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Abstract

We give a rigorous complexity analysis of the simulated annealing algorithm by Kalai
and Vempala (Math Oper Res 31(2):253-266, 2006) using the type of temperature
update suggested by Abernethy and Hazan (International Conference on Machine
Learning, 2016). The algorithm only assumes a membership oracle of the feasible
set, and we prove that it returns a solution in polynomial time which is near-optimal
with high probability. Moreover, we propose a number of modifications to improve
the practical performance of this method, and present some numerical results for test
problems from copositive programming.

Keywords Simulated annealing - Convex optimization - Hit-and-run sampling -
Semidefinite and copositive programming
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1 Introduction

Let K € R" be a convex body, and suppose that only a membership oracle of K is
available. Let (-, -) be an inner product on R”, and fix a unit vector ¢ € R". We are
interested in the problem
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One approach to solve problems of this type is using simulated annealing, a paradigm
of randomized algorithms for general optimization introduced by Kirkpatrick et al.
[14]. It features a so-called temperature parameter that decreases during the run of the
simulated annealing algorithm. At high temperatures, the method explores the feasible
set relatively freely, also moving to solutions that have worse objective values than the
current point. As the temperature decreases, so does the probability that a solution with
a worse objective value is accepted. Kalai and Vempala [12] showed that, for convex
optimization, a polynomial-time simulated annealing algorithm exists. Specifically,
their algorithm returns a feasible solution that is near-optimal with high probability in
polynomial time. (A recent algorithm by Lee et al. [15] has an asymptotically better
complexity.)

Abernethy and Hazan [1] recently clarified that Kalai and Vempala’s algorithm is
closely related to a specific interior point method. In general, interior point methods
for convex bodies require a so-called self-concordant barrier of the feasible set. It was
shown by Nesterov and Nemirovskii [23] that every open convex set that does not
contain an affine subspace is the domain of a self-concordant barrier, known as the
universal barrier. However, it is not known how to compute the gradients and Hessians
of this barrier in general.

The interior point method to which Kalai and Vempala’s algorithm corresponds uses
the so-called entropic barrier over K, to be defined later. This barrier was introduced
by Bubeck and Eldan [7], who also established the self-concordance of the barrier and
analyzed its complexity parameter ¢

Drawing on the connection to interior point methods, Abernethy and Hazan [1] pro-
posed a new temperature schedule for Kalai and Vempala’s algorithm. This schedule
does not depend on the dimension n of the problem, but on the complexity parameter
of the entropic barrier. Our goal is to prove in detail that simulated annealing with this
new temperature schedule returns a solution in polynomial time which is near-optimal
with high probability. Moreover, we aim to investigate the practical applicability of
this method. Our experiments suggest that it is very difficult to implement a practical
simulated annealing algorithm for copositive programming using hit-and-run sam-
pling. Although these are negative results, we find it important to communicate them,
in order to stimulate research into algorithms for copositive programming that are not
sampling-based, e.g., cutting plane methods.

1.1 Algorithm Statement

Central to simulated annealing is a family of exponential-type probability distributions
known as Boltzmann distributions.

Definition 1.1 Let K € R” be a convex body, and let 6 € R". Let (-, -) be an inner
product. Then, the Boltzmann distribution with parameter 6 is the probability distribu-
tion supported on K having density with respect to the Lebesgue measure proportional

to x > e},
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Throughout this work, we will use X'(6) to refer to the covariance matrix of the
Boltzmann distribution with parameter & € R”.If (-, -) is some reference inner product,
then (x, y)g := (x, X(0)y) for any 8 € R". Moreover, let || - ||¢ denote the norm
induced by the inner product (-, -)g.

The procedure Kalai and Vempala [12] use to generate samples on K is called Aiz-
and-run sampling. This Markov chain Monte Carlo method was introduced by Smith
[26] to sample from the uniform distribution over a bounded convex set. Later, it was
generalized to absolutely continuous distributions (see for example Bélisle et al. [4]).
The details of hit-and-run sampling are given in Algorithm 1.

Algorithm 1 The hit-and-run sampling procedure

Input: Membership oracle for a convex body K C R”"; probability distribution i to sample from (i.e., the
target distribution); covariance operator X : R” — R”; starting point x € K; number of hit-and-run
steps £ € N.

1: Xg < x

2: fori e{l,..., ¢} do

3:  Sample direction D; from a A (0, X)-distribution

4:  Sample X; from the univariate distribution u restricted to K N {X;_1 +tD; : t € R}
5: end for

6: return X,

Note that if (-, -) is the Euclidean inner product, the covariance operator X in
Algorithm 1 can be represented as a matrix in R"*".

In each iteration k of Kalai and Vempala’s algorithm [12], the temperature T} is
lowered. Then, hit-and-run samples are generated whose target distribution is the
Boltzmann distribution with parameter 6y = —c/T;. These random walks use an
approximation ) (Bk—1) of X (0r—1) to generate search directions. With these sam-
ples, an approximation ) (0r) of X (0;) is formed, which will then be used in the
next iteration. As k grows sufficiently large, so does the norm of 6;. The Boltzmann
distributions with parameter 6 will then concentrate more and more probability mass
close to the set of optimal solutions to (1). For sufficiently large k, any sample from
such a Boltzmann distribution is near-optimal with high probability.

