On objective function value performance of the scenario
approach under regularity conditions

Zheming Wang *1? and Raphaél M. Jungers '3

!The Department of Automation, Department of Automation, Zhejiang University
of Technology, Hangzhou 310023, China.
2The Zhejiang Provincial United Key Laboratory of Embedded Systems,
Hangzhou 310023, China.
3The ICTEAM Institute, UCLouvain, Louvain-la-Neuve,1348, Belgium

Abstract

We study the objective function value performance of the scenario approach for ro-
bust convex optimization. A novel method is proposed to derive probabilistic bounds
for the objective value from scenario programs with a finite number of samples. This
method relies on a max-min reformulation and on the concept of complexity of ro-
bust optimization problems. With additional continuity and regularity conditions, via
sensitivity analysis, we also provide explicit bounds which outperform the previously
existing bounds. To illustrate our contribution, we also provide numerical examples.
Finally, we apply our method to a planar antenna array synthesis problem, where
we investigate the overfitting issue based on the derived probabilistic objective value
bounds.
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1 Introduction

In real-world applications, optimization problems with uncertainties often arise due to the lack
of knowledge on system parameters and measurement/estimation errors [1]. Classic approaches
to tackle uncertain optimization problems include stochastic optimization in which uncertainties
are treated as random variables [2, 3, 4] and robust optimization which seeks to obtain robust
solutions against all realizations of uncertainties [5, 6, 7, 8]. An alternative approach for handling
uncertainties is called the scenario approach or scenario optimization, which is somehow at the
intersection of stochastic optimization and robust optimization as it is able to provide solutions
to robust optimization and chance-constrained stochastic optimization problems in a probabilistic
sense, see, e.g., some early works [9, 10]. We refer to [11, 12] for a comprehensive view on this
subject.

The scenario approach is typically focused on constrained optimization problems with robust-
ness constraints or chance constraints. By randomly sampling a finite set of constraints, a scenario
program is formulated and a sample-based solution can be obtained. Chance-constrained theorems
are then derived for this sample-based solution in terms of the measure of the violating subset of
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the uncertain constraints for both convex [9, 10, 13, 14, 15, 16] and non-convex [17, 18] cases by
using the concepts of support/essential constraints. In particular, the bounds in [13, 14] have been
proved to be tight for a special class of uncertain convex programs called fully supported problems.
While these theoretic results bring a lot of new perspectives into uncertain optimization problems,
it takes further developments to apply the scenario approach to practical applications. For in-
stance, many real-life physical properties of interest are directly related with the objective function
of the underlying optimization problem, which means that the aforementioned chance-constrained
theorems alone do not allow us to learn such properties. For this reason, a formal analysis of the
scenario approach is needed with respect to objective function value performance. To the best of
our knowledge, the first work providing such results is [19] under some continuity and regularity
conditions on the basis of the chance-constrained theorems in [13, 14]. Though the results in [19]
are built on an intermediate bound that is tight in terms of the measure of the violating subset of
the uncertain constraints (as proved in [13, 14]), tightness is not provided in terms of the objective
function. In this paper, we show that these results are indeed not necessarily tight in terms of
the objective function by providing improved bounds under the same conditions. In addition, the
chance-constrained theorems in [13, 14] require a non-degeneracy assumption. We show that such
an assumption can be released when one is only concerned with the objective function.

This paper is motivated by recent progress on data-driven analysis of complicated systems, see,
e.g., [20, 21, 22, 23, 24, 25, 26, 27, 28]. In particular, for switched linear systems [24, 25, 26, 27, 28],
the scenario approach has been applied to the computation of the growth rate of the system
using different types of Lyapunov functions after reformulating the stability analysis as a robust
optimization problem in which the Lyapunov inequality is satisfied for all realizations of the
trajectory. Different techniques are then proposed in these works to derive probabilistic guarantees
on the computed growth rate. It appears that some of the results can be generalized from the
techniques in [24, 25, 26, 27, 28] to the general scenario approach. In [27], it is shown that the
stability analysis problem for switched systems reduces to a finite set of support constraints whose
cardinality is bounded by the dimension of the decision variable. In other words, the notion of
support constraints is generalized from scenario programs to robust optimization problems. This
observation is then leveraged to derive probabilistic stability certificates using a sensitivity analysis
argument on these support constraints. In this paper, we extend this sensitivity analysis method
to general robust optimization. Analogously to [16], we formally call the minimal number of such
support constraints the complexity of the robust optimization problem.

The contributions of this paper are two-fold: First, we present a new general method of deriving
probabilistic guarantees on objective value performance of the scenario approach for robust convex
programs. Second, we derive improvements of the bounds from [19] under the same regularity
conditions.

This paper extends preliminary results presented in a conference paper [29]. Additionally to
[29], the present work contains the detailed proofs of all the lemmas, propositions and theorems.
We also apply our results to min-max optimization problems and a special class of non-convex
problems, in which probabilistic guarantees are derived taking the underlying structure into ac-
count. Furthermore, we provide more numerical examples, among which is a planar antenna
synthesis problem.

The rest of the paper is organized as follows. This section ends with the notation, followed
by Section 2 on the review of preliminary results on the scenario approach. Section 3 presents
a general method of deriving objective value performance guarantees for the scenario approach
using a max-min reformulation and uniform level-set bounds defined implicitly. In Section 4,
under additional regularity conditions, we show explicit objective value performance bounds via
sensitivity analysis. In Section 5, we consider special cases and the extension to non-convex
programs. Finally, we apply our results to two numerical examples in Section 6.

Notation. The non-negative real number set and the non-negative integer set are denoted
by R* and Z* respectively. For any p > 1, the ¢, norm of a vector z € R" is [|z|/, (||z]|
is the ¢ norm by default). Given a metric space (M, p), consider any two subsets S and X,
[IS]lx = supscginfzex p(s, x); cl(S) denotes the closure of S; |S| denotes the cardinality of S for
any S C M; 2° denotes the power set of S.



2 Preliminaries

We consider the following robust convex optimization problem (RCP):

J* = inf ¢'x (1a)
zeX
s.t. f(x,0) <0,¥0 € A (1b)

where z € R? is the decision variable, § is the uncertain parameter contained in the uncertain set
A, X C R? is some static constraint set, A is a subset of some metric space (M, p) with A ¢ M
and p : M x M — RT is a metric, and f : X x M — R is the uncertain constraint function.
Let us mention that a linear cost function is considered without loss of generality [9, 10]. We
would also like to mention that, while there is only one uncertain constraint in (1), the results
and discussions in the paper extend trivially to cases with multiple uncertain constraints. In this
paper, we consider the case where (1b) contains infinitely many inequality constraints. Such a
problem is also known as a semi-infinite program (SIP), see, e.g., [30]. The following assumptions
are made.

Assumption 1 f: X x M — R is lower semi-continuous (l.s.c.) in X x A and X C R? and
A C M are compact.

