise,

t(H,s,a,p):= {

where u(H, s, a, B) is the unconstrained minimizer of the objective function in (60).

Let us present an explicit formula for u(H, s, a, ). For future use, it will be con-
venient to write down this formula in a slightly more general form for the following
multidimensional’ variant of problem (60):

MHEIER%[HS — Au||;,1 + (u, b)], (62)

wheres € E*, H: E* — Eis aself-adjoint positive definite linear operator, A : R" —
[E* is a linear operator with trivial kernel and b € R”, (b, (A*HA)~'b) < 1.1t is not
difficult to show that problem (62) has the following unique solution (see Lemma 9):

u(H,s, A, b) := (A*HA) " '(A*s — rb),

(s, Hs) — (s, A(A*H A)~1 A*s)
T 1= (b, (A*HA)-1b)

(63)

Note that, in order for the above approach to work, we need to guarantee that the
sets £2; and L, satisfy a certain regularity condition, namely, int £ N L, # @.
This condition can be easily fulfilled by adding into Algorithm 1 the termination
criterion (53).

Lemma 8 Consider Algorithm I with termination criterion (53). Then, at each itera-
tion k > 0, at the beginning of Step 2, we have int $2; N L, # (). Moreover, if k is a
nonterminal iteration, we also have (g, x — xx) < 0 for some x € int 2, N L, .

Proof Note thatint 20N L, = int B (xo, R) # . Now suppose int £; N L, # @ for
some nonterminal iteration k > 0. Denote P, := {x € E: (g, x — x;) < 0}. Since
iteration k is nonterminal, Uy > 0 and hence £, N L, Nint P, # ¥J. Combining it with
the fact thatint £y N L, # @, we obtainint 2y N L, Nint P, # ¥ and, in particular,
int$2y N L, NP, # . At the same time, slightly modifying the proof of Lemma 2
(using thatint £2; = {x e E: w;(x) < %R2} forany i > 0 since wj is a strictly convex
quadratic function), itis not difficult to show thatint 2, NL, NP, C int 21 NL, Y-
Thus, int $2x41 N L, # ¥, and we can continue by induction. O

6.3 Computing dual multipliers

Recall from Sect. 5 that the procedure for generating an accuracy semicertificate for
Algorithm 1 requires one to repeatedly carry out the following operation: given s € E*

7 Hereinafter, we identify (R™)* with R™ in such a way that (-, -) is the standard dot product.
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and some iteration number i > 0, compute a dual multiplier ;= > 0 such that

max  {(s,x): (g, x —x;) <0}= max [(s,x)+ u(gi,xi —x)]
xe.QiﬂL; XE.Q,'QL;

This can be done as follows.
First, using (57), let us rewrite the above primal problem more explicitly:
max{{s, x) ¢ ¥ = 2[5, < Dy {cis x) < 0. (g5 % —xi) < O).
Our goal is to dualize the second linear constraint and find the corresponding multiplier.
However, for the sake of symmetry, it is better to dualize both linear constraints, find

the corresponding multipliers and then keep only the second one.
Let us simplify our notation by introducing the following problem:

mf'x{<sv-x> : ”x”[{*1 = 17 (al’x) = hls <Cl2,x> = b2}7 (64)

where H: E* — E is a self-adjoint positive definite linear operator, s, aj, ay € E*
and by, by € R. Clearly, our original problem can be transformed into this form by
setting H := D;H;, a1 :=c¢;, a2 := gi, by :== o, — {(ci, 2i), by == (gi, x; — z;). Note
that this transformation does not change the dual multipliers.

Dualizing the linear constraints in (64), we obtain the following dual problem:

min [[ls — wiay — poaz|-1 + m1bi + paba], (65)
peR?

which is solvable provided the following Slater condition holds:
Ix e E: llxllg-1 <1, (a1, x) < b1, (a2, x) < bo. (66)

Note that (66) can be ensured by adding termination criterion (53) into Algorithm 1
(see Lemma 8).

A solution of (65) can be found using Algorithm 3. In this routine, t(-), £(-) and
u(-) are the auxiliary operations, defined in Sect. 6.2, and A := (ay, ay) is the linear
operator Au := ujaj + uoay acting from R2 to E*. The correctness of Algorithm 3 is
proved in Theorem 3.