One thing that needs further clarification is how to decrease the temperature in
each iteration. In their original paper, Kalai and Vempala [12] show that the algorithm
returns a near-optimal solution with high probability, for the temperature update (cf.

line 5 in Algorithm 2)
T, = (1 ! T (2)
ﬁ b

inm = O*(y/n) iterations, where O* suppresses polylogarithmic terms in the prob-
lem parameters. As mentioned above, Abernethy and Hazan’s alternative temperature
schedule depends on the complexity parameter of the entropic barrier. This function
is defined as follows.
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Definition 1.2 Let K € R” be a convex body. Define the function f : R” — R as
f(@®) =In fK ¢!%%) dx. Then, the convex conjugate f* of f,

fH) = sup {(0,x) — f(O)},

6eR"

is called the entropic barrier for K.

Bubeck and Eldan [7] showed that f* is a self-concordant barrier for K with com-
plexity parameter ¥ < n + o(n). The complexity parameter of f™* is

9 := sup(Df*(x), [D? f* ()] ' Df*(x)) = sup (6, £(0)0) = sup 0117, (3)
xeK OeR" OeR”

where we refer the reader to [3, 7] for more details.
Abernethy and Hazan [1] propose the temperature update

1
Ti=(1-— )74, 4
k ( 4ﬁ>kl 4

which will leadtom = O* (\/5) iterations. As noted above, we have ¥ < n+o(n) in
general, but it is not currently known if ¥ < n for any convex bodies. In particular, the
temperature update (4) only improves on (2) if ¢ < n/16, which is not known to hold
for any convex body. We show in Appendix 1 to this paper that, for the Euclidean unit
ball in R", numerical evidence suggests that ¥ = (n 4+ 1)/2. We therefore consider a
variation on the temperature schedule (4) suggested by Abernethy and Hazan, namely

1
Tir=|1— —— ) Ti_ forsomea>1+1\/5, 5
k ( aﬁ>k1 / (5)

which corresponds to (4) when o = 4, but gives larger temperature reductions when
a < 4. We will refer to (5) as Abernethy—Hazan-type temperature updates. If ¢ < n,
this may result in a larger temperature decrease than the Kalai and Vempala scheme
(2), for a suitable choice of the parameter «.

The algorithm by Kalai and Vempala [12] that uses a temperature schedule of the
type introduced by Abernethy and Hazan [1] is now given in Algorithm 2.

1.2 Contributions and Outline of this Paper

Abernethy and Hazan [1] do not give a rigorous analysis of the temperature schedule
(4) in their paper, only a sketch of the proof. In this paper, we provide the full details
for the more general schedule (5). In doing so, we also provide some details that were
omitted in the original work by Kalai and Vempala [12], that concern the application
of a theorem by Rudelson [25]. Moreover, we discuss the perspectives for practical
computation with Algorithm 2. Finally, we propose some heuristic improvements to
Algorithm 2 to obtain speed-up. Many of these results also appear in the PhD thesis
[2] of the first author.
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Algorithm 2 Algorithm by Kalai and Vempala [12] using temperature schedule of type introduced by
Abernethy and Hazan [1]

Input: normalized (with respect to || - ||) vector ¢ € R"; membership oracle of a convex body K C R";
radius R > 1 of a ball containing K ; complexity parameter ¥ < n + o(n) of the entropic barrier over
K; xo € K drawn randomly from the uniform distribution over K ; update parameter o« > 1 4 1/ NES ;
number of phases m € N; number of hit-and-run steps £ € N; number of covariance update samples
N € N; approximation f(O) of X'(0) satisfying %E(O) < X(0) =< 22(0).

Output: x,, such that (¢, x;;) — minycg (¢, x) < ¢ at terminal iteration m.
1: Xg < x0

2: =0

3: Ty < 2aR

4: for k € {1, ...,m} do

5. T < (1 - ﬁ) T i

6: O < —c/Ty

7: Generate X by applying hit-and-run sampling to the Boltzmann distribution with parameter 6y,
starting the walk from Xy _, taking ¢ steps, drawing directions from a N'(0, X (6 _1))-distribution

for j € {1,..., N} do

9: Generate Y i by applying hit-and-run sampling to the Boltzmann distribution with parameter
O, starting the walk from Xj_i, taking £ steps, drawing directions from a N(0, f(@k_l))-
distribution

10:  end for

1 260w < &Y oY — 5 2 ) (% ¥V, Y[k) forall v € R”
12: end for

13: return X,,

We start with a review of useful facts on probability distributions in Sect. 2. Then,
Sect. 4 proves Algorithm 2 returns a solution that is near-optimal with high probability.
In Sect. 5, we discuss the complexity of Algorithm 2. In Sect. 6, we look at the behavior
of hit-and-run sampling for optimization over the doubly nonnegative cone and suggest
some heuristic improvements. We then evaluate the resulting algorithm on problems
from copositive programming (due to Berman et al. [5]) in Sect. 7.

2 Preliminaries

We will use the total variation distance to measure if the probability distribution of a
hit-and-run sample is close to the target distribution.