Assumption 2 There exists x € X such that f(x,d) <0 for every § € A.
Assumption 3 X C R? is convex and f : X x M — R is conver in x € X for any § € A.

These are mild and standard assumptions, which make the objective of performance approx-
imation well-posed. In particular, Assumption 2 is a feasibility condition which prevents the
optimal J* from being co. Such an assumption is also made in [19] (see Assumption 3.3 in [19]).

Let (A, B(A),P) be a probability space where B(A) is the Borel o-algebra of A and P : B(A) —
[0,1] is a probability measure.

In the framework of the scenario approach (also called scenario optimization) [9, 10, 12],
the solution of the robust optimization problem in (1) is approximated with a finite number of
samples. More precisely, we randomly generate N € ZT samples, denoted by (81,682, ,0n) €
AN from some probability measure with the support A, and formulate the following scenario
convex program (SCP)

. =) o i o |
Pw): J) =minc o (2a)
s.t. f(z,9) <0,Vd € w. (2b)
where w = (1,02, -+ ,0n), and @ denote the unordered sample set, i.e., @ = {d1,d2, -+ ,0n},

and J : 2% — R with J(A) = J*.

Chance-constrained guarantees on the solution of the sampled problem are derived in [13, 14]
for convex problems in terms of the violation probability, depending on the dimension of the
decision variable and the number of samples, as shown below.

Theorem 1 ([13, Theorem 1],[14, Theorem 3.3]) For any N € Z* with N > d, suppose w
are N independent and identically distributed (i.i.d.) samples drawn according to the probability
measure P. Consider P(w) as defined in (2), let us assume that P(w) admits a unique optimal
solution. Then, with Assumptions 1-3 and additional conditions (see Remark 1), for any e € (0, 1),

PY{w e AY : V(@) > €} < B (e;d, N) (3)
where V(@) == P{§ : J(@ U {0}) > J(@)}, @ is the unordered set of the elements in w, J(@) is
defined as in (2), PV is the probability measure in the N-Cartesian product of A, and

k—1
Dol h, N) = @)é(l — )N VE > 1. (4)

=0



In fact, the bound in (3) is proved to be tight for a special class of convex programs called
fully supported programs, see [13, 14] for details. For non-convex optimization problems, similar
results are derived in [17, 18] using an a posteriori estimate of the complexity of the SCP. While
these probabilistic guarantees for both the convex and non-convex cases provide a fundamental
understanding on the solution of the scenario program (2), they alone do not allow to bound the
objective value of the original robust optimization.

Remark 1 The bound in (3) is derived by [13] and [14] based on different conditions. More
precisely, [13] requires that the feasible domain of P(w) has a nonempty interior for any w; [14]
assumes that P(w) is nondegenerate with probability one, see Definition 2.7 in [14] for the defini-
tion of degenerate problems.

In [19], theoretical links between P(w) and the original robust optimization problem RCP in
(1) are further established in terms of the objective function in a statistical sense under the assump-
tions in Theorem 1 and Slater’s condition, i.e., there exists z € X such that supsca f(x,0) < 0.
We briefly summarize the idea in [19] as follows. First, it is shown that the optimizer of SCP is a
feasible solution to the following chance-constrained program (CCP) with some confidence level

minc' (5a)
zeX
st P{f(x,0) <0} >1—c¢ (5b)

where € € (0,1). It is then shown that the feasible set of the program CCP is contained in the
feasible set of a relaxed RCP in the form of

inf ¢'x (6a)
rzeX
s.t. f(z,0) <EVoe A (6b)

where £ > 0. Finally, with the relations above, probabilistic objective bounds for the scenario
approach can be derived from the relaxed RCP under Lipschitz continuity and other regularity
assumptions. We call this procedure a two-step method in the sense that it relies on the link from
SCP to CCP (via the chance-constrained Theorem 1) to establish probabilistic objective function
value bounds. As we will show in the sequel, the step from SCP to CCP brings conservatism into
the resulting bound.

In this paper, we revisit the problem of deriving probabilistic objective function value bounds
for the scenario approach from a sensitivity analysis perspective in the context of robust opti-
mization. We develop a method that skips the step from SCP to CCP and enables us to directly
establish probabilistic objective value bounds for SCP using a perturbation argument. Thus, our
method does not require the conditions in Remark 1. We believe that this latter fact constitutes
an important improvement because these conditions can be violated in some control problems,
see [26] for such an example. The difference between our method and the two-step method [19] is
illustrated in Figure 1.

3 Probabilistic objective value performance

This section presents a general method deriving probabilistic objective value bounds of the scenario
approach for robust optimization problems. This method adopts a max-min reformulation of the
original robust optimization problem (1).

3.1 Continuity properties

We first show some preliminary continuity results on parametric optimization, see, e.g., [31, 32, 33]
for a comprehensive view. Given any N € ZT, for any w = (§1,02,---,0n5) € AN, for ease of
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Figure 1: Flowchart of the proposed method and its comparison with the two-step method:
The red arrows represent our method and the blue arrows represent the two-step method.

discussion, let us define

gn (W) := J({01,02, -+ ,0n}), (7)
FN(w)::{:cEX:f(a:,di)gO,i:1,2,~~,N}, (8)
FRw):={zxeX: f(x,6;) <0,i=1,2,--- N}, (9)
on(w) = { € Fy(w) : cTa = gy()}, (10)

Under Assumption 1, a semi-continuity property is stated below.

Lemma 1 Consider the RCP in (1) and the SCP in (2). Given any N € Z+, for any w € AV,
let gn(w) be defined as in (7). Suppose Assumptions 16 2 hold, then gn(-) is Ls.c. in AN,

Proof: The proof is given in Appendix A. [J
With Lemma 1, g can be even proved to be continuous under additional conditions, as stated
in the following proposition.

Proposition 1 Assume f: X x M — R is continuous in X x A and X is compact. Given any
N € Z*, for any w € AN, let gy (w), Fy(w), F{(w) and ¢n(w) be given as in (7), (8), (9) and
(10) respectively. The following results hold:

(i) For any w € AN, if Fy(w) C c(Fg(w)), then gy : AN — R is continuous at w.

(i3) Suppose that for any w € AN there exists © € ¢n(2) such that x € F$(w), then gy : AN — R
18 continuous at w.

Proof: The proof is given in Appendix B. [

3.2 Max-min reformulation
With the continuity property above, we then define, for any N € Z™,

gn = sup gy(w)= sup inf 'z (11)
WEAN weAN zEFN (w)



where Fiy(w) is defined as in (8). The next lemma states the equivalence between the RCP in (1)
and the max-min formulation as defined in (11).

