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Abstract

A two-phase descent direction method for unconstrained stochastic op-
timization problem is proposed. A line search method with an arbitrary
descent direction is used to determine the step sizes during the initial
phase, and the second phase performs the stochastic approximation (SA)
step sizes. The almost sure convergence of the proposed method is estab-
lished, under standard assumption for descent direction and SA methods.
The algorithm used for practical implementation combines a line search
quasi-Newton method, in particular the BFGS and SR1 methods, with the
SA iterations. Numerical results show good performance of the proposed
method for different noise levels.
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1 Introduction

The main objective of this paper is to propose and discuss a new method based
on combination of ideas from deterministic and stochastic optimization for the
following unconstrained optimization problem

min f(z), (1)
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where f : D C R® — R is a continuously differentiable, possibly nonconvex
function bounded below on D. Throughout the paper we assume that only
noisy measurements of the objective function f(z) and gradient V f(z) = g(x)
are available at € D. For z € D, let £(z) and (z) be random variable and
random vector respectively defined on a probability space (2, F, P). Then, the
noisy functional and gradient values at each z € D are

F(z) = f(2) + §(z) and G(z) = g() +(a), (2)

where ¢ and ¢ represent the random noise terms. Note that the noise terms
show dependence on x as this property is relevant for many applications [24],
[27],[28]. We assume that there is a unique z* that solves (1) and then the
first order condition states that z* satisfies

g(z") = 0. (3)

Typical examples of such problems arise in many application areas, as noise
is present whenever physical system measurements or computer simulations are
used for approximation. The presence of noise might mislead an optimization
algorithm throughout the entire process and result in false optimal solutions.
Some of the results regarding optimization problems in noisy environment are
given in [13, 22].

One of the well known methods for solving problem (1) in presence of noise
is stochastic approximation (SA) by Robbins and Monro (1951) [20]. The first
results for this method dealt with the asymptotic analysis and the conditions
have been obtained under which the convergence in mean square is guaranteed.
Later, an almost sure convergence is established. However, SA is rather slow in
practice and that motivated further research in order to accelerate the conver-
gence in practical implementations, such as accelerated SA procedures presented
in [9, 14, 25]. In the absence of noise the SA reduces to the well know descent
direction method from deterministic optimization. Therefore, one natural idea
is to mimic the line-search procedure that leads to linear convergence in deter-
ministic case. This idea is developed in [29, 30]. But the convergence conditions
require increase in the sample size used for approximation of the objective func-
tion and the gradient throughout the iterative procedure, thus resulting in an
expensive method. Other ideas coming from deterministic optimization are con-
sidered in the literature. For example, Spall developed a method which uses a
second order approximation of the Hessian matrix obtained by finite differences
and thus generates a quasi-Newton sequence, [24]. Other modifications of the
SA regarding step size and/or search direction selection are given in [2], [32],
[33], [34]. A direct line search method based on probabilistic descent
is analyzed in [1]. An interesting attempt of the opposite kind, an
extension of stochastic based methods to deterministic problems, is
presented in [12] where the probabilistic methods are considered in
the trust region framework.

A successful combination of the SA and line-search gradient method is pro-
posed and analyzed in [15]. A two-phase method consisting of the negative



gradient line search procedure during the initial phase of the iterative proce-
dure and the SA steps afterwards, is proven to be almost surely convergent and
rather efficient. The key point is the choice of switching point from the initial
phase to the SA phase. The objective of the work presented in this paper is
to extend this approach to general descent direction methods and thus allow
the application of faster, second order methods while keeping the almost sure
convergence. The application of second order methods appears to be particu-
larly important within the framework of large scale problems arising in machine
learning where an SA quasi Newton approach is successfully applied, [3, 4, 5].
In the algorithm presented in this paper a line search is applied while we are
far away from a solution and hopefully the obtained reduction in gradient value
is a consequence of reduction in the exact gradient. Therefore it is reasonable
to expect that the method will generate large steps and make fast progress.
Once we approach some small neighborhood of a solution line-search step is not
good anymore since the noise is influencing functional and gradient values much
stronger. Therefore we switch to the safe but slow SA steps. Again, the main
issue is the switching point from line-search to SA. The almost sure convergence
of the proposed method will be established. The convergence conditions do not
require increase in the sample size, which is an important property in practical
implementation.

The paper is organized as follows. A brief overview of the SA and line search
descent direction methods is given in Section 2. The algorithm is presented in
Section 3. The convergence results presented in Section 4 consists of two parts.
First we prove that the SA methods defined by any descent direction in the sense
specified below is almost surely convergent. Then we prove that the switching
point between the SA and the line search method is well defined and that the
algorithm generates a sequence which is almost surely convergent. Section 5
contains numerical results that confirm the efficiency of the approach proposed
here. The issue of an appropriate implementation for quasi-Newton directions
in stochastic environment is also addressed.

2 Line-search versus SA in stochastic environ-
ment

The iterative sequence generated by SA (stochastic approximation) for solving
the problem (1) is defined by

Tp1 = Tk — axGy, (4)

where Gy, is an approximation of g(xp) = Vf(zx), and ap > 0 are the gain
coefficients. This method is introduced by Robbins and Monro [20] and is known
as the Robbins-Monro Stochastic Approximation (RMSA).