Definition 2.1 Let (K, F) be a measurable space. For two probability distributions x
and ¢ over this space, their total variation distance is

lw = @liTv := sup |u(A) — @(A)l.
AeF

A useful property of the total variation distance is that it allows coupling of random
variables, as the following lemma asserts.
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Lemma 2.2 (e.g., [17, Proposition 4.7]) Let X be a random variable on K with dis-
tribution |, and let ¢ be a different probability distribution on K. If || — ¢|lTv = p,
we can construct another random variable Y on K distributed according to ¢ such
that P{X = Y} = 1 — p. Similarly, given two distributions p and ¢ on K such that
I — @lltv = p, there exists a joint distribution v on K x K, with marginals u and
@, respectively, such that if (X,Y) ~ (K x K, v), one has X ~ (K, n), Y ~ (K, ¢),
and P {X =Y} >1-—p.

We can now state the following mixing time result. It gives the number of hit-and-
run steps one has to take before the distribution of the hit-and-run sample is sufficiently
close to the target distribution. The result given here is a corollary of a result by Lovasz
and Vempala [19, Theorem 1.1].

Theorem 2.3 Let K C R" be a convex body. Suppose 6y, 01 € R" satisfy A0 :=
160 — O1llgy, < 1. Pick p > 0, and suppose we have an invertible matrix X (6p) such
that

%i(eor‘ < X)) ' <220 (6)

Consider a hit-and-run random walk as in Algorithm 1 applied to the Boltzmann dis-
tribution |1 with parameter 61 from a random starting point drawn from a Boltzmann
distribution 1o with parameter 6. Let j1* be the distribution of the hit-and-run point
after € steps of hit-and-run sampling applied to |11, where the directions are drawn
from a N (0, ) (00))-distribution. Then, there exists an absolute constant C > 0, such
that, after

(=C n’ log® " 7
~ -0 8 (pz(l—Ae))“) @

hit-and-run steps, we have ||t — pilltv < p.

We omit the proof, since it is a straightforward consequence of Lovdsz and Vempala
[19, Theorem 1.1], applied to the Boltzmann distribution. The interested reader may
find a detailed proof in [2, Theorem 4.14].

Note that the theorem above requires an approximation of the covariance of a dis-
tribution that is in some sense ‘close’ to the target distribution. This is why Algorithm
2 approximates the covariance of every distribution that it encounters: This covariance
is then used in the next iteration to generate hit-and-run directions.

One may reformulate the Assumption (6) in the theorem by using the following
result from Horn and Johnson [11].

Lemma 2.4 ([11, Corollary 7.7.4(a)], see also [2, Lemma 2.4]) Let A, B be positive
definite, self-adjoint linear operators from R" to R". Then, A > B if and only if
B~!> A"l

Consequently, we have, fork =0, 1,...,
1 ~ BN l & -1 -1 S -1
520 2 200 22200 = F2O) 2 XO) 22200

A key point of the analysis is to show that these conditions hold for each iteration k.
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3 Approximation of the Covariance Matrix

To guarantee the required approximation of the covariance matrix, Kalai and Vempala
[12] use the following corollary to a theorem by Rudelson [25].

Theorem 3.1 ([12, Theorem A.1]) Let ¢ be a log-concave probability distribution
over R" with mean 0 and identity covariance (i.e., isotropic), and let p € (0, 1).

Let X1, ..., XN be independent samples from ¢. Then, there exist absolute constants
C1 > 0and Cy > 0 such that, if

N > Cinlog®(n/p),

we have
1 & 1
T _ _
NE XjX[ —1] <.
j=1

with probability 1 — p, where the norm is the spectral (operator) norm.

This theorem cannot be directly applied in the setting of Algorithm 2 for three
reasons: The hit-and-run samples do not follow the target distribution ¢, the samples
are not independent, and ¢ does not have mean 0 and identity covariance, i.e., ¢ is not
isotropic. While Kalai and Vempala (correctly) state that Theorem 3.1 can be extended
to the hit-and-run setting without significantly changing the number of samples N, a
formal proof is not given, and we will provide the missing details in this section, since
this is not straightforward.

We first show how to extend Theorem 3.1 to the non-isotropic case. To this end,
we will need two results on log-concave random variables. The first is that the sum of
independent log-concave random variables is again log-concave.

Lemma 3.2 Let X, Y be independent random variables in R" with log-concave density
functions f and g, respectively. Then, X + Y is a log-concave random variable.

Proof Theorem 7 in [24] shows that x +— fR" f(x—y)g(y)dy is log-concave on R".
This function is precisely the density function of X + Y. O

The second result is a concentration result for log-concave distributions.

Lemma 3.3 (Lemma 3.3 from [18] (adapted from [20])) Let X be a random variable
with a log-concave distribution. Denote E(|| X — IE(X)||%) =: 2. Then, forallt > 1,

P{IX —EX)|2 <to}>1—e'".

We now extend Theorem 3.1 to the non-isotropic case.

Corollary 3.4 Let ¢ be a log-concave probability distribution over R" with mean 1,
and covariance Xy, and let p € (0, 1). Let X1, ..., Xy be independent samples from
@, where
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2
N = lrmax {ClnlogCZ(Zn/p), 4n <1 +1n (%)) }—‘ , ®)

and C1 and C, are the absolute constants from Theorem 3.1, and let

N N
1 |
==Y Xi, S==YXi-pXi-p'.
128 Nl._l i Nl._l( i — W) (X — )

Then, we have

™M>
IA
M
<

IA
| W
P1>

&)

| =

with probability 1 — p.