Lemma 2 Consider Problems (1) and (11) for any N € Z* with the optimal values J* and g
respectively. Suppose Assumptions 1 — 3 hold, then it holds that J* = g} for any N > d;

Proof: From the definitions in (1) and (11), it holds that gy(w) < J* for any w € AN, which
implies that gy < J* for any N € ZT. As {gx}nez+ is a monotonically increasing sequence,
bounded from above by J*, we only need to show that g; = J*. First, we show that g7, , = J*.
The optimality of g, , in (11) implies that the set X(s, 5,.... 5,.,) = {7 € X : clz < gh flz,6;) <
0,i=1,2,---,d+1} is nonempty for any (01, s, - ,8q41) € A%FL. Since f(-,-) is Ls.c. in X x A
and X is a compact convex set, X(s, s,,... ,5,,,) 15 also a compact convex set. Hence, from Helly’s
theorem (see, e.g., Theorem 21.6 in [34]), {zx € X : c¢'z < Gir1, f(x,6) 0,6 € A} is nonempty,
which means that J* < g3,, and thus g3, , = J*. Now, we show that g7 = g7,,. For any
w = (01,08, ,0q11) € AL from Theorem 2 in [9] (or Theorem 3 in [10]), there exists i such
that J(w) = J(@\ {d:}), where & := {d1,02,--- , 0441} As aresult, g = g, |, which implies that
g;=J*. 0

In view of the result in Lemma 2, we define the concept of complezity for robust optimiza-
tion problems with infinitely many constraints, following the definition of complexity for scenario
programs with a finite number of constraints in [16].

Definition 1 Consider the RCP in the form of (1), the complexity of RCP is the smallest integer
k € Z* such that gi = J*.

Similar to the complezity of SCP in [16], the complexity of RCP is intuitively the minimal
number of samples needed to obtain the true objective value J*. With this formal definition,
Lemma 2 basically means that the complezity of RCP is bounded by the number of decision
variables under Assumptions 1 — 3. When RCP is not feasible, i.e., Assumption 2 does not hold
(which means that J* = +00), from Helly’s theorem, it still holds that J* = g7, ; but not J* = g
in Lemma 2. Thus, the complexity of RCP is bounded by d + 1 in any case.

3.3 Uniform level-set bounds

To establish probabilistic objective function value performance guarantees, inspired from [35, 19],
we define the following tail probability for any N € Z*

pn(a) == ]P’N{w e AN tgn —a<gn(w)},Va > 0. (12)

From the semi-continuity property of gy in Lemma 1, py(«) is well defined and monotonically
increasing. In particular, when N > d, from Lemma 2, py defined as in (12) becomes

py(a) =P {we AV . J* —a < gn(w)}, Va > 0. (13)
The continuity property of this tail probability function is stated in the following lemma.

Lemma 3 Consider the RCP (1) and the SCP (2). Suppose Assumptions 1 - 8 hold. For any
N € Z7*, let the tail probability function py : RY — [0, 1] be defined as in (12). Then, the following
property holds: i) There exists a finite C € R™ such that py(a) = 1 for any o > C. ) py(-) is
upper semi-continuous (u.s.c.) at any o € RT.

Proof: 1) Let J := mingex ¢' . As aresult, gy (w) > J for any z € A. Hence, for any a > g —J,
pn(a) = 1.

ii) It is easy to verify that py(-) is monotonically nondecreasing. Now, we show that for any & €
R™T, it holds that py (@) > limsup,,_, 5 pn (@), i.e., lim; o, a; = @ implies py (@) > limsup;_, . pn ().
From the monotonicity of py(c), we only need to consider the case that a;11 < «; for all ¢ € Z7T.
We then define: S; = {w € AN : J* —a; < gn(w))} for i € Z*. Thus, limsup;_,. py(e;) =
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Figure 2: Illustration of the tail probability function and the optimal ULB: Given ¢ €
(0,1), a*(e) is the supremum of « satisfying py () < e.

lim; oo PV{S;} = PN¥{lim; ,o, S;} = pn(@) since S; D S;y1 and PNV{S;} is bounded for any
i € Z*. This proves upper semi-continuity of py. O
We then call & : (0,1) — R a uniform level-set bound (ULB) if it satisfies

pn(a(e)) > e, Ve € (0,1). (14)
The optimal ULB is defined as follows:

a*(e) =supa: py(a) <e, Ve € (0,1). (15)
a>0

Let us mention that an important difference with [35, 19] is that the definition of ULBs in this paper
is directly based on the objective function instead of the worst-case violation of the constraint.
With the discussions above, we arrive at the main result of this section.

Proposition 2 Consider the RCP in (1) and the SCP in (2). Suppose Assumptions 1 — 3 hold.
For any N € Z* with N > d and N i.i.d. samples, denoted by w, drawn according to the
probability measure P, consider Problem (2) with the optimal value gn(w) as defined in (7). For
any € € (0,1), let a*(g) be defined as in (15). Then, it holds that

PY{we AN . J* < gy(w) +a*(e)} > ¢ (16)
where J* is given in (1).

Proof: With Lemma 2 at hand, we only need to show px(a*(e)) > € for any € € (0,1) as J* = gy
We consider two cases: i) the point at the optimal is continuous; ii) the point at the optimal is
not continuous. In the first case, from the monotonicity of py (), py(a) < € is active, meaning
that py(a*(e)) = e. In the second case, from the upper semi-continuity shown in Lemma 3,
pn(a*(€)) > €. Thus, we conclude that py(a*(g)) >e. O

While this is an elementary result, following from the bound on the complexity of RCP and
the w.s.c. of py(-), as illustrated in Figure 2, it provides a general way of bounding the original
objective value J*. In practice, as computing the optimal ULB is not always possible, we turn to
upper bounds of a*(e).

Remark 2 From the proof of Lemma 3, when there is no measure concentration on the level sets
of gn, i-e., PN(w e AN : gy (w) = u) = 0 for any u € R, it can be shown that py(-) is continuous.
Thus, the optimal ULB can be defined by py(a*(e)) = €.

Remark 3 Let us also highlight that the result in Proposition 2 is still valid without optimality
or uniqueness. That is, for any algorithm that generates a feasible solution to P(w) with the
corresponding objective value function gy (w), it holds that PN {w € AN : J* < gy(w)+a*(e)} > ¢
for any e € (0,1) under the same conditions as stated in Proposition 2.



4 Explicit probabilistic guarantees via sensitivity analysis

We now explicitly establish probabilistic objective function value bounds for the scenario approach
via sensitivity analysis under regularity conditions. With this, we are also able to compute explicit
ULBs as defined in (14).

4.1 Lipschitz continuity

We first derive some continuity results on the optimal objective function of the scenario program
(2). This relies on Slater’s condition of the RCP as given below.

Assumption 4 (Slater’s condition) There exists xg € X such that supsca f(20,6) < 0.
In fact, there can exist multiple solutions xg that satisfy Slater’s condition. For convenience, we
choose any z( according to Assumption 4, and define the constant below following [19]:

mingex ¢’z — ¢’ xg

SUPsea f(20,0)

Lsp = (17)

We then assume Lipschitz continuity of f(x,d) with respect to § inside the closure of A.