Algorithm 3: Computing Dual Multipliers

1. Compute 71 :=1(H, s,a1,by) and 7o := t(H, s, az, b?).

Compute & :=&(H, az, a1, by) and & := &E(H, a1, az, b?).

2. If & < by, return (71, 0). Else if & < by, return (0, 72).

3. Elseif {(ap, H(s — t1a1)) < by|ls — 1141 ||71_1,return (11, 0).

Else if (a1, H(s — 12a2)) < bi|ls — t2a2||>';[_1, return (0, 72).

4. Elsereturnu := u(H, s, A, b), where A := (ay, a2), b := (b, bz)T.
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6.4 Time and memory requirements

Let us discuss the time and memory requirements of Algorithm 1, taking into account
the previously mentioned implementation details.

The main objects in Algorithm 1, which need to be stored and updated between
iterations, are the test points x;, matrices Hy, scalars Ry, vectors ¢ and scalars oy,
see (19), (55), 56 and (58) for the corresponding updating formulas. To store all these
objects, we need O (n%) memory.

Consider now what happens at each iteration k. First, we compute Uy. For this, we
calculate z; and Dy according to (58) and then perform the calculations described in
Sect. 6.2. The most difficult operation there is computing the matrix-vector product,
which takes O (nz) time. After that, we calculate the coefficients a; and by according
to (26), where oy, 6 and y are certain scalars, easily computable for all main instances
of Algorithm 1 (see Sects. 4.1-4.4). The most expensive step there is computing the
norm || gk || Ek’ which can be done in O (n?) operations by evaluating the product Hyg.
Finally, we update our main objects, which takes O (n?) time.

Thus, each iteration of Algorithm 1 has O(n?) time and memory complexities,
exactly as in the standard Ellipsoid Method.

Now let us analyze the complexity of the auxiliary procedure from Sect. 5 for
converting a preliminary semicertificate into a semicertificate. The main operation in
this procedure is running Algorithm 2, which iterates “backwards”, computing some
dual multiplier p; ateachiterationi = k—1, ..., 0. Using the approach from Sect. 6.3,
we can compute [; in 0(n2) time, provided that the objects x;, g;, H;, zi, Dj, c;, 0; are
stored in memory. Note, however, that, in contrast to the “forward” pass, when iterating
“backwards”, there is no way to efficiently recompute all these objects without storing
in memory a certain “history” of the main process from iteration O up to k. The simplest
choice is to keep in this “history” all the objects mentioned above, which requires
O (kn*) memory. A slightly more efficient idea is to keep the matrix-vector products
H, g; instead of H; and then use (55) to recompute H; from H;| in O (nz) operations.
This allows us to reduce the size of the “history”” down to O (kn) while still keeping
the O (kn?) total time complexity of the auxiliary procedure. Note that these estimates
are exactly the same as those for the best currently known technique for generating
accuracy certificates in the standard Ellipsoid Method [16]. In particular, if we generate
a semicertificate only once at the very end, then the time complexity of our procedure
is comparable to that of running the standard Ellipsoid Method without computing any
certificates. Alternatively, as suggested in [16], one can generate semicertificates, say,
every 2,4, 8, 16, ... iterations. Then, the total “overhead” of the auxiliary procedure
for generating semicertificates will be comparable to the time complexity of the method
itself.

7 Conclusion

In this paper, we have addressed one of the issues of the standard Ellipsoid Method,
namely, its poor convergence for problems of large dimension 7. For this, we have
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proposed a new algorithm which can be seen as the combination of the Subgradient
and Ellipsoid methods.

Our developments can be considered as a first step towards constructing universal
methods for nonsmooth problems with convex structure. Such methods could signifi-
cantly improve the practical efficiency of solving various applied problems.