The almost sure convergence of SA for strongly convex objective func-



tion can be proved if the gain coeflicients aj, satisfy

o0 oo
ak>O7Zak:oo,Zai<oo. (5)
k=0 k=1

The convergence in mean square is proved in [20], i.e. zx — z* in m.s., that is
E[||zr — z*||*] — 0 as k — oo. Other authors like Chen in [7] and Spall in [25]
proved the almost sure convergence i.e. x; — x* a.s.

Let {x;} be a sequence generated by an SA method (4)-(5). Denote by
Fi the o-algebra generated by xg,x1,...,z,. The set of standard assumptions
under which SA is convergent consist of the following.

A1l For any € > 0 there is 5. > 0 such that

inf (z—2%)Tg(x) =B >0.

[lz—z*||>e

A2 The observation noise (ex(z), Fr+1) is a martingale difference sequence
with

E(ex(x)|Fr) = 0 and E||ex(x)||* < oo a.s for all k and x € D.

A3 The gradient g and the conditional second moment of the observation
noise have the following upper bound

llg(x)|1? + E(||ex ()] | Fx) < c(1 + ||z — 2*||?) as. for all k and x € D,
where ¢ > 0 is a positive constant.

Assumption Al represents the condition on the shape of g(x), A2 is the
standard mean-zero noise condition and A3 provides restrictions on the mag-
nitude of g(x), saying that ||g(x)||* and the conditional second moment of the
observation noise can not grow faster then a quadratic function of .

In [7] it is proved that under assumptions A1-A3 and condition (5) for the
gain sequence {ay}, the sequence {xy} generated by SA method (4) converges
a.s. to the solution z* of the nonlinear system

g(x) =0 (6)

in noisy environment. Having in mind properties of the loss function f from the
problem (1), we can conclude that assumptions A1-A3 and condition (5) for the
gain sequence {ay}, provide a.s. convergence of the SA method to the solution
x* of the problem (1). Given that we are dealing with a method that
combines SA and line search several other assumptions will be intro-
duced later on. At this moment let us only briefly explain them. The
conditions on search direction d; determined by SA properties are
stated in the assumptions A4-A5. In fact in the descent SA method
A4-A5 are used instead of Al as the true gradient g is unavailable.



The assumptions A4-A5 limit the influence of noise and connect the
descent direction with the noisy gradient. On the other hand line
search requires several common assumptions like the Lipschitz con-
tinuity of the gradient and certain relationship between the gradient
and the search direction, see A6, A8-A9. Finally, we are going to
assume that the observation noise is bounded, A7. Detailed assump-
tions are presented in Section 4.

For practical implementation of SA, choice of the gain coefficients ay plays
the main role. The most simple choice is ar = a/(k + 1), with a > 0. The
optimal choice in the sense of asymptotic convergence is

_HE) Y
k+1

where H is the Hessian matrix of f, while the most practical choice is

a

T k1t A

where a,a > 0 and A > 0 are parameters. A detailed discussion of parameter
tuning is presented in [23, 24]. Non-asymptotic properties of SA method are the
main focus of interest in practical applications. Unfortunately the asymptoti-
cally optimal methods behave badly in finite time: the choice ay = a/(k + 1) is
too "cautious" if the disturbance term is small with respect to the initial error
xo — x*. Although reliable, the method is quite slow and therefore expensive for
practical purposes. These drawbacks prompted a number of modifications of SA
method. Several generalizations of the SA method are based on adaptive step
sizes that try to adjust the step size at each iteration to the progress achieved
in the previous iterations, see [9, 14, 33]. An important choice for the gain
sequence is a constant sequence. Although such sequences do not satisfy (5)
and almost sure convergence to solution can not be obtained, it can be shown
that a constant step size can conduct the iterations to a region that contains
the solution. This result initiated development of a cascading step-length SA
scheme in [31] where a fixed step size is used until some neighborhood of the
solution is reached.

Let us now briefly introduce the Armijo line search procedure that will be
incorporated into noisy environment. For details concerning line search methods
one can consult [18]. Given an objective function f and a descent direction
dy line search procedure determines the step length a; such that the Armijo
condition

f(or + ardy) < f(zr) + crapg(zr) ' dg, (7)

where ¢; is a small positive constant, is satisfied. The implementation within
the framework we consider here includes the need to modify the rule according
to the fact that only the noisy values of the objective function and its gradient
are available.



3 Descent Stochastic Line Search Algorithm

The presence of noise makes the definition of descent direction ambiguous, given
that only noisy observations of the gradient are available and the condition
g(zx)Tdr < 0 can not be checked. Furthermore, the negative noisy gradient
might not be the best descend direction. One alternative possibility is considered
in [34] where CG method is employed to find a better direction. On the other
hand it is well known that second order descent directions, like Newton’s and
quasi-Newton directions, speed up convergence in deterministic problems. But
capturing second order information in stochastic problems is a difficult task.
Quasi-Newton approach, more precisely BFGS method is considered in [26] and
[24] among others while [5] deals with the BFGS method in a slightly different
problem of machine learning programs.