Assumption 5 For any ¢ € X, f(x,-) is Lipschitz continuous with constant Ls in A, i.e.,
V1,00 € A,

[/ (2, 61) = f(z,02) || < L1 = G2]]- (18)

Based on these two additional assumptions, we present a Lipschitz continuity result in the
next lemma.

Lemma 4 Given any N € Z%, let gn(w) be defined as in (7) for any w € AN . Suppose Assump-
tions 1 — 5 hold, then, for any w = (81,02,--+ ,0n) € AN and ' = (87,84, ,8) € AN, it
holds that

lgn(w) = gn (W)l < LspLs _ max
1€{1,2,--

14yt

8 — oLl 1
o 16311 (19)

where Lsp and Ls are given in (17) and (18) respectively.

Proof: For any two points w = (81,089, - ,0n),w’ = (81,085, ,0%) € AN, we want to show
(19). First, we defined the perturbed problem for w with the perturbation Lsmax; [|6; — 07]:

~ T
gn(w) = mine (20a)
st f(x,0;) < Lsmax ||§; — 05|, Vi =1,2,--- | N (20b)
J
Similarly, the perturbed problem for w’ is also defined:
~ AN . T
gn (W) = minc (21a)
st. f(x,0;) < Lsmax ||d; — 05|, Vi =1,2,--- | N (21b)
J

From strong duality and perturbation analysis, see, e.g., Section 5.6 in [36] and Lemma 3.4 in
[19], the optimal cost function of the perturbed problem is Lipschitz continuous with respect to
the perturbation with constant Lsp. Thus, 0 < gn(w) — gn(w) < LspLsmax; [|§; — & and
0 < gn(w') — gn(W') < LspLsmax; ||6; — &]|. From the Lipschitz continuity of f(z,d) in 4,
f(x,8;) — f(x,00)] < Lgl|o; — 84| < Lsmax;|[5; — &4 for all i = 1,2,--- N, which implies
that {z : f(z,6;) < 0,i = 1,2,--- N} C {z : f(z,0;) < Lsmax; [|o; — d}|,i = 1,2,--- , N}
and {z : f(z,0;) < 0,4 = 1,2,--- ,N} C {z : f(z,6;) < Lsmax;|[|0; — %][,i = 1,2,--- , N}.
Hence, gy(w) < gny(w’) and gy (w') < gn(w). Finally, we conclude that |gn(w') — gy (w)| <
LSPL(; max; ||(5] - (5;” O

With the continuity result above, a deterministic relation between the robust optimization
problem RCP and the scenario program SCP is established in the following proposition.



Proposition 3 Suppose Assumptions 1 — 5 hold. For any w C A, let J(w) be defined as in (2).
Then, the following results hold: (i) There exists a set ©* C A with |@*| = d such that J(&*) = J*.
(ii) Given any d-element set w* satisfying J(w*) = J*, for any finite subset @ C A with |©] > d,
J(@) > J* — LgpLs||@*||w, where Lsp and Ls are given in (17) and (18) respectively.

Proof: (i) From Lemma 2, we know that J* = g := sup_ca« ga(w). With the result in Lemma
4, g4(+) is Lipschitz continuous in A% which means that, according to Weierstrass’s theorem, there
exist w € A? such that g} = g(w).
(ii) Given an extreme set w* := {47,035, -+ ,d5}, let us define the set @pro; = {01,02, -+ ,d0q} C @
as follows: §; := argminseg ||0] — || for any ¢ = 1,2,--- ,d. Thus, from (19),

J((D*) - J((D) < J((D*) - J(a)proj) = gd(W*) - gd(wp'r‘oj)

< LgpL 0F —6;
>~ Lgp 6i€{{112ax d}H i H

34yt

= LspLs||@™||s,

where w* = (07,95, ,05) and wpr; = (01,02, -+ ,0q). O

4.2 Explicit probabilistic bounds

In the rest of the section, we provide explicit probabilistic bounds for the scenario approach using
the continuity results above. To do so, we also need a regularity condition on A with respect to
the measure P. Such a condition is often needed for domain or boundary estimation problems
[37]. For comparison, we consider the same condition as in [19].

Assumption 6 For the probability space (A, B(A),P), there exists a strictly increasing function
o : Rt —[0,1] such that

Vo € A ¥r € RT P{B,.(6) N A} > p(r), (22)
where B,.(§) is an open ball centered at § with radius v in the metric space (M, p).

Following [37], we can also consider other regularity conditions!. The following lemma shows
some elementary probability results.

Lemma 5 Given the probability space (A,B(A),P), for any k € ZT(k > 1), consider k subsets
{B1,Ba2, -+, By} of A with P{B1} = P{By} = --- = P{By} = € for some € € [0,1]. For any
N € Z*, let w be N independent and identically distributed (i.i.d.) samples drawn according to
the probability measure P. Then, for any € € [0, 1],

PN{we AN :Binw #0,Vi} > 1 — U(e; k, N) (23)
Z 1 _(ba(e; k7N) (24)

where W is the unordered set of elements in w,
O, (e;k,N) =Ek(1 — €)Y, and (25)

U(e kyN) = Lkﬁj@(e; ke, N) 4+ ®(¢; k(mod k), N) (26)

€

with ke == 1], ®(¢;0,N) =0 and

k
O(e; b, N) =Y (—1)"7! (’“) (1—ie)™. (27)

c 2
i=1

! As an example, another regularity condition is that there exist ¢ > 0 and 7 > 0 such that
P{B.(6) N A} > cu(Br(9)),¥6 € A, 0<r <T

where p(-) denotes the Lebesque measure.



Proof: The proof is given in Appendix C. [

Remark 4 From the arguments in the proof of Lemma 5, one observation is that, for any pos-
itive integer k' < k., it holds that PN{w € AN : Binaw # O,Vi} > 1 — L%j‘b(e;k’,N) —
®(e; k(mod k'), N). In particular, when k' =1, L%Jfb(e; k', N)+ ®(e; k(mod k'), N) = k(1 — €)™,
which show the connection between the two bounds in Lemma 5.

To illustrate the difference among the bounds in (4), (25), and (26), a numerical comparison
is made in Figure 3 with ¥ = 8 and N = 500. Note that, in this figure, ¥(e; k, N) = ®(¢; k, N) for
all the values of € as it remains in the interval [0,1/8]. It can be seen that ®(e; k, N) is the best
among these three bounds. As € increases, ®,(€; k, N) becomes close to ®(¢; k, N) and outperforms
D (€;k, N) eventually.

— & (zk, N)
[ N)
6 —— D(e k, N)
a4t
2 L
0, T n : N f
0.00 0.01 0.02 0.03 0.04 0.05

Figure 3: The curves of ®.(¢;k, N), Py(e; k, N) and ®(¢; k, N) with £ = 8 and N = 500:
U(e;k,N) = (e k,N) for any € € [0,1/8].
Putting the results above together, we then present the main result of this section.