Proof One may assume w.l.o.g. that X, = I, since the statement of the theorem
is invariant under invertible linear transformations. Indeed, if a random variable X
with distribution ¢ is replaced by AX for some linear transformation A, then the new
covariance matrix and its approximation satisfy

T = AT, A* and £V = A A%,

By choosing A = X, 1/ 2, we therefore get the identity covariance. Moreover,
| 3. I o~ U3 &k
52 <X, = 52 = EAEA <AY,AT < EAEA .

Assuming therefore w.l.o.g. that X, = I, the random variable X — i, has an isotropic
log-concave distribution, and after setting

N
1
Y = 5 > (Xi = ) (Xi — ) |
i=1

Theorem 3.1 yields || X =1 || < ‘1—‘, with probability 1 — p/2. It therefore suffices to
show that X’ and ¥ are ‘sufficiently close.” To this end, direct calculation yields

A

- ==y — Dy — )7,
so that

|2 - =] =12 - ol

Note that 4 = % Z,N= 1 X; is a log-concave random vector, by Lemma 3.2. We may
therefore bound right-hand side of the last equality via the concentration inequality of
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Lemma 8 to obtain

N 2 n 2 2
P ||/L—Mgo||2_ﬁ 1 +1In - =1-p/2,

where we used that the variance of each component of X; is 1 for all i. Thus, if
2
N > 4n (1 +1In (%)) , one has

. A 1 1 1
E-nsiE-n+|E-|s+5=1
l = I+ <:%t173
with probability at least (1 — p/ 2)2 > 1 — p. This implies (9). O

We proceed to show that we may replace independent sampling by hit-and-run
sampling in Corollary 3.4 in a well-defined sense. To this end, fix a starting vector X
and a tolerance ¢ > 0, and consider the following two sequences of random variables:

- Lid. X; (i €{l,..., N}) drawn independently from ¢.

— Y; obtained via ¢ steps of hit-and-run from starting point Xo with (i € {1, ..., N})
as in Step 9 of Algorithm 2. Here, we assume that the £ steps are sufficient to
guarantee that the total variation distance between the distribution of ¥; and ¢ is
at most a given p € (0, 1) (with reference to Theorem 2.3).

A key observation is that we may assume, without loss of generality, that X; = Y;
forall (i € {1, ..., N}) with high probability.

Proposition 3.1 Ler X;, Y; (i € {1,..., N}) be as above. Without loss of generality,
one may assume that the joint distribution of X; and Y; satisfies P{X; = Y;} > 1 —p
foreachi € {1,..., N}.

Proof The X; all have distribution ¢ on K and the Y¥; all have the same distribution,
say u on K (that depends on Xj).

Moreover, by assumption || — ¢|l7y < p. By the second part of Lemma 2.2,
there exists a joint distribution, say v on K x K with marginals ¢ and p, so that
(X,Y) ~ (v, K x K) implies P,{X = Y} > 1— p,aswell as X ~ (¢, K) and
Y ~ (u, K).

We now replace (i.e., couple) the random variables ¥; with new random variables
Y/ so that (X;, Y/) ~ (v, K x K) foreachi € {I,..., N}.

The important point is that we now have P[X; = Yl./ ] >1—pforeachi €
{1, ..., N}. Moreover, the random variables Yi’ will be indistinguishable from the hit-
and-run random variables Y;, in the sense that both Y; ~ (i, K) and Y/ ~ (u, K) for
all i. m]

As aresult, Corollary 3.4 still holds if we replace the X; by the Y; for all i, but now
with probability (1 — p) — Np, by the union bound.
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4 Proof of Convergence

We continue by proving that Algorithm 2 converges to the optimum in polynomial time.
The following result was established by Kalai and Vempala [12] for linear functions,
and extended from linear to convex functions z : R" — R by De Klerk and Laurent
[10].

Lemma 4.1 ([10, Corollary 1]) Let K € R" be a convex body. For any convex function
h:R" — R and temperature T > 0, we have

S h(x)e™ /T dx
T e T dx

<nT + min h(x).
xekK

The main step in the analysis of Algorithm 2 is thus to show that we maintain a good
approximation X' (0) of X (6y) for all k, to guarantee that the hit-and-run sampling
continues to work in all iterations, as discussed in the previous section.

Theorem 4.2 Consider the setting of Algorithm 2. Let o« > 1 be such that A0 =
VIO —1) <1, letq € (0,1],

_ log (ge/(4anR))
m= , (10)
log (1= 1/(@v®))
_ 1
o’ (n
N as in (8), (12)
g
P=oNm’ (13)

and let £ be as in (7). (Note that £ depends on n, p, and A6.) With these inputs,
Algorithm 2 that returns a solution X, with

P{(c, Xom) —Xmei§(c,x) < 8} >1—gq.

Proof First, let us show that the conditions of Theorem 2.3 are satisfied. Note that

Jxleox — pox)? dx
Ji dx ’

el = (e, 2 (0)c) =

because X'(0) is the covariance matrix of the uniform distribution. Since ||c|| = 1 and
K is contained in a ball with radius R,

Se lel?lx = po g1 dx [ 12Q2R)* dx
<
i dx B [y dx

lell3 < = 2R)%.
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Hence, fork =1,

llcllo 2R 2R
101 — 6ollg, = < = = A#.

noT T 2aR(1—1/(aJ5))

For all k > 1, our choice of 6 and (3) yield

Ti—1 1
6k — Ok—1ll6_, = (— — 1) 16k=1ll6_, < <— - 1) VI = A6.
e T e 1—1/(aVd)

Throughout all iterations £ < m of Algorithm 2, we maintain

32O 2 2O0T 228007 (14)
with probability 1 — m(p + Np) = 1 — g, by the analysis in the previous section.
Thus, the conditions of Theorem 2.3 are satisfied with high probability.