Note that there are still some open questions. First, the convergence estimate of
our method with time-varying coefficients contains an extra factor proportional to
the logarithm of the iteration counter. We have seen that this logarithmic factor has
its roots yet in the Subgradient Method. However, as discussed in Remark 4, for the
Subgradient Method, this issue can be easily resolved by allowing projections onto
the feasible set and working with “truncated” gaps. An even better alternative, which
does not require any of this machinery, is to use Dual Averaging [18] instead of
the Subgradient Method. It is an interesting question whether one can combine the
Dual Averaging with the Ellipsoid Method similarly to how we have combined the
Subgradient and Ellipsoid methods.

Second, the convergence rate estimate, which we have obtained for our method, is
not continuous in the dimension n. Indeed, for small values of the iteration counter k,
this estimate behaves as that of the Subgradient Method and then, at some moment
(around n2), it switches to the estimate of the Ellipsoid Method. As discussed at the
end of Sect. 4.4, there exists some “small” gap between these two estimates around
the switching moment. Nevertheless, the method itself is continuous in n and does
not contain any explicit switching rules. Therefore, there should be some continuous
convergence rate estimate for our method, and it is an open question to find it.

Another interesting question is to understand what happens with the proposed
method on other (less general) classes of convex problems than those, considered
in this paper. For example, it is well-known that, on smooth and/or strongly convex
problems, (sub)gradient methods have much better convergence rates than on the gen-
eral nonsmooth problems. We expect that similar conclusions should also be valid
for the proposed Subgradient Ellipsoid Method. However, to achieve the acceleration,
it may be necessary to introduce some modifications in the algorithm such as using
different step sizes. We leave this direction for future research.

Finally, apart from the Ellipsoid Method, there exist other “dimension-dependent”
methods (e.g., the Center-of-Gravity Method? [13,20], the Inscribed Ellipsoid Method
[22], the Circumscribed Simplex Method [6], etc.). Similarly, the Subgradient Method
is not the only “dimension-independent” method and there exist numerous alternatives
which are better suited for certain problem classes (e.g., the Fast Gradient Method [17]
for Smooth Convex Optimization or methods for Stochastic Programming [7,8,11,15]).
Of course, it is interesting to consider different combinations of the aforementioned
“dimension-dependent” and “dimension-independent” methods. In this regard, it is
also worth mentioning the works [4,5], where the authors propose new variants of
gradient-type methods for smooth strongly convex minimization problems inspired
by the geometric construction of the Ellipsoid Method.
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8 Although this method is not practical, it is still interested from an academic point of view.
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A Proof of Lemma 6

Proof Everywhere in the proof, we assume that the parameter c is fixed and drop all
the indices related to it.
Let us show that ¢, is a convex function. Indeed, the function w: R x Ry, —

R, defined by w(x, t) := XZ—Z is convex. Hence, the function ¢, defined in (34), is
also convex. Further, since w is increasing in its first argument on R, the function
wp: Ry x Ryy — R, defined by w,(x, 1) := XTP, is also convex as the composition
of w with the mapping (x, 1) > (xP/2, 1), whose first component is convex (since
p > 2) and the second one is affine. Note that w), is increasing in its first argument.
Hence, ¢, is indeed a convex function as the composition of w, with the mapping
Y (q(y), 1+ y), whose first part is convex and the second one is affine.

Differentiating, for any y > 0, we obtain

o )_p[q(y)]”*lq’(y)(l +y) =g laW1” " (pg' (1 +y) —q(¥))
= (1+7)? - (1+7)2 ‘

Therefore, the minimizers of ¢, are exactly solutions to the following equation:

pq' W)L +y)=q(y). (67)

2
Note that ¢’ (y) = 6[27/2((1117;))?' I _ ;}(/l(i;’)/z) (see (34)). Hence, (67) can be written

ascpy 2+y) = 2(14+y)+cy? or, equivalently, c(p—1)y>4+2(cp— 1)y = 2. Clearly,
y = 01isnot a solution of this equation. Making the change of variables y = %, u #0,
we come the quadratic equation u> — 2(cp — )u = 2¢(p — 1) or, equivalently, to
[u—(cp—DP =2c(p—1)+ (cp — 1)? = ¢?p? — (2c — 1). This equation has two
solutions: u1 :=cp —14++/c2p? — 2c — D anduy :=cp — 1 —/c2p? — (2c — 1).
Note thatus > cp—1—/c2p?2 +1 > cp—1—(cp+1) = —2.Hence, y» := uz—z < -1
cannot be a minimizer of ¢,. Consequently, only u; is an acceptable solution (note
that u; > 0 in view of our assumptions on ¢ and p). Thus, (37) is proved.