Theorem 2 Consider Problem (1) with the optimal objective value J*, suppose Assumptions 1 —
6 hold. For any N € ZT with N > d, let gy (w) be defined as in (7) for any w € AN. Let w be N
i.i.d. samples drawn according to the probability measure P. Then, for any e € (0,1),
]P’N{w e AN . J* < gN(w) + LSPL(;(pil(e)}
>1—U(e;d,N) (28)

where Y(e;d, N) is given in (26), and Lgp and Ls are given in (17) and (18) respectively.

Proof: From property (i) of Proposition 3, there exists a set &* :== {47, 05,---,05} C A such that
J(@}) = J*. For any € € (0,1), let r; be such that P{B,,(6;) N A} = e for any ¢ = 1,2,--- ,d.
Under Assumption 6, we can see that r; < ¢~ 1(e) for any i = 1,2,--- ,d. For convenience, we

define B; = B, (67) N A for any i = 1,2,--- ,d. With Lemma 5, we know that PN {w € AN :
Binw#0,Vi=1,2,--- ,d} > 1—9(e;d, N), where @ is the unordered set of the samples w. Since
B; N'@ implies that [07]s < r; < ¢ !(e) for any i = 1,2,--- ,d, from property (ii) of Proposition
3, we get (28). O

Remark 5 From the arguments in the proof of Theorem 2, Assumption 6 can be further relaxed.
For Theorem 2 to be valid, we only need the regularity condition (22) to hold for any set @* =
{65,05,---,85} C A such that J(w*) = J*, ie., V6 € &5, Vr € RT,P{B,(6) N A} > ¢(r). In
addition, let us mention that Theorem 2 is also valid without the closedness of A by imposing
the regularity condition (22) for any 0 € cl(A), while we implicitly assume that A is closed in
Assumption 1.

Theorem 2 then allows to derive explicit ULBs. More precisely, the following corollary provides
a general explicit ULB.

10



Corollary 1 Suppose the conditions in Theorem 2 hold. For any B € (0,1), it holds that
PY{w e AN :J* — gn(w) (29)
<LspLspo™" (V"' (8:d,N))} > 1 - B.
where W~1(-;d, N) denote the inverse function of ¥(-;d, N) with fived d and N.

Proof: This is a direct consequence of Theorem 2. [
Using the bound in (24), an explicit and closed-form ULB can be derived in the following
corollary.

Corollary 2 Suppose the conditions in Theorem 2 hold, a ULB satisfying (14) can be given as
follow:

1—c¢

d

a(e) = LgpLsp (1 — ¥ ),Ve € (0,1). (30)

Proof: As shown in Lemma 5, for any € € (0,1) and k € Z*, ¥(¢;k,N) < ®,(¢';k,N) =
k(1 — €N, which together with Theorem 2 implies that

P¥{w e AN . J* < gn(w) + LspLsp ' (€)}
>1—d(1—é)N. (31)
Letting e = 1 — d(1 — €)V, (30) is a direct consequence of (31). O

With the discussions above, the overall procedure of deriving objective value performance is
summarized in Figure 1.

Remark 6 As a comparison, we also show the bound from [19, Theorem 3.6] below, for any

8 (0,1),
PY{we AN .J* — gn(w) (32)
<LspLsg™ (®7'(;d,N))} > 1 - B.

The difference between these bounds lies in the numerical value of the functions ®q(;d,N),
®(;d,N) (or U(:;d,N)) and ®.(-;d, N), which essentially provide the confidence level of the

estimates.

5 Min-max optimization and extension to non-convex pro-
grams

In this section, we show that the proposed method is applicable to min-max optimization problems
and a special class of non-convex programs. More importantly, we find that, in these problems,
Slater’s condition is not necessarily needed in the derivation of explicit probabilistic objective
function value bounds.

5.1 Min-max optimization

Let us first consider min-max optimization problems in the form of

inf sup f(z,96). 33
inf sup f(,5) ()

To put (33) into the form of (1), we use the epigraph form below

Jepi = :vg}(f,'y’y (34&)
s.t. f(z,d) <~,V0 € A. (34b)

11



For any N € Z* and any w = (61,02, -+ ,0n) € AN, we define the sampled problem of (34)
below:

N (w) = Join (35a)
st f(z,0;) <~,Vie{l,2,--- ,N}. (35Db)

With these definitions, objective function value performance of the scenario approach for min-max
optimization is analyzed in the following theorem, which can be viewed as a variant of Theorem
2.

Theorem 3 Consider Problem (34) with the optimal value J2pi- Suppose Assumptions 1, 3 &
5-6 hold. For any N € Z* with N > d, let yy(w) be defined as in (35) and ¢ny(w) = {z €
X :max; f(x,8;) = yn(w)} for any w € AN, Let w be N i.i.d. samples drawn according to the
probability measure P. Then, the following results hold:
(i) For any € € (0,1),

PM{we AN J, < av(w) + L™ (e)}

>1-U(ed+1,N) (36)

where U(e;d+ 1, N) is given in (26) and Ls satisfies (18).
(ii) Suppose there exists a continuous function Ls: X — RT such that, V61,62 € A and Vo € X

1/ (@, 01) = f(x,02) || < Ls(2)]|61 — b2]]. (37)
For any € € (0,1),

P we AV: Iy Syv(w) + min Ls(@)p™' (o)}

>1—-9P(e;d+1,N). (38)

Proof: (i) Given any N € Z™T, let v4 = sup,ca~ Yn(w). It follows from the arguments of
the proof of Lemma 2 that vj,, = JZ,. For any w = (1,02, -+ ,da41) € A and ' =
(81,8, ,8,1) € AYTL there exist # € ¢ (w) and 2’ € ¢y (w) such that ygi1(w) = max; f(x,d;)
and v4+1(w') = max; f(2',9]). From the Lipschitz condition (18) in Assumption 5, max; f(z,d;) —
max; f(z',6;) > max; f(z,d;) — max; f(z,0;) > —Lsmax;||d; — d}||. Similarly, it holds that
max; f(z,d;) — max; f(a',0]) < Lsmax; ||6; — d;||, which means that |yg1(w) — Va1 (W) <
Lsmax;eq1a,... g1} |6 — 6;||. This implies Lipschitz continuity of v441(-) in A%, Thus, ac-
cording to Weierstrass’s theorem, there exists w* := (67,05, ,67, ;) such that v441(w*) = JZ,;.
The rest follows from the arguments in the proof of Theorem 2.