The definition of descent direction we use in this paper is based on the
available gradient values. We say that dj is a descent direction at xy if

Gldy, <0, (8)
where G, is the approximation of the gradient defined by
Gr = G(zk) = g(zk) + ex(z)-
The only available function values are noisy,
Fy = Fi(zr) = f(2x) + &e(zr).
Thus, the line search rule for accepting the step size a will be
Fy(wg + ardy) < Fy, + c1a,GL di, 9)

where dj, is a descent search direction at xy,.

We consider a combination of two methods here - a descent direction with
line search at the beginning of the iterative procedure and the safe SA step sizes
at the final stages of the procedure. Determining the appropriate switching
point will be the main challenge in the implementation of this approach.

Roughly speaking, we will assume that the relative error in gradient estima-

tion
g(zx) — Gi
llg(x)|

is reasonably small, ||7|| & 0 and while |G| > C we believe that we are far away
from a solution. Therefore the noise should not have dominant influence in the
gradient and functional values decrease and the stochastic line search (9) mimics
deterministic behavior. In other words we expect it to generate large steps and
approach a solution’s neighborhood fast. Once we reach some small neighbor-
hood of the solution, say when ||z — z*|| < e there is no more reason to believe
that the line search (9) generates good steps. In fact the Armijo-type condition
(9) does not mean real progress since the noise might have significant influence

T =



on the estimates Fy, Fi(z + axdy), Gi. Furthermore, the estimates in con-
secutive iterations are calculated using different samples and therefore,
dj, obtained with one sample set is not likely to be "strong" enough descent
direction so the Armijo-type condition is not meaningful anymore. At that mo-
ment we switch to the safe but slow SA method with descent direction and the
step sizes satisfying (5).

The algorithm for the Descent Stochastic Line Search (DSLS) method is
given as follows.

Algorithm DSLS

Input parameters: o € R", ¢; € (0,1), C,4(C) > 0 and {ay} € R such that
(5) holds. Set k = 0,phase = 1.

Step 1 Take dj, such that (8) holds.
Step 2 Select a step size ay.
Step 3 Define the new iterate xx41 = ) + axdy.

Step 4 Set k =k + 1 and go to Step 1.

Clearly, Step 2 will determine the behavior of the algorithm and need to be
specified. We apply the line search rule (9) as long as the gradient estimate
is large enough. After that we switch to the predefined SA steps, as specified
below.

Step size selection

Step 2

Step 2.1 If phase = 1 go to Step 2.2. Else go to Step 2.3

Step 2.2 If |Gk || > C choose aj, > §(C) such that the inequality (9) is satisfied.
Go to Step 3. Else set phase = 2.

Step 2.3 Take ay, from the predefined gain sequence.

4 Convergence results

Let us first establish the convergence of descent direction method with SA step
sizes i.e. for a given zj the next iterate xyq is

Ik+1:l'k+akdk, k:0717"'7 (10)

where d, is a descent direction defined by (8) and the gain sequence {ay} satisfies
conditions (5). Similar problem is studied by Bertsekas and Tsitsiklis [2], where
the iterative sequence is obtained through

Tpy1 = Tk + ap(sp + wi).

Here, wy, is either deterministic error bounded by |wy| < ax(p +
q|lg(zx)||) for some positive scalars p and ¢, or is stochastic error with



zero mean and satisfying F[|w||?|Fi] < A(1+ | g(zx)||?), for some A > 0.
The convergence conditions include the assumption that s; is gradient related
in the sense that

allg(@o)|* < —gai) sk, [lsill < c2(1+ llg(ar)l).

The result we prove below claims a.s. convergence under the set of assumptions
that are closely related to the SA standard set of assumptions, A1-A3.

Let {x1} be a sequence generated by (10). For any k > 0, denote with F
the o-algebra generated by iterations zg, 1, ..., xx. The following assumptions
A4-A5 are used instead of assumption Al, and together with assumptions A2-
A3 provide the almost sure convergence of the descent direction method (10)
with the SA step sizes.

A4 Direction dy satisfies the following inequality
(z, — )T Eldy|Fr] < —callzy — 2| as. for all &,
where ¢, > 0 is a constant.

A5 There exists c3 > 0 such that for all k¥ we have

[kl < csl|Gkll as.

The assumption A4 limits the influence of noise on d; and is analogous to
Assumption C4 used in [24]. If we take d = —Gj, then A2 implies that A4
is satisfied if there is a constant c; > 0 such that (2, — 2*)Tgr > callvr —
x*|| a.s. for all k. On the other hand the assumption A5 connects the available
noisy gradient and descent direction. Clearly, taking di, = —Gj, we get that A5
is satisfied with any c3 > 1.

The following result from [21] is needed for the convergence proof below.

Theorem 4.1 [21] IfU,, By, &, and (,, n = 1,2, ... are nonnegative F,,-measurable
random variables such that

E(Un-&-l‘fn) S (1 + ﬂn)Un + fn - Cna n= 1, 27
then on the set { Yon B < H+00,> & < —l—oo}, U, converges a.s. to a random
variable and )", ¢, < +00 a.s.