Let us show that y (p) belongs to the interval specified in (37). For this, we need
to prove that 1 < cpy(p) < 2. Note that the function h,(t) := m, where

a > 0, is decreasing in ¢. Indeed, Lo e _14qigan increasing function in
ha (t) 12 t

t. Hence, cpy (p) = 2hoc—1(cp) > 21im;— o hac—1(t) = 1. On the other hand, using
that p > 2 and denoting o := 2¢ > 1, we get cpy (p) = 2hq—1(cp) < 2g(x), where
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gla) :=hg_1(a) = m Note that g is decreasing in «. Indeed, denoting

T = é € (0, 1], we obtain g(%) =+1—-t4+72—17+1, whichisa decreasing

function in 7. Thus, cpy (p) < 2g(1) = 2.
It remains to prove that ¢,(y(p)) < e /2P Let ¢p: [2,+00) — R be the
function

¢(p):=—Ing,(v(p)) =In(1+y(p)) — plng(y(p)). (68)

We need to show that ¢ (p) > 1/(2cp) for all p > 2 or, equivalently, that the function
x: (0, 3] = R, defined by x (1) := ¢ (1), satisfies x (r) > 5 forall € (0, 3]. For
this, it suffices to show that yx is convex, lim;_.o x(t) = 0 and lim;_.o x'(7) = 2—IC

Differentiating, we see that x'(t) = —riqu/(%) and x"(7) = T%gb/(%) + r—hq&”(%) for
allt € (O, %] Thus, we need to justify that

2¢'(p) + p¢”(p) = 0 (69)
for all p > 2 and that
1
lim ¢(p) =0,  lim [—p?p'(p)] = —. (70)
p—00 p—00 2c

Let p > 2 be arbitrary. Differentiating and using (67), we obtain

) Y'(p) rq' (v(p)y'(p)
= —— -1 - 7~ =1 y
¢'(p) = 17 ) ng(y(p)) ) ng(y(p))
" q9'(v()y'(p) Y (p)
- _ - _ ) 71
o) q(y(p) p(L+y(p) 70
Therefore,
/ 1 V/(P) CVZ(P) + V/(P)
2 = 21 — _ ,
¢’ (p) + po”(p) ng(y(p)) Ty > ()

where the inequality follows from (34) and the fact that In(1 4+ t) < t for any
7 > —1. Thus, to show (69), we need to prove that —y'(p) > cy2(p) or,

equivalently, %ﬁ > c. But this is immediate. Indeed, using (37), we obtain
d_1 _ ¢ cp - . . o . _
7y = 2\ Jaraen + 1) > ¢ since the function 7 — T s decreas

ing. Thus, (69) is proved.
It remains to show (70). From (37), we see that y(p) — 0 and py(p) — % as
p — oo. Hence, using (34), we obtain

2.,2
. . cp7y<(p) 2.2 1
lim p%lIn = lim ———— = — lim = .
Jm P q(y(p) 5o 2(I 1 p(p) 20 p7vo(p) %
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Consequently, in view of (68) and (71), we have

Jim ¢(p) = lim [In(1+y(p)) = plng(y(p)] = 0.
lim [—p?¢'(p)] = lim p*lng(y(p)) = =—.
p—>00 p—>00 2c
which is exactly (70). O

B Support function and dual multipliers: proofs

For brevity, everywhere in this section, we write ||x|| and |- ||, instead of ||-|| ;-1 and
||-||’;1,1, respectively. We also denote By := {x € E : || x| < 1}.

B.1 Auxiliary operations

Lemma9 Lets € E*, let A: R™ — E* be a linear operator with trivial kernel and
letb € R™, (b, (A*HA)~'b) < 1. Then, problem (62) has a unique solution given by
(63).