(ii) From (i), there exists 2* € ¢y (w*) such that J,, = max;=1,2... 4+1 f(2*,07). Note that, for
any w = (61,09, -+ ,0n) € AN, the set ¢n(w) is compact as f : X x A — Ris Ls.cin X x A.
Given any = € ¢n(w), we know that Jopi = MaXi=12 ... d+1 f(z*,6F) <maxj—i2,... g+1 f(z,0]) <
yn(w) + L5(z) max;=1.2... a+1]|6;|lc where the first inequality is from optimality, the second
inequality is due to the condition (37), and @ = {01,02,---,0n}. As x is arbitrary, J3,, <
YN (W) 4+ min.eg () L5(2) Maxi=12 ... ay1 [|6] |o. Again, the rest follows from the arguments in
the proof of Theorem 2. [J

Remark 7 The two-step method (as summarized in Figure 1) can be also applied to min-maz
optimization. In general, under the same conditions as in Theorem 3, the corresponding bound
can be given as, Ve € (0,1),

PM{we AN 1 I < an(w) + Lo ' (€)}
>1—-®.(;d+1,N). (39)
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5.2 Extension to non-convex programs

In this section, we show that our results can be extended to a special class of non-convex programs.
In fact, the proposed method is applicable to non-convex programs in which the complexity (see
Definition 1) or its upper bound is known a priori with proper continuity and regularity conditions.
More precisely, consider the scenario program (2) and g3 as defined in (11) for any N € Z*,
suppose there exists k such that g; = J*, with proper conditions on the constraint and uncertain
set in (1) such that a*(e) in (15) is well defined, Proposition 2 is still applicable for any N > k.

In particular, we consider a special type of non-convex problems called quasi-linear programs
as defined in [26]. Such problems are motivated by data-driven stability analysis of switched linear
systems [24, 27].

Given two proper functions v : A — R? and h : A — R? we define the following robust
optimization problem

* — :
quast " xeﬁgf\zo A (40&)
st. v(0) Tz < A(8) Tz, € A. (40b)
For any N € Z* and any w = (81,02, -+ ,6x5) € AV, we define the following problem with a finite
number of constraints
= i 41
W= i, e
st. v(8;) "z < Ah(8;) Tz, Vi€ {1,2,--- N} (41Db)

Let ¢ (w) denote the optimal set of the variable = for the given w € AN. Similar to (11), we also
define the following max-min formulation for (40)

Ay = sup An(2),VN € Z. (42)
zEAN

An a-priori bound on the complexity of quasi-linear programs is provided in the following lemma.

Lemma 6 Consider the problem (40) with the optimal objective value J, and assume X is

convez and compact. Suppose that v : A — R? and h : A — R? are continuous in A and such
that h(8) Tz > 0 for any x € X and § € A. Let Ny be defined as in (42) for any N € Z*+. Then,

Ay =J7 for any N > d.

quast

Proof: The proof is given in Appendix D. O

Let us point out that, while the result above is similar to Theorem 2 in [26], there are two
fundamental differences. First, Theorem 2 in [26] is only proved for scenario programs with a
finite number of constraints while Lemma 6 is valid for the robust optimization problem in (40)
with an infinite number of constraints. Second, Theorem 2 in [26] require the uniqueness of the
solution while this condition is not needed in Lemma 6.

With the knowledge of the Lipschitz constant of A4(:) and some regularity condition on A (as
mentioned in Assumption 6), we are able to compute explicit probabilistic bounds on Jy,,; based
on the scenario program (41) following the reasoning in Section 4. In the rest of this section, we
provide the details of the derivation.

The following Lipschitz continuity condition is needed.

Assumption 7 The functions v : A — R% and h : A — R? are Lipschitz continuous in A with
constant L, and Ly, respectively i.e., ¥d1,09 € A,

[0(61) = v(d2)[| < Loll61 — dal, (43)
17(61) = h(d2)] < Lnl[6r = d2l|- (44)

In addition, there exists a constant o > 0 such that,

V(z,0) € X x A, () Tz > 0. (45)
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With these assumptions, a continuity property of the optimal value function (41) is provided
in the following lemma.

Lemma 7 Forany N € Z%, let Ay (w) be defined as in (41) for anyw € AN . Suppose Assumption

7 hold and X C R? is convex and compact. Then, for any w = (61,02, -+ ,0n) € AN and
w/ = ( 176/2a 755\]) S AN;
A (') SAn (@) (46)

L, + Any(w)L
g Lo PN ) a5~ )

o ie{1,2,-,N}
where x is any element in the optimal set ¢n(w) = {x € X : v(&) Tz < An(W)h(&) 2,7 =
1,2,--+ N} and o is given in Assumption 7.

Proof: For any =z € ¢n(w), we have that, Vi,v(5;) 'z < An(w)h(d;) "z, which implies that
v(07) " — cLyllz|| < An(w)h(8;) Tx + An(w)cLn||z||, where ¢ = max; [|; — &5]|. From (45), the
inequality above implies that, Vi,

T
. 5;) .

L, A L
’U((S;)T.’E < ()\N(W) + c ||.Z‘|| + N(w)c h”‘rH) h(
Thus, by optimality, we arrive at (46). O
Using the continuity property in Lemma 7, we derive a probabilistic objective value function

bound for quasi-linear programs as defined in (40).

Theorem 4 Consider Problem (40) with the optimal value Jj,,.;- Suppose X is conver and

compact, A is compact and Assumptions 6 & 7 hold. For any N € Z™ with N > d, let An(w) be
defined as in (41) for any w € AN. Let w be N i.i.d. samples drawn according to the probability
measure P. Then, for any e € (0,1),

IP’N{wEAN Jr < Anv(w)

quast

L, + An(w)Ly, . -1
+ ——— min x €
e amin e (e)}

>1-U(ed, N) (47)
where ¥ (e;d, N) is given in (26) and ¢y (w) == {x € X : v(§;) T2 < Ay (w)h(§;) T2,i =1,2,--- | N}.

Proof: We first show that, for the case when N = d, there exists Ly such that, for any w =
(61,69, ,64) € AL and w' = (84,85, -+ ,6) € A9,

IAa(w) — Aa(w)| < Ly . max

& — 0. 4
x5 = 8] (48)

Since X is compact, there exists r such that X C rB;. Under Assumption 7, v(8) "z is always
bounded for any (,0) € X x A. Thus, there exists A such that A\g(w) < A for any w € A%, Thus,
from Lemma 7, (48) is satisifed with Ly = %r. This implies Lipschitz continuity of A4(+)
in A?. Hence, according to Weierstrass’s theorem, there exists some w* = (87,95, -+, %) in A¢
such that A% = A\g(w*). From Lemmas 6 & 7, we then conclude that, for any w € AN and any
x € X(w),

L, + )\N(W)Lh .
quasi SAN (W) + —————|z|[|&" |- (49)
where @* = {07,05, - ,05} and @ = {01,092, -+ ,dn} represent the unordered sets of w* and w
respectively. Note that ¢y (w) is closed. It also holds that, for any w := (91,9, ,6n) € AN,
L, 4+ Anv(w)L . -
aast (o) + R (50)
o €PN (W)

Following the same reasoning as in the proof of Theorem 2, we then obtain the result above. [

Theorem 4 provides an a-posteriori objective gap bound because the deviation to the actual
optimal value J7, . ; depends on the sample w. From the compactness of X and A, we can
immediately derive an a-priori objective gap bound as follows.
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Corollary 3 Suppose that the same conditions in Theorem 4 hold. Let D, and D, be such that
lz]| < Dy for any x € X and ||v(d)]| < D, respectively. Then, for any € € (0,1),

PY{w e AN 1 J%0si AN (W)

quast

L,o+D,D,L _
22D 6 )

>1—U(e;d,N) (51)
where YU(e;d, N) is given in (26).