Now, we can state and prove the following convergence theorem for the
descent direction method with the SA step sizes (10).

Theorem 4.2 Let A2-A5 hold and {x}} be a sequence generated by (10). Then
T — ¥ a.s.



Proof. From zj41 = z, + ardy and assumptions A4 and A5 we have
Elllenir — 2P| Fs] = Elllzg + andy — 2*[*|Fi)

= low — 2™ + 2ar(2x — ") T Elde| Fi] + ai B[l dx|1*| Fi]
lzr — 2™ = 2c2an|ax — 27| + c3aR B{|G|*| Fi]

A

Given that Gy = g + €5 assumptions A2 and A3 imply

E[|Grll?|Fr] Elllgr + £l Fr]
llgkll> + 297 Eler|Fu] + Elller]®| Fx]

lgell* + Elllex 1?1 7]

< {1+ [lay - 2*[?)

So,

Bllzer — 2" P|F] < llow — 27 |® = 2c2an]|an — «*|| + c3ai E[||Grl*| Fi]
<o = 2™|* = 2eaa]|or — %[ + eciai (1 + [lax — 2"[*)
= (14 ccial)||zy — a*|* — 2coap || — 2*|| + cciai

Denote by U,, = ||z, — 2*||?, B, = cc3a2, &, = cc3a? and (, = 2caa, [T, —

z*|, then >, a7 = oo imply Y, B, < o0 and ), &, < co. Theorem 4.1
yields that U, converges a.s. to a random variable and ) (, < oc.
Thus a,||z, — z*|| = 0 a.s. Given that ) a, = cc there follows

|l — 2| — 0 a.s.
Consequently x; — z* a.s. ]

Now, let {x} be a sequence generated by Algorithm DSLS. For any k > 0,
denote by Fj, the o-algebra generated by iterations xg, x1, ..., Tg.

The convergence conditions for line-search method include the Lipschitz con-
dition on the gradient of objective function. Therefore the assumption A6 is
necessary for the convergence of the proposed DSLS method.

A6 The gradient g is Lipschitz continuous, that is there exists a positive con-
stant L such that

lg(z) —g(y)|| < Lllz —yl| forall z,ycR"

An additional assumption which bounds the realized noise is needed. Notice
that this assumption does not imply any restriction on real problems.

A7 Observation noises are bounded and there exists a positive constant M
such that
1€k ()| < M, [leg(2)]] < M a.s.

for all £ and z € D.



Given that the DSLS method is based on descent direction line search ap-
proach, two additional assumptions A8-A9, common to the descent direction
method in deterministic optimization [11], are necessary.

A8 There exists 6 > 0 such that for all k& we have

Gidr < =0||Grlllldxll as.

A9 There exists A € (0, A) such that for all k& we have
ldkl| > A a.s.

The first theorem below shows that Algorithm DSLS is well defined and the
second theorem shows that Algorithm DSLS generates finitely many step sizes
that satisfy the line search rule (9). Their proofs are conceptually similar to
the corresponding proofs in [15] with some technical differences. We include the
proofs here for the sake of completeness.

Theorem 4.3 Suppose that A5-A8 hold. Let

o> M+2V2ML+1
- 5(1—61)

Then there exists §(C) > 0 a.s. such that Algorithm DSLS is well defined.

Proof. Denote by fr and gr the objective function and gradient values at
x = x, respectively. Let o > 0 and d € R™ be arbitrary. Then

flxp +ad) = fu+ag(zy +tad)’d
= fu+ag(zy +tad)’d +agld — agld
= fr+agid+ a9z + tad) — gr)"d

< fi+agid+allg(zy, + tad) — gl - ||d]|

A

for some ¢ € (0,1). The assumption A6 and ¢ € (0,1) imply
flar +ad) < fo+ agid+ o> L|d|.
Since f and g are subject to noise we have
Fio(zk + ady) = f(or + ady) + &,

Fy = fr+& and Gy = g + e,

where the abbreviation ék = &k (xp + ady) is used.
Taking d = dj, we have

F(:ck + Ozdk) = f(:ck + adk) + &k ~
< fu + agldy + o2 L||dg||* + & }
= Fy + aGldy — ael dy 4+ & L||di]|* 4 & — &
< Fp+ Ongdk + OéMHdkH + 042L||dk||2 + 2M.a.s.

10



So we need to show that a.s. there exists §(C') > 0 and @ > §(C) such that for
a € (0(C), @) we have

Fy, + aGidy, + aM||dg|| + &2 L||dy||* +2M < Fy, + c1aGi dy, (12)

which is equivalent to

a(l —c1)GFdy + aM||dy|| + o*L||di||* + 2M < 0.
The assumption A8 implies

a(l — ¢1)GTdy + aM||dy|| + o®L||dg||* + 2M
< Q?L|jdel? = (1 — e1) | Grlllde ]l + aMde + 21,
so the statement will be proved analyzing the quadratic function
6(c) = a2Ldi |2 — 6a(1 — e0)|Gelllldill + ad i ]| + 2.