Proof Note that the sublevel sets of the objective function in (62) are bounded:
Ils—Aull+(u, b) = || Aull,—Is]l+(u. b) = (1—(b, (A*HA) ')/ | Aull.—lIs |l

for all u € R™. Hence, problem (62) has a solution.
Let u € R™ be a solution of problem (62). If s = Au, then u = (A*HA) ! A*s,
which coincides with the solution given by (63) (note that, in this case, r = 0).

Now suppose s # Au. Then, from the first-order optimality condition, we obtain
that b = A*(s — Au)/p, where p := ||s — Au||, > 0. Hence, u = (A*HA) "' (A*s —
pb) and
p”=lls — Aully = lIslly — 2(A™s, u) + (A"H Au, u)

2 — _
= [IslI3 — 2(A*s, (A*HA) ™' (A*s — pb)) + (A*s — pb, (A*HA) "' (A*s — pb))
= |Isll3 — (s, A(A*HA) "' A*s) + p* (b, (A*HA)~'b).

Thus, p =r andu = u(H, s, A, b) given by (63). |

Lemma 10 Let s,a € E*, B € R be such that {a,x) < B for some x € int By.
Then, problem (60) has a solution given by (61). Moreover, this solution is unique if

B < lall,.

Proof Let ¢: R — R be the function ¢ (7) := ||s — ta||, + 8. By our assumptions,
B> —|lallyifa #0and g > 0if a = 0. If additionally 8 < ||a||,, then |B] < |la||,-

Ifs =0,then¢(tr) = t(Jlall, + B) = ¢(0) forall T > 0, so 0 is a solution of (60).
Clearly, this solution is unique when g < ||a||, because then |B| < |la]|,.
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From now on, suppose s # 0. Then, ¢ is differentiable at 0 with ¢'(0) = B —
(a, s)/|Islls. If {a, s) < Blls|l., then ¢’(0) > 0, so O is a solution of (60). Note that
this solution is unique if {a,s) < B|s||, because then ¢'(0) > 0, i.e., ¢ is strictly
increasing on R .

Suppose (a, s) > B||s|l,. Then, 8 < ||a||, and thus |8] < ||a||,. Note that, for any
T > 0, wehave ¢(t) > t(||lall,+ B) — IIs|,. Hence, the sublevel sets of ¢, intersected
with R, are bounded, so problem (60) has a solution. Since ¢’(0) < 0, any solution
of (60) is strictly positive and so must be a solution of problem (62) for A := a and
b := B. But, by Lemma 9, the latter solution is unique and equals u(H, s, a, ).

We have proved that (61) is indeed a solution of (60). Moreover, when (a, s) #*
Blls |, we have shown that this solution is unique. It remains to prove the uniqueness
of solution when (a, s) = B||s||,, assuming additionally that 8 < |la||,. But this is

simple. Indeed, by our assumptions, |8| < |la|l., so |{a, s)| = [BllIsll« < llalllls]x-
Hence, a and s are linearly independent. But then ¢ is strictly convex, and thus its
minimizer is unique. O

B.2 Computation of dual multipliers

In this section, we prove the correctness of Algorithm 3.
For s € E*, let X (s) be the subdifferential of |||, at the point s:

{Hs/llsll}, ifs # 0,

X =
=g ifs = 0.

(72)

Clearly, X(s) € By for any s € E*. When s # 0, we denote the unique element of
X(s) by x(s).
Let us formulate a convenient optimality condition.

Lemma 11 Let A be the linear operator from R™ to B, defined by Au := Y. | u;a;,
where ay,...,a, € E*, and let b € R™, s € E*. Then, u* € R is a min-
imizer of ¥(u) = |Is — Aully, + (i, b) over RY if and only if X(s — Au*) N
Ll(MT)...Lm(M,’;) % ), where, for each 1 < i < m and t > 0, we denote
Li(t) :={xe€eE:(a,x)<bj},ift =0, and Li(t) := {x e E: (a;,x) =b;}, if
T>0.