Proof: With the bounds D, and D,, it can be seen that \y(w) < % for any w € AN. This
implies that M minge y (o) 2] < Leot2eleln D for any w € AN, With this, the result
above is a direct consequence of Theorem 4. [J

6 Numerical examples

In this section, we apply our method to two numerical examples: One is an illustrative exam-
ple where the exact objective function value bound is available; the other is a canonical robust
optimization problem in planar antenna synthesis.

6.1 An illustrative example

We first present an example to illustrate the conservatism induced by the chance-constrained
theorems in [13, 14]. Cousider the following robust optimization problem

min xo
T1,T2

st. |Jx1+ D) <z, Ve A={6€eR:|§] <1},
|£C1| < ]-7

where

s, —05<86<0.5
D()={1-6, 05<ds<1
—1-6, —-1<68<—-05.

The optimum is J* = 0.5 with the optimizer being ] = 0 and 25 = 0.5. Given N i.i.d. samples
w = (61,82,-+,0x) for some N € Z*, drawn from the uniform distribution P on A, let

N(w):= min D(0;), 7(w):= max D(d).

i=1,2,-- N i=1,2, N

i) =TI ) T —p)

The tail probability px(-) defined as in (12) becomes
py(a) =PY{we AN . J* —a < 23 (w)}
for any « € [0,0.5]. It can be verified that, for any « € [0,0.5],
py(a) =T(a) =1— (1 -2a)Y —2aN(1 - 2a)V "1,
The details can be found in the appendix. Thus, the optimal ULB of py is given as

a*(e) = Zli%{a cpn(a) <e} =T (), Ve € (0,1).
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Note that this example is exactly in the form of (34) and that Assumption 5 is satisfied with
Ls = 1. Thus, from Theorem 3, a probabilistic objective value function bound is given as, for any
e €[0,0.5],

PN {we AN . J* < aj(w) + €} > 1 — (e;2, N).
Finally, we conclude that, given the confidence level g € (0,1)
PY{we AN . J* —aj(w) <71 (B;2,N)}
>SPMlwe AN T —ai(w) < T 11 -8)} > 1- 8.

We now consider the two-step method as shown in Figure 1. From (39), we obtain the following
bound: Ve € (0,1),

PY{w e AN : J* < a3(w) + €} >1 — ®.(e;d, N).
Hence, for any confidence level g € (0,1),
PM{we AN . J* — zh(w) < O (B2, N)} > 18,

The comparison of the three objective function value bounds is conducted under two different
settings. First, we consider the case where N is fixed at 100 and compute the objective function
value bounds for different values of 5. We then fix 8 at 0.01 and compute the objective function
value bounds for different values of N. The comparison results are given in Figures 4 & 5. From
these figures, we can see that our method provides considerable improvement, in particular when
[ is small or N is small.

|
|
I - The exact bound
0.100 | ——Qur method
: — The two-step method
|
0.075 | |
: oo
|
| 0.08
0.050 |\ \
| 0.06
| i 0.04
] | I I | 1
0-025 B : 0 0.00 0.01 0.02 0,03 0.04 0.05
B
I |
0.000 t| | i . . ;
0.00 0.25 0.50 0.75 1.00

Figure 4: Comparison between our method and the two-step method from [19] when N
is fixed at 100.

6.2 Planar antenna synthesis

We now apply the proposed analysis approach to a canonical robust optimization problem as
described in Section 1.1 of [38], which is concerned with a monochromatic transmitting antenna
placed at the origin. In particular, we consider a planar antenna comprised of a central circle and
a number of concentric rings of the same areas as the circle in the XY-plane (which is considered
as the Earth’s surface). Let the wavelength be A = 0.5m, and the outer radius of the outer ring
be 1m.
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0.06 —— The exact bound
—Qur method
—— The two-step method

0.05

0.04

0.03 +

0.02 +

0.01

0.00 ! ' L '

500 1000 1500 2000
N

Figure 5: Comparison between our method and the two-step method from [19] when § is
fixed at 0.01.

The directional distribution of energy sent by the antenna can be described in terms of the
antenna’s diagram which is a real-valued function D(6) of the altitude (the angle between the
direction of the XY-plane). Suppose that there are M rings. Let the diagram of the central circle
be D;(f) and the diagrams of the rings be Dy(6), D3(0),- -, Dar+1(0). The overall diagram of
the antenna is just the sum of the diagrams of all the elements. In this antenna design problem,
the goal is to select the weights {x;} of the diagrams {D;(#)} (which in reality corresponds to
modifying the output powers and shifting the phases of the elements) so that the resulting sum
Zi\i# x;D;(0) is as close to the target diagram D, (6) as possible. As mentioned in Section 1.1
of [38], for any i = 1,2,--- , M + 1, the analytic expression of the diagram

T 27
D;(0) = % / /0 rcos (2mrA~" cos(6) cos(C)) d¢dr

where {r;}}, are the radii of the circles (see Figure 6 below for an example) with o = 0 and
ry = 1. Let the target diagram be axial symmetric with respect to the Z-axis (which is the
vertical direction of the XY-plane) and be “concentrated” in the cone [, 37]. Its expression is
given as

0, 0 €0,3m)
D,(0)=< "] s [312 L
sin(66 — o), 0 € [55m, 57

We formulate the following robust optimization problem to select the weights {z;}:

f
'ylrneX v
M+1 1
s.t. |D.(0) — Zl z;D;(0)] <~,V8 € A =0, §7r]
where x = (21,22, - ,2p41) and X = {x : ||2]| s < 10}(arising from physical constraints). The
optimal solution is denoted by ~*, which represents the minimal dlscrepan }&between a synthesized
diagram and the target one. For convenience, let f(x,0) := |D.(0) —1 x;D;(#)|. Given N
iid. samples w = (81,82, -+ ,dy) for some N € Z*, drawn from the umform distribution P on
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[0, %77], the sampled problem becomes:
oty
M+1
s.t. |D.(0;) — Z 2;D;(0;)| <7,¥j=1,2,---,N.
i=1

Let the solution be vy (w) and the corresponding optimal set be ¢ (w). It is reported in Section
1.1 of [38] that the weights obtained from the sampled problem can be dramatically different
from the optimal weights of the original robust optimization problem, which makes it difficult to
establish the link between these two problems in terms of the weights. With the proposed method,
we show below that a link can be established directly in terms of the objective function value.

(a) Array elements of equal areas. (b) Diagrams of the elements.

Figure 6: Antenna design with five array elements.