Defining
Ay = L||dx|* >0,
By = —0(1 — c1)||Grllllde | + Mlldi | <0,
Oqg =2M >0,

we want to prove that B; —4A4Cy > 0. That can be done analyzing the zeroes
of another quadratic function

() = (1~ 1)?u? — 26M(1 — cr)u+ M? — 8ML.

There exist ug,us € R, uy < ug, ¥(u1) = ¥(uz) =0, and ¢¥(u) > 0 for u > ug,
where

_26M(1— 1) ++/326%(1 — c1)?ML M +2V2ML
N 2(52(1 —61)2 - (5(1—01)

u2

As |G|l > C > ug we conclude that BS —4A4,Cy > 0 is fulfilled and hence the

function ¢(«) has two real zeros
—Bg — 4 /Bi —444,Cy —Bg + | /B?ﬁ —44,Cy
' 24, 244

and the statement (12) is true for any o € (a1, a2). Let us also note that
0<ar < —3& <a.
Now, let us show that (12) is fulfilled for @ uniformly bounded from below. It

is sufficient to find a lower bound « > 0 independent of & such that —% > a.

« and oy =

From the assumption A5 we have

_Bs _ 60— e)|Gil =M (1 — c1)||Gll = M
244 2L ||di | - 2Les||Gell

11



Since |Gkl > C > 0,

01— e)||Grll =M _ 0(1 — 1) = M/||Gil| _ 6(1 — 1) = M/C
2Lc3 |G|l 2Lcs3 - 2Lc3

and from C > % W)LH
> —

d(1—c1) = M/C _ 51— c1)(2V2ML +1)
2Lcs T 2Lc3(M +2vV2ML+ 1)

we have

thus we can take

6(1 —¢1)(2vV2ML +1)
2Les(M +2v2ML +1)

So we can conclude that for §(C') = max{a;,a} we can a.s. take aj €
(6(C), arg) such that (12) is valid and ay, is uniformly bounded from below a.s.
[

Q:

Let us now prove that Algorithm DSLS eventually ends up with the SA
steps.

Theorem 4.4 Let A6-A9 hold and take

2M +1 M—|—2\/2ML-|—1}
aci0A’ (1 —¢c1) ’

C' > max{

5(1 - ¢1)(2vV2ML + 1)
2Lcg(M + 2v2ML + 1)

Let {x}} be an infinite sequence generated by Algorithm DSLS. Let {x;},j € J
be a subsequence such that

Q:

1G5l = C. (13)
Then {x;} is finite a.s

Proof. Let us assume the contrary i.e. the sequence {z;} is infinite. If (13) is
satisfied then we have that

M+ 2vV2ML+1
5(1 —Cl)

1G5l =

and Theorem 4.3 implies that for any j € J the next iterative point x;,1 is
obtained a.s. by the line-search rule such that

Fj(xj41) < Fy(x)) + c10;G} dj, wj41 = x5+ a;d;, a; > 6(C) > a.

Further more all the previous points are also obtained a.s. by the line-search
rule and thus

Fi(wit1) < Fi(zi) + c1a,Gl dy, a; > @, i =0,1,...,j.

12



Since y
Fi(zit1) = f(@ig1) + &, Fi(zs) = f(@) + &,
& — & <2M as., a; > o, ||G;]| > C we have

flxinn) < fla) + c1a,GTd; + & — & (14)
< f(z;) — c1aCA +2M a.s.

Take K = c16aCA — 2M > 0. Clearly
f(xi-i-l) < f(xl) —K7 7::071’25""]"
Summing up the above inequalities for an arbitrary j € J, we have

J J

Zf(xi-‘rl) <Zf($i)*ZK

and
which implies

since the function f is bounded from below. As K > 0, we have
j+1<K1/K:K2

for arbitrary j € J. This is contrary to the assumption that the sequence
{z;}, j € J is infinite so the statement is proved. |

Now, we can state the main convergence theorem for DSLS method based
on the previous theorems.

Theorem 4.5 Suppose that assumptions A2-A9 hold. Let

{2M+1 M+2\/2ML+1}
aci6A’ 6(1—c1) ’

(1 — ¢1)(2V2ML + 1)

2Lcs(M + 2v2ML + 1)

Let {xr} be an infinite sequence generated by Algorithm DSLS. Then xy con-
verges a.s. to x*.

C > max

Q:

Proof. From Theorem 4.4 we have that almost surely there are only finitely
many step sizes that satisfy the stochastic line search rule (9). So, Algorithm
DSLS generates infinitely many successive step sizes that satisfy conditions (5)
and due to Theorem 4.2 we have that x; — z* a.s. [ ]

13



5 Numerical Experiments

We are interested here in computational implementation of Algorithm DSLS
assuming that the problem we are solving is (1) and that the noisy values of
the objective function and the gradient are calculated as the sample average
approximation. In other words for given i.i.d. samples {{x} and {e;} we assume
that

12
Fk = F(.%‘k) = ;ZF(l‘k,gki), Gk = VF(mk,Eki)
i=1
where p is a reasonably small number and the samples used in each iteration
are independent.