Proof Indeed, the standard optimality condition for a convex function over the non-
negative orthant is as follows: u* € R"} is a minimizer of ¥ on R’} if and only if there
exists g* € 9y (u*) such that g* > 0 and g/u; = 0 forall I <i < m. It remains to

i

note that 9y (u*) = b — A*X (s — Au™). O
Theorem 3 Algorithm 3 is well-defined and returns a solution of (65).
Proof i. For eachi = 1,2 and T > 0, denote L :={xek:(a,x)<b}, Li =

{x eE:{aj,x) =bi}, Li(r) := L;,ift =0,and L;(7) := L;,if t > 0.
ii. From (66) and Lemma 10, it follows that Step 1 is well-defined and, for each
i = 1,2, t; is a solution of (60) with parameters (s, a;, b;). Hence, by Lemma 11,

X —na)NLi(ry) #0, i=1,2. (73)
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iii. Consider Step 2. Note that the condition §; < by is equivalentto BoNL; € L,
since & = max, . gr- (a2, x). If By N L <€ L,, then, by (73), X(s — t1a1) N
Li(t)) N L, = X(s — tia1) N Li(t1) # ¥, so, by Lemma 11, (71, 0) is indeed a
solution of (65).

Similarly, if & < by, then Bo N L, € L and (0, 72) is a solution of (65).

iv. From now on, we can assume that Bo N L} Nint L;‘ # ¥, BoN L, Nint LT -0,
where intLi+ = {x €eE:{(a,x)>b;}, i = 1,2. Combining this with (66), we
obtain®

intByNLiNLy #%, intByNLyNL] # 0. (74)

Suppose (a2, H(s — 11a1)) < ba||s — 11a1 ||, at Step 3. 1) If s # 1141, then X (s —
T1a1) is a singleton, x(s — t1a;) = H(s — t1ay)/|ls — t1ai]l,, so we obtain x(s —
T1a1) € L, . Combining this with (73), we get x(s — t1a1) € Li(t1) N L, . 2) If s =
T1ay,then X (s —tia))NL(t1)NL, = BoNL(71)NL,; # @inview of the first claim
in (74) (recall that Ly € Ly(z1)). Thus, in any case, X (s — ta;) N Li(t)) N L, # 9,
and so, by Lemma 11, (t, 0) is a solution of (65).

Similarly, one can consider the case when (a1, H(s — 12a2)) < by|ls — 1aaz ||, at
Step 3.

Suppose we have reached Step 4. From now on, we can assume that

X(s —nia1) NLi(z) Nint Ly #90,  X(s — n2az) N La(rp) Nint LT # 0.
(75)

Indeed, since both conditions at Step 3 have not been satisfied, s # tja;,i = 1, 2, and
x(s —tia1) ¢ Ly, x(s — raaz) ¢ Ly . Also, by (73), x(s — tia;) € Li(t;),i =1,2.

Letu € Ri be any solution of (65). By Lemma 11, X (s —Au)NL1(uw1)NLa(uo) #
(. Note that we cannot have wr, = 0. Indeed, otherwise, we get X (s — wiap) N
Li(u1)NL, # ¥,so0 uy mustbe asolution of (60) with parameters (s, ar, b1). But, by
Lemma 10, such a solution is unique (in view of the second claim in (75), (a1, x) > by
for some x € By, so by < |lai||,). Hence, 1 = 11, and we obtain a contradiction with
(75). Similarly, we can show that u; # 0. Consequently, 11, 2 > 0, which means
that p is a solution of (62).

Thus, at this point, any solution of (65) must be a solution of (62). In view of
Lemma 9, to finish the proof, it remains to show that the vectors a1, a, are linearly
independent and (b, (A*HA)~'b) < 1.But this is simple. Indeed, from (75), it follows
that

either BoNLyNintLy #¢ or ByNLyNintL] # @ (76)
since 71 and 12 cannot both be equal to 0. Combining (76) and (74), we see that int By N

L{ N Ly # (@ and, in particular, L1 N L, # . Hence, ay, ay are linearly independent
(otherwise, L; = Lj, which contradicts (76)). Taking any x € int By N L1 N Lo, we

9 Take an appropriate convex combination of two points from the specified nonempty convex sets.
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obtain [lx|| < 1 and A*x = b, hence (b, (A*HA)"'b) = (A*x, (A*HA)"'A*x) <
[x]|? < 1, where we have used A(A*HA)~'A* < H~!, .
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