By the first part of Lemma 2.2, X,, is equal to a random variable drawn from
a Boltzmann distribution with parameter 6,, with probability at least 1 — p. Thus,
Markov’s inequality and Lemma 4.1 show that

E[{c, X;y) — mi , T,
P{<c, X,n) — mine, x) > e} < Lo Xm) —minverle, Ol
X€ & &
15)
where the final inequality uses the chosen value of m as follows:
l m
Ty=20R(1- ——) <2ar-L_ 1%
avo 4anR 2n
O

5 Complexity Analysis and Discussion

We saw that for some combination of inputs, Algorithm 2 returns a solution which is
near-optimal with high probability. Let us now consider the number of membership
oracle calls required for this configuration. It was noted in, for example, [2, Section 4.1]
that the number of oracle calls for one hit-and-run walk is O*(£). Hence, Algorithm
2 uses O*(mN{) oracle calls.

First, let us look at the number of iterations from (10). Since

~1
tog (1= 1/(v/9))

= 0(av?),
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we have m = O (¥/?) for fixed «. Next, the number of samples from (8) satisfies
N =0mIn(mn/q)) = O ln(ﬁn/q)) = 0*(n).

Next, we bound the number of hit-and-run steps. Recall (7) shows that

(=0 n’ log® " 16
- ((1—A9>4 o8 <p2<1—A9>4>>' (10

For the A6 from Theorem 4.2 and the value of p from (13), (16) shows

t=0 (n3 log> (2-2)) - 0" (n3) .

Summarizing, the total number of oracle calls by Algorithm 2 is

0*(mNe) = 0* (n4'5) :

where we used Bubeck and Eldan’s result [7] that & < n + o(n).

Thus, we have given a rigorous complexity analysis of the algorithm by Kalai and
Vampala [12] using the temperature update of Abernethy and Hazan [1]. Our final
bound for the number of oracle calls coincides with the O*(n*>) bound claimed in
[12].

Initialization

One might still wonder how to generate a good estimate ) (0) of the uniform covariance
matrix X' (0) to start Algorithm 2. The ‘rounding the body’ procedure from Lovész and
Vempala [18] is suitable for this purpose. This procedure returns a X' (0) for which

PIIZ0) <20 <250} =1~ %

By Lemma 2.4, 1£(0) < ¥(0) < 25(0) if and only if 1Z(0)~! < Z(©0)~! <
25 (0)~!, so the starting condition for Algorithm 2 can be satisfied by the ‘rounding
the body’ procedure. The number of calls to the membership oracle for this procedure
is O*(n*), which is overshadowed by the complexity of Algorithm 2 itself.

6 Numerical Examples on the Doubly Nonnegative Cone

Having established the theoretical complexity of Algorithm 2, we now move to the
second goal of this work: investigating the practical perspectives of this method. We
will test Algorithm 2 on the problem of determining if a matrix is copositive, which
is known to be a co-NP-complete problem [22].
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To define this problem, let S”*™ denote the space of real symmetric m x m matrices.
A matrix C € S™*™ s called copositive if x T Cx > 0 for all x € RY (see Bomze [6]
for a survey on copositive programming and its applications).

The standard SDP relaxation of the problem of checking for copositivity of C is
the following:

m m
inf §(C,X): > > Xij <1,X=0,X>0¢, (17
i=1 j=1

where (-, -) is the trace inner product. If the value of (17) is nonnegative, the matrix C
is copositive. However, since we place a nonnegativity constraint on every element of
the matrix X, the Newton system in every interior point iteration is of size O (m? x m?),
which quickly leads to impractical computation times (see, e.g., Burer [8]).

Before we can apply Algorithm 2, we need to translate (17) to a problem over
R™m+D/2 The approach is standard: for any A = [A;jlij € ™™, define

svec(A) := (A11, V2A12, oo V2A1m, A22, V2423, oy N2 A2 ooy Ap) T

such that svec(A) € RMm+D/2 1f gmm+1)/2 j¢ endowed with the Euclidean inner
product, the adjoint of svec is defined for every a € R +1/2 a5

a a2 . am/V2
@/V2  amyr .. aam-1/N2
smat(a) = ) ) . . ,

am /N2 azm-1/V2 ... Am(m+1)/2

such that smat(a) € S™*™. Moreover, smat(svec(A)) = A and svec(smat(a)) = a
for all A and a. Now let ¢ = svec(C). Problem (17) is equivalent to the following
problem over R +1/2.

inf { (c, x) : ZZ(smat(x))ij <1,x>0,smat(x) >0} . (18)
i=1 j=1

Note that membership of the feasible set of (18) can be determined in 0 (m?) opera-
tions. Let n = %m(m + 1) be the number of variables in problem (18).