5.1 Computational Implementation

In practical implementation of Algorithm DSLS several issues need to be speci-
fied. First of all, the convergence results proved in the previous Section depend
on the constant C' that actually determines the switching point between the
two phases of Algorithm DSLS. Given that C' depends on the Lipschitz con-
stant L and the realized noise bound M, it is clear that in general we can not
estimate C with reasonable precision. The second issue we are interested in is
the implementation of a second-order direction, mainly an efficient implemen-
tation of Quasi-Newton directions in noisy environment. Finally the SA gain
sequence can be defined in many ways and the behavior of the algorithm DSLS
depends on that sequence as well. The implementation we tested is sketched as
a pseudocode in Procedure DSLS below.

As common in stochastic optimization the main exit criteria for the algorithm
is the budget for function evaluation. This exit criteria motivates the definition
of switching point. The classical line search procedure based on interpolation,
[18, 10] is applied within each iteration with a limited number of trial step
lengths. If the number of maximal trial step lengths is exhausted without a
satisfactory step length we conclude that the line search is not successful any
more i.e. that the switching point is reached and the method switches to the
SA step lengths. The pseudo code is listed in Procedure LS below. The input
and output parameters are discussed later on.

The SA step lengths we use are

a

(k+1+ Ay’

where parameters are fine tuned to a = 1, A =0, @ = 0.602, as in [25].
The remaining question is the implementation of Quasi-Newton directions.
We consider two directions, BFGS and SR1 obtained as

dy = — B, 'Gy,.

Thus for given xy, xj 1 the BFGS update is

Bebp6T By AgAT
0TByor | ALy’

Bry1 = By —
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where
Ok = Thy1 — Tk, Ap = Grg1 — Gy,

and the SR1 update is

(Ak, — Bydg)(Ay, — Bydg)”

B =B
k+1 kTt (A — Bk5k)T5k

(17)

Both of the considered QN directions are known for their good performance
and exhibit super linear convergence if implemented with a suitable line search.
However, in the noisy environment several issues might arise. The most impor-
tant is perhaps the calculation of Ag. If we take

Ay = G(xps1,041) — G(@k, €1

then the noise terms are interfering with the difference in gradients and might
yield very inaccurate and unstable information. One possible remedy is proposed
in [24] where the update is taken with weights that limit the influence of noise.
Other possibility that we adopted here is successfully tested in [26]. The main
point is to compute the gradient difference A using the same sample set. Such
computation of Ay clearly doubles the number of gradient calculations but the
experiments we performed clearly indicated that the additional computation is
well spent. Thus in both updates, BFGS and SR1 we compute

Ak = G(Ik+1,€k) — G(xk,é‘k). (18)

The pseudo code of the update procedure is given in Procedures updateBFGS
and updateSR1.

The input parameters of Procedure DSLS are the initial values xg, Fy, Go
denote by =z, F,, G, respectively and three parameters: itnlimit, max fcalcls
and max fcalc. These parameters are the maximal number of iterations, the
maximal number of trial step lengths within the line search procedure and the
budget for function evaluation within the whole iterative procedure. As already
mentioned, max fcalcls is in fact used to determine the switching point. The
parameter near in DSLS procedure is false while we try to find the step length
by the line search procedure. Once it takes the value true the algorithm switches
to the SA step lengths. In the notation of Algorithm DSLS, this corresponds
to setting phase = 2 in Step 2.2. The exit parameters are the final iteration
Zena and the function and gradient values Fp,q and G¢pq, denoted by y, F,, and
Gy, as well are the termination code termcode. The termination code stops the
algorithms as follows:

e termcode = 1 if the gradient value is small enough, |G| < gradtol;
o termcode = 2 if the maximal number of function evaluations is reached.

Thus the algorithm stops with x.,q either if we reach a stationary point or if
the maximal number of function evaluations is used.
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Procedure: DSLS
Input: 2z € R", F:R" - R, G:R"” — R"”, itnlimit € Z,
max fcalcls € Z, maz fealc € Z

Output: ycR", F, ¢ R, G, € R", termcode € Z
initiate variables;
termcode := 0; [Gy, 25] == G(x); % remember the noise z,
near := false; % when testing SA steps put near := true here
if —near then F, := F(z);
for itncount := 1 to itnlimit do

d := find _direction;

if —-near then

ly, Fy,retcode, A, fealels] :== LS(z, Fy, F(-), Gy, d, max fcalcls);

if retcode — 2 then % fcalcls > maxfcalcls, switch to SA
near = true;
A= a/(itncount + 1 + A)%;
else if retcode = 1 then % too small step
A=A
end
else
A= a/(itncount + 1 + A)%;
end

minfix’

y:=x+ Axd;
[Gy, 7] == G(y); % find the gradient and remember the noise

if |G,| < gradtol then
termcode := 1; return;

else if number of function_ calculations > max fcalc then
termcode = 2; return;

else
update quasi Newton; % Not needed with GRAD directions

xi=y; Gy = Gy; Ry 1= 2y % prepare for next iteration
if —-near then F, := F;
end
end
return;
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The line search procedure input parameters are the current values g, F,
Gy, di denoted by z, F, G, d, the function F(-,&x+1) denoted by F and the
parameters maxstep, steptol and max fcalcls. The role of mazx fcalcls is already
explained, maxstep is the maximal allowed step length and steptol is a scaling
parameter. The output parameters are the new iteration y = x4 and the
objective function value F, = Fj,;1, the parameter retcode, the step size A = ay,
and the number of function evaluations used in the line search procedure fcalcls.
The parameter retcode can have the following values:

e retcode = 0 - xp41 satisfying the Armijo condition is found

e retcode = 1 - unable to find x4 satisfying Armijo condition and suffi-
ciently distinct from

e retcode = 2 - maximal allowed number of function evaluations reached
not giving xpy1 that satisfies Armijo condition

The case retcode = 1 might be a consequence of the noise. In that case we con-
tinue with the iteration regardless of the Armijo condition taking the predefined
minimal step size Apin i in Procedure DSLS.

Both QN directions are implemented with the difference in gradients cal-
culated using (18). In the absence of noise BFGS Hessian approximation is
generating descent directions and has the so-called self-correction property. In
other words, BFGS tends to correct bad approximations of the Hessian and it
is reasonable to expect that after one bad approximation the method itself will
correct the update, if combined with well defined line search. An additional
care is necessary if the noise is present as we may face singularity due to a
particularly bad sample. Therefore we skip the update if |Agdg| < safeguard
in order to prevent the accumulation of errors due to small values of Ad,. The
safeguard parameter is initialized within Procedure initiate variables as eps'/*
where eps is the machine precision. The another variable to be initiated within
this procedure is the initial QN approximation taken as the identity matrix.

5.2 Numerical Results

There are two questions we are interested in here. First one is to test the
efficiency of the algorithm proposed here i.e. to test the efficiency of the line
search at the initial phase of the iterative methods. Thus, we compare the
methods defined by Algorithm DSLS and the SA method (10) with the same
direction. The second question is the relationship between the negative gradient
direction and second order directions, in particular the BFGS and SR1 directions
implemented as described above. So, we are reporting the results for 6 different
methods. In all SA methods the gain sequence is given by (15) as well as in the
second phase of LS methods.

SA-G - the SA method (10) with di, = —G}.
LS-G - the method defined by Algorithm DSLS and dj, = —Gy;
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Procedure: LS

Input: 2 €R", F, eR, F:R" > R, G, € R", d € R"”, maxstep € R,
steptol € R, mazx fcalcls € 7

Output: y € R", F, € R, retcode € Z, A € RT, fealcls € Z

if |d| > maxstep then d := d x maxstep/|d|;

initslope = GT d;
|d[é] steptol
llength = — A = —————
reneng s max(x[i], 1)’ rellength
retcode := 3; fcalcls :=0; a :=1F —4; A :=1;

while retcode > 2 do

y:=x+A\d;
F, = F(y); % calculated using new p size sample
fealcls := fcalcls + p;
if y <z + a Ainitslope then % satisfactory A
retcode := 0;
else if A\ < Apin then % too small A
retcode == 1; y == x; Iy := Fy;
else if fcalcls > mazx fcalcls then % max fcalcls reached
retcode := 2;
y:=x+ Ad; % returned value y is not valid now
else % we iterate
if A=1 then % quadratic fit
)\temp =3 jnitisl_op.e 5
(Fy—Fy—initslope)
else % cubic fit

1 =1
a . 1 >‘2 A?)7"61/
b T A Aprew 7A;2TEU X A

2
prev
. F, — F, — Xinitslope )
Fprev — Fy — Aprew initslope |’
disc := b® — 3 a initslope;

if @ =0 then Ay = _%;

else Aoy = %\éﬂ;

if /\temp > 0.5)\ then /\temp = O5A;
end

)\pre'u = )\7 Fprcv = Ly
if Memp < 0.1X then A := 0.1X;
else X := Aiemp;
end
end
return;
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Procedure: initiate variables

B:=1; % starting with the identity matrix
safequard := eps/4); % treshold for QN singularity
maxstep := max(|z,1); % for LS
steptol = eps(2/3); % for Apin in LS
return;

Procedure: updateBFGS

Gy, =Gy, 22); % find the gradient using old noise
di=y—z; Ai=Gl — Gy
if |AT§| > safeguard then % no division by zero
AAT
if itncount = {Fthen B :; ATS I;
Bés*' B AA
B=B-20 2, 28
5T Bé AT§
end
return;

Procedure: updateSR1
Gy =Gy, 22); % find the gradient using old noise
di=y—m; A= G — Gy
if |(A — B&)T6| > safeguard |§| |Bd| then % no division by zero
(A — BS)(A - BT
B:=B ;
A _Bys

end
return;
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SA-BFGS - the SA method (10) with BFGS dy;

LS-BFGS - the method defined by Algorithm DSLS and BFGS direction dy;
SA-SR1 - the SA method (10) with SR1 dy;
LS-SR1 - the method defined by Algorithm DSLS and SR1 direction dj.

The test collection we considered consists of problems taken from the col-
lection of J. Burkhardt, at http://people.sc.fsu.edu/~ jburkardt/m_src/
test_opt/test_opt.html, [6] and four additional problems tested in [24], [16]
and [19].