6.1 Covariance Approximation

First, we investigate how the quality of the covariance approximation depends on the
walk length for problem (18). We take 20,000 hit-and-run samples from the uniform
distribution over the feasible set of (18) with walk length 50,000 (directions are drawn
from N(0, I) and the starting point is svec(m/l + J)/(2eT svec(ml + J)), where J
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Fig.1 Effect of sample size N and walk length ¢ on quality of uniform covariance approximation

is the all-ones matrix). These samples are used to create the estimate fo. Then, the
experiment is repeated for walk len’gths £ < 50,000 and sample sizes N < 20,000.
We refer to these new estimates as Xy y. We would like

—ey Zny <y (B0 Zen)y <ey'Zeny  VyeR",
for some small € > 0. This is equivalent to
—ex'x < xT(Z’,Z 1/22 X, 1/2 —Dx<ex'x VxeR",

—12

i.e., we would like the spectral radius of Ez 25 ZJOZ‘ — I to be at most €. Because

the spectra of Z‘Z 1/22()2@ /2
spectral radius p(EZ’ NZ‘O —1).

The result is shown in Fig. 1, where m refers to the size of the matrices in (17).
Hence, the covariance matrices in question are of size %m(m +1) x %m(m +1).

One major conclusion from Fig. 1 is that the trajectory toward zero is relatively slow.
To show that simply adding more samples with higher walk lengths will in practice
not be feasible, we present the running times required to estimate a covariance matrix
at the desired accuracy in Fig. 2. Specifically, this figure shows the running times of
the “efficient” combinations of N and £: these are the combinations of N and £ plotted
in Fig. 1 for which there are no N and £’ such that N'¢’ < N and p(EZ, N So—1) <

— I and Z‘Z NEO — I are the same, we focus on the
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Fig.2 Running times required to find an approximation ) ¢.n of the desired quality

p(fg Il\/ fo — I). (The computer used has an Intel i17-6700 CPU with 16 GB RAM, and
the code used six threads.) Figure 2 shows that, even at low dimensions, approximating
the covariance matrix to high accuracy will take an unpractical amount of time, which
approximately shows the time required to approximate the covariance matrix up to
desired accuracy.

To show that the slow trajectory toward zero in Fig. 1 is aresult of covariance estima-
tion’s fundamental difficulty, we consider a simpler problem. We want to approximate
the covariance matrix of the uniform distribution over the hypercube [0, 1]" in R”".
Note that the true covariance matrix of this distribution is known to be X~ := %1 .

Again, we will use hit-and-run with varying walk lengths and sample sizes to
generate samples from the uniform distribution over [0, 1], and compare the resulting
covariance matrices Z‘@ N with ¥ = 12I (Comparing against a covariance estimate
based on hit-and-run samples as in Fig. 1 yields roughly the same image.) The result
is shown in Fig. 3.

Figure 3 shows a pattern similar to that of Fig. 1: As the problem size increases, the
walk length should increase with the sample size to ensure the estimate is as good as
the sample size can guarantee. While this progression toward zero may appear as slow,
we do not have to know every eigenvalue and eigenvector of the covariance to high
accuracy. Recall that we only use this covariance estimate in Algorithm 2 to generate
hit-and-run directions. As such, it may suffice to have an estimate that roughly shows
which directions are ‘long,” and which ones are ‘short.’

6.2 Mean Approximation

Next, we consider the problem of approximating the mean. Although it is not required
for Algorithm 2 to approximate the mean of a Boltzmann distribution, such a mean
does lie on the central path of the interior point method proposed by Abernethy and
Hazan [1, Appendix D].
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Fig. 3 Effect of sample size N and walk length ¢ on quality of uniform covariance matrix approximation
over the hypercube in R”

We again take 20,000 hit-and-run samples from the uniform distribution over the
feasible set of (18) with walk length 50,000. (Directions are drawn from A(0, 1)
and the starting point is svec(ml + J)/ (2¢ " svec(mI + J)), where J is the all-ones
matrix.) These samples are used to create the mean estimate Xy. Then, the experiment
is repeated for walk lengths £ < 50,000 and sample sizes N < 20,000. We refer to
these new estimates as Xy, y. Using the approximation 5 of the uniform covariance
matrix from the previous section, we compute ||xo — Xz, n || o and plot the results in
Fig. 4.

The results are comparable to those in Figs. 1 and 2. It will take an impractical
amount of time before the mean estimate approximates the true mean well enough for
practical purposes.

6.3 Kalai-Vempala Algorithm

The results from the previous two sections show that we should not hope to approxi-
mate the covariance matrix and sample mean with high accuracy in high dimensions.
However, it is still insightful to verify if this is really required for Algorithm 2 to work
in practice.

We therefore generated a random vector ¢ € R™"+1/2 a5 follows: If C € R”*™
is a matrix with all elements belonging to a standard normal distribution, then C +
cT + (ﬁ — 2) Diag(C) is a symmetric matrix whose elements all have variance 2.
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Fig.4 Effect of sample size N and walk length ¢ on quality of uniform mean approximation

We then let

_ svee(C + CT + (v2 —2) Diag(C))
~ |Isvec(C + CT + (v/2 — 2) Diag(O))|’

serve as the objective of our optimization problem (18). We can find the optimal
solution x, with MOSEK 8.0 [21] and then run Algorithm 2 with ¢ = 1073 and
p = 107!, The final gap (c, Xfinal — X+) is shown in Fig. 5. One can see that for
practical sample sizes and walk lengths, the method does not converge to the optimal
solution.

6.4 Kalai-Vempala Algorithm with Acceleration Heuristic

Keeping our findings above in mind, we propose the heuristic adaption of Algorithm
2 presented in Algorithm 3. The main modifications we suggest to make to Algorithm
2 are:

1. Use the (centered) samples generated in the previous iteration as directions for
hit-and-run in the current iteration. This would eliminate the need to estimate
the covariance matrix of a distribution, only to then draw samples from that same
distribution. Instead, we can also draw directions directly from the centered samples
(cf. line 10 in Algorithm 3). Thus, each sample is used to generate a hit-and-run
direction with uniform probability.
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Fig.5 Effect of sample size N and walk length ¢ on the final gap of Algorithm 2

2. As a starting point for the first random walk in some iteration k, use the sample
mean from iteration k — 1. While this does significantly change the distribution
of the starting point, it concentrates more probability mass around the mean of
the Boltzmann distribution with parameter 6;_1, such that the starting point of the
random walk is likely already close to the mean of the Boltzmann distribution with
parameter 6. In a similar vein, we return the mean of the samples in the final
iteration, not just one sample. This will not change the expected objective value of
the final result, and will therefore also not affect the probabilistic guarantee that
we derived in (15) by Markov’s inequality. However, using the mean does reduce
the variance in the final solution.

3. Start all except the first random walk in some iteration k£ from the end point of
the previous random walk, rather than from a common starting point. The idea
here is that the random samples as a whole will then exhibit less dependence, thus
improving the approximation quality of the empirical distribution.

With these modifications implemented, we can no longer study the quality of the
covariance matrix. Therefore, we will simply consider if the resulting optimization
algorithm leads to a small error in the objective value. We solve the problem from
Sect. 6.3 with Algorithm 3. The results are shown in Fig. 6.

For low dimensions in particular, the proposed changes seem to have a positive
effect.

It can be seen from Fig. 6 that—roughly speaking—the final gap (c, Xfinal — X«
takes values between two extremes. At one end, the method does not converge and
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Algorithm 3 Heuristic adaptation of Algorithm 2

Input: unit vector ¢ € R"; membership oracle of a convex body K C R”; radius R of Euclidean ball
containing K'; complexity parameter ¥ < n + o(n) of the entropic barrier over K; update parameter
a>1+1/ VO ; error tolerance ¢ > 0; failure probability p € (0, 1); number of hit-and-run steps £ € N;
number of samples N € N; yq, ..., yy € K drawn randomly from the uniform distribution over K.

—_

1 Yjo < yjforall j € {l,..., N}

2: X < % Z?]:l Yjo
3:6p <0

4: Ty <00, T < R
50k« 1

6: while n7y,_1 > ep do
7: O < —c/Ty

8: Yor < Xk—1

9: forjef{l,..,N}do

10: Generate Yj; by applying hit-and-run sampling to the Boltzmann distribution with parameter
Ok, starting the walk from Y; _j , taking ¢ steps, drawing directions uniformly from {Y} 1 —
Xk—1s s YN k=1 — Xg—1}

11:  end for

12: X <~ % ijzl ij

13: Tyyq < min{R(l — ﬁ)k, R(1 — ﬁ)k}
14: k<—k+1

15: end while

16: return X _

the final gap is still of the order 10~!. At the other end, the method does converge to
the optimum, such that the gap is of the order 10~* = & p. Note that ¢ p is exactly the
size we would like the expected gap to have to guarantee that the gap is smaller than &
with probability 1 — p by Markov’s inequality. Whether we are at one end or the other
depends on N and £ being large enough compared to m. As a heuristic, we propose
that

N =[nyn], €=[nJn], (19)

where n = m(m + 1)/2 is the number of variables, are generally sufficient to ensure
that the final gap is of the order ¢ p.

7 Numerical Examples on the Copositive Cone
We now turn our attention away from the doubly nonnegative cone, and toward the

copositive cone. Although—as mentioned earlie—deciding if a matrix is copositive
is a co-NP-complete problem [22], there are a number of procedures to test for copos-
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Fig.6 Effect of sample size N and walk length ¢ on the final gap of Algorithm 3
itivity. Clearly, A = [A;;];; € S™*" is copositive if and only if
T T
mln{a Aa e a:l,azO}, (20)

is nonnegative, where e is the all-ones vector. Xia et al. [28] show that solving (20) is
equivalent to solving

min — v
st.Aa+ve—n=0
ela=1 21
0<ac<bd
O<n=M(-D)
b € {0, 1}",

where M = 2mmax; je(1,...m) |Aij|. (To be precise, every optimal solution (a, v, n)
to (21) gives an optimal solution a to (20), and these two problems have the same
optimal values.) Note that we are generally not interested in solving (21) to optimality:
it suffices to find a feasible solution of (21) with a negative objective value, or confirm
that no such solution exists. For the majority of the matrices encountered by Algorithm
3 applied to our test sets described below, this could be checked quickly.
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7.1 Separating from the Completely Positive Cone

Recall that a matrix A € §”*™ is completely positive if A = BB for some B > 0.
It is easily seen that optimization problems over the completely positive cone can be
relaxed as optimization problems over the doubly nonnegative cone. To strengthen
this relaxation, one could add a cutting plane separating the optimal solution Y of
the doubly nonnegative relaxation from the completely positive cone. This is listed as
an open (computational) problem by Berman et al. [5, Section 5], who note that the
problem of generating such a cut has only been answered for specific structures of Y,
including 5 x 5 matrices [9]. In general, such a cut could be generated for a doubly
nonnegative matrix Y by the copositive program

inf {(¥, X) : (X, X) <1, X copositive} . (22)

Below, we solve this problem for 6 x 6 matrices, by way of example.