The collection in [6] consists of 43 problems, mainly described in [17], in the
form of nonlinear least squares,

m

min f(z) = 3 f(a).

i=1

The problems 4,10 and 11 are excluded as all tested algorithms failed on these
three problems. The original problems are transformed into noisy ones adding
the noise at the objective function and the gradient in the form

g(x) =u, ur~ N(O,Uz), E(LC) =V, v~ N(0702Inxn)7

where I,,«, is the identity matrix. The initial approximations are taken as in
[6].

The additional four problems are given below.
Problem 1, [24]

fx)=2TATz +0.1 Zn:(Ax)? +0.01 zn:(A;v)f

i=1 i=1

where A is n x n upper triangular matrix of ones. The initial point is z° =

0.2(1,1,...,1) and the minimizer is z* = (0,0,...0), f(z*) = 0.
Problem 2, [16].
f(x) = 200 gy (21, 22)/¢p(10,10)

¢p(T1,T2) = exp (0.1\/33% + bx%) + exp (—O.ly/x% + bx%) —2.

The initial point is 2° = 0.5(1,1) and the minimizer is z* = (0,0), f(z*) =0
(b=1).
The noise term for both Problems 1 and 2 is added as

where

é(z) = [z7,1] 2z, where z ~ N(0, 021(n+1)x(n+1)),

g(gj) =2z, where z ~ N(O, O'QInX'rL)'
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Problem 3, [19]

n

flx) = Z(e“ —x;), = (T1, ..., Tpn)-

i=1

The initial point is z9 = (1/n,...,i/n,...,1) and the minimiser is z* =
(0,...,0), f* =n.
Problem 4, [19]

n

flz) = Z S =), = (21, .0, Ty).

=1

Ju—

The initial iteration is g = (1, ..., 1) and the minimiser is z* = (0, ...,0), f* =
n(n+1)
20
Problems 3 and 4 are modified adding the noise like in the problems from
[6],
E(I) =u, ur~ N(0702)7 5(:6) =v, v N(OaUQIan)~

Different level of noise are tested and here we report results obtained for
oc=1,0 =0.2 and ¢ = 0.04. In each experiment we made N = 50 independent
runs starting from the same initial point. The itnlimit value set to co and the
maximal number of function evaluations is max fcalc = 200n. The parameter
max fcalcls = 4 is used so the line search procedure contains at most 4 function
evaluations. Each gradient evaluation is counted as n function evaluations. In
all calculations we have used the sample size p = 3 for the sample average
approximation of the objective function and the gradient.

The exit parameters for all algorithms are

gradtol = min{y/no, 1}
and the maximal number of function evaluations
maz fcalc = 200n.

If a method stops due to ||Gena|| < gradtol we consider the run successful. The
number of successful runs is denoted by Nconv. If

|Gendll > 200y/n

we declare divergence. The number of divergent runs is denoted by Ndiv. Fi-
nally the runs which stopped due to reaching the maximal number of allowed
function evaluations are considered partially successful and their number is de-
noted by Npar. Our conjecture is that in such cases max fcalc was not large
enough to achieve convergence with the given gradtol but the function values is
nevertheless decreased so the algorithm made some progress. In total we have
2200 runs of each algorithm and we report the percentage of Nconv, Npar and
Ndiv for all three noise levels at Figure 1.
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SA-BFGS SA-BFGS

Ls-BFGS LS-BFGS

SA-SR1

SA-SR1

LS-SR1

LS-SR1

SA-BFGS

LS-BFGS

SA-SR1

LS-SR1

c. 0 =0.04

Figure 1: Percentage of successful, partially successful and divergent runs

The results shown at Figures 1 clearly demonstrate that Algorithm DSLS
have significantly smaller number of divergent runs with respect to the corre-
sponding SA methods regardless of the direction for all noise levels. Further-
more, the second order directions, BFGS and SR1 are significantly better than
the negative gradient directions in both approaches, within the SA and DSDS
algorithms. DSLS algorithm with the BFGS direction appears to be the most
successful for all three noise levels.

At Figure 2 we report the performance profiles, [8]. The performance mea-
sure is the average number of function evaluations needed in convergent and
partially successful runs normalized to include the problem dimension i.e.

1 fealcl;
feij = N Z —
| Ncon;;UN pari;| n;

r&Ncon;;UNpar;;

where fcalcy; is the the number of function evaluations spent by the method ¢
to solve the problem j in 7-th run, n; is the dimension of the j-th problem, and
Ncon;; and Npar;; are convergent and partially successful runs for the method

1 to solve the problem j respectively.
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c. 0 =0.04

Figure 2: Performance profiles for all 6 methods

The performance profile clearly indicate clustering of SA methods and DSLS
methods with DSLS being significantly better. The difference appears to be
more obvious for larger values of 0. Among DSLS methods BFGS and SR1 per-
form better that the negative gradient method as expected so the second order
information decreases the number of function evaluations. We can conclude that
both considered measures, the number of function evaluations and the number
of successful runs demonstrate the advantages of the algorithm proposed in this

paper.
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