To generate test instances, we are interested in matrices on the boundary of the
6 x 6 doubly nonnegative cone. The extreme rays of this cone are described by
Ycart [29, Proposition 6.1]. We generate random instances from the class of matrices
described under case 3, graph 4 in Proposition 6.1 in [29]. These matrices are (up
to permutation of the indices) doubly nonnegative matrices ¥ = [Y¥;;];; with rank 3
satisfying ¥; ;41 = Ofori = 1, ..., 5. To generate such a matrix, we draw the elements
of two vectors vy, v2 € R® and the first element (v3); € R of a vector vz € R® from
a Poisson distribution with rate 1, and multiply each of these elements with —1 with
probability %

The remaining elements of v3 are then chosen such that ¥ = Zi: 1 Vk v,j satisfies
Yiit+1 = 0fori =1, ..., 5. This procedure is repeated if the matrix Y is not doubly
nonnegative, or if BARON 15 [27] could find a nonnegative matrix B € R*? such
that Y = BB in less than 30 s. (For the cases where such a decomposition could
be found, BARON terminated in less than a second.) Thus, we are left with doubly
nonnegative matrices for which it cannot quickly be shown that they are completely
positive.

For ten of such randomly generated matrices (see Appendix 1), the optimal value
of Algorithm 3 applied to (22) is given in Table 1. This table shows the normalized
objective value (Y /Y|, X*), where Y is a doubly nonnegative matrix as described
above, and X™ is the final solution returned by Algorithm 3.

Note that in all cases, Algorithm 3 succeeds in finding a copositive matrix X*
such that (Y, X*) < 0, which means a cut separating Y from the completely positive
matrices was found.

Note that solving the MILP (21) for a matrix A that is not copositive yields a
hyperplane separating A from the copositive cone. Thus, we can also solve problem
(22) with the Ellipsoid method of Yudin and Nemirovski [30], for example. For the
sake of comparison, the results of the Ellipsoid method are also included in Table
1. Note, in particular, that the number of oracle calls in Table 1 is several orders of
magnitude smaller for the Ellipsoid method.
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8 Conclusion

We have shown that Kalai and Vempala’s algorithm [12] returns a solution which is
near-optimal for (1) with high probability in polynomial time, when the temperature
update (5) is used. The main drawback in using the algorithm in practice is that a
large number of samples (i.e., membership oracle calls) are required. As a result, in
our tests the Ellipsoid method outperformed Algorithm 3 by a large margin. Thus,
based on our experiments, one would favor polynomial-time cutting plane methods
like the Ellipsoid method, or more sophisticated alternatives as described, for example,
in [16]. In order to obtain a practically viable variant of the Kalai—Vempala algorithm,
one would have to improve the sampling process greatly, or utilize massive parallelism
to speed up the hit-and-run sampling.
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Appendix A: The Complexity Parameter of the Entropic Barrier for the
Euclidean Ball

Let B, := {x € R” : ||x||® < 1} be the unit ball in R” with respect to the Euclidean
inner product (-, -). Let Xg be a random variable following a Boltzmann distribution
over B, with parameter 6 € R", and denote the expectation operator by E. We are
interested in the complexity parameter ¢ of the entropic barrier on B,,.

Recall from (3) that

9 = sup (0, 2(0)0) = sup E[(Xy — E[X4].6)°]
feR” feR"

= sup {EL(6, Xo)*] - (6. E[Xo])?}
OeR"

For every 6 € R", there exists a rotation matrix Q with |det Q| = 1 such that
0, Qy) = ||0]ly; for all y € R". Using the fact that the volume of an (n — 1)-
dimensional ball with radius r is 7"~ ! times some factor depending only on n, we see
that

0 EIXT) — [, (0. %)@ dx [ 0]yrel? I dy
( ) [ 9]) - .[B,l e(e,x) d_x o an ell()Hyl dy
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1 — )
S 181511 = Y2y leli ay,

JL G = yDrTelfl dy,

The final expression cannot be computed in closed form, but it can be approximated
numerically for fixed ||0||. Similarly,

5, (0. %)% dx [p [0]2y7el?I dy
[p e@dx [y elflndy

JL 101253 /1 = yhyntelol dy1

f_l( 1 — yl)n Lellollyr dy,

E[(0, Xg)*] =

Numerical approximation of E[(6, Xg)z] — (6, IE[XQ])2 for different values of n
and ||0|| yields Fig. 7. This figure suggests that § = %(n +1).

Appendix B: Extremal Doubly Nonnegative Matrix Examples
Below are the ten randomly generated extreme points of the 6 x 6 doubly nonnegative

cone that are used in Sect. 7.1. These matrices can be strictly separated from the
completely positive cone.
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[6 0 4 2 0 2
0O 5 0 2 2 2
4 0 6 0 2 O
extremal_rand 8 = 220 2 0 2
02 2 0 2 0
2 2 0 2 0 2
2 0 2 0 4 2
02 0 2 2 0
20 2 0 4 2
extremal_rand 9 = 0203 0 2
4 2 4 0 14 0
2.0 2 2 0 6
2 0 2 2 0 2
o 2 0 2 2 2
2 0 3 01 0
extremal _rand_10 = 22 0 8 0 8
0 2 1 0 3 0
2 2 0 8 08
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