We consider the case where M = 4 and N = 500. The antenna elements and their diagrams
are given in Figure 6. By solving the sampled problem above, we obtain the solution vy(w) =
0.0806 and the synthesized diagram, which is shown in Figure 7a. From Theorem 3, the exact
worst-case error between the targeted and synthesized diagrams is bounded by v* < yn(w) +
minge gy (w) Ls(x)p~1(e) with probability no smaller than 1 — W(e; M + 2, N), where ¢(0) = 27T(9
for any 6 € [0, $7] and Ls(x) is a Lipschitz constant satisfying | f(z,01) — f(z,02)] < Ls(x)|01 —
02|,V61, 02 € [0, 37]. One choice of L5 can be Ls(z) = maXge(o, 1] | Z?:1 2;D(#) — D.(0)], where
D} denotes the derivative of D; (as depicted in Figure 7b) and

D(e)— 0, 6 o,
e 6cos(60 — 3m), 60€[S

o

7)

]

37

:]»—A

As the optimal solution set ¢y (w) is not necessarily a singleton, a reasonable choice is that we
set the weights to be the z € ¢y (w) of the smallest norm. Thus, our error bound is ERR(w) =
YN (W) +Ls(X (w))p~ ! (€), where X (w) = argming, ey, (o) [|2]|. After these computations, we set the
confidence level to be § = 0.01. By bisection, we obtain the value of € such that U(e; M+2, N) = .
Finally, we obtain that ERR(w) = 0.141.

We also investigate the impact of the number of array elements on the error bound. From a
function approximation perspective, the diagrams of the array elements can be considered as the
basis functions and the number of array elements is the complexity. Since the value of v* tends
to decrease as M increases, a larger M leads to a better approximation. However, this is not the
case in the framework of scenario optimization, where the error bound can deteriorate when M
increases as the number of decision variables increases. We compute the error bound ERR(w) with
different values of M for several realizations of w. Our results are shown in Figure 8. From this
figure, we can see that the minimal error bound is always reached at M = 7. This phenomenon
corresponds to the overfitting issue in machine learning which often occurs when a model is getting
complex. With the proposed method, we can also provide a mathematical interpretation of this
observation. The error bound consists of two parts: the first part is the numerical solution from
the sampled problem; the second part is the correction term to account for the uncertainty or
randomness in the sampling. When the confidence level 3 is fixed, as M increases, the value of
€ satisfying ¥(e; M + 2, N) = (3 increases while vy (w) decreases. This means there is a trade-off
between the numerical solution of the sampled problem and the correction term.
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Figure 7: Synthesis of antenna array with error bounds
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Figure 8: Error bounds with different values of M for 20 realizations: Overfitting is
automatically detected when M > 7 in all the 20 experiments.

7 Conclusions

We have presented a novel method for deriving probabilistic guarantees on the objective function
value for the scenario approach for robust optimization problems via sensitivity analysis. This
method is based in particular on the concept of complexity of a robust optimization problem,
which is the minimal number of constraints that define the actual solution. We show that the
complexity of robust convex programs is bounded by the dimension of the decision variable by
the use of a max-min reformulation and thereby extend classical results, which were known for
scenario programs but not the original robust optimization problem, which possibly contains an
infinite number of constraints. With this observation and additional regularity conditions, we are
able to build probabilistic objective value bounds for the scenario approach. Our results do not
rely on the chance-constrained theorems in the literature as an intermediate step, which not only
enables us to release some strong technical assumptions for ensuring these chance-constrained
theorems, but also to improve the value of these bounds. We illustrate these improvements using
two numerical examples, among which is a practical application in planar antenna synthesis.
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A  Proof of Lemma 1

We prove the lemma by using standard results on parametric optimization. With Assumptions 1&
2, from Theorem 4.2.1 in [31], to show the l.s.c. property of gy (w), we only need to show that the
point-to-set mapping Fiy : AN — 2% as defined in (8), is closed at any w := (1, 0o, -+ ,6n) € AN
in the sense that, for each pair of sequences {w! = (6¢,8%,---,6%),t € ZT} C AN and {a',t €
Z*} C X with the properties w' — w, z* € Fy(w'), and 2! — z, it follows that x € Fiy(w). From
the fact that f: X x M — Ris Ls.c. in X x A, f(x,6;) < liminf e 56y (0,5,) f(2°,6f) <0 for any
i=1,2,---, N, where the second inequality is due to the property that z* € Fy(w!). Hence, we
conclude z € Fy(w). A similar proof can also be derived from Lemma 5.3 in [33].

B Proof of Proposition 1

(i) From the continuity of f(-,:) and the compactness of X, we know that gy(w) is l.s.c. at any
w € AN according to Lemma 1. We now show that gy (w) is also upper semi-continuous (u.s.c.)
when Fn(w) C cl(Fg(w)) is satisfied. Consider any w satisfying Fy(w) C cl(Fg(w)). From
Theorem 3.1.5 in [31], we know that Fyy : AN — 2% is Ls.c. according to Berge (see Section 2.2
in [31] for the definition) at w. Thus, from Theorem 4.2.2 in [31], gn is also u.s.c. at w. Hence,
we prove the continuity.

(ii) Following the same argument above, we can show that gx is L.s.c. at any w € AN. The u.s.c
property follows from Lemma 5.4 in [33]. This proves the continuity.

C Proof of Lemma 5

The proof consists of the following three steps:

Step I: We first show that, for any ¢ € [0,1], PM{w € AN : B;nw # 0,Vi} > 1 — ®,(e;k, N).
For any i, let us define S; == {w € AN : B;Nw = 0}, i.e., the set of w such that none of the
points in w fails into B;. As P{B;} = ¢, we know that PV{S;} = (1 — ¢)" for any i. Hence,
PN{UFS,;} < k(1 — €)N. Note that UFS; is the set w such that there exists at least i such that
BiNw = (). Hence, PN{@w € AN : B;nw # 0,Vi} = 1-PN{UFS;} > 1-k(1—e)N = 1-®,(e;k, N).
Step II: We then show that, for any e € [0,1/k], PM{w € AN : B;n@ # 0,Vi} > 1 — ®(e; k, N)
and ®(e;k, N) < ®,(e;k, N). Let us first consider the case where {By, Ba, -, By} are disjoint.
We prove by induction that PN {w € AN : B;N@ # 0,Vi} =1 — ®(e; k, N). For convenience, let
Q:={we AN : B,nw # 0,Vi}. Note that the set { can be expressed as Q = N¥_;S;, where
Si={we AN :B,Nw # 0}. Hence,

PV{Q} = PV {nFlS; N Sy}
=PV{¥Z S} + PV (S}
—PY{(NEZ)Si) U Sk}
=PY{NZ2Si} + PV {Sk—1} + PV {Sk}
—PY{(N}Z2Si) U Sk_1}
— PN{(N{Z)Si) U Sk}

k k—1
= > PY{S) = 3PV {((iaS0) U Si) (52)

Continuing this process with {PY{(Ni_,Sy) U Si11}}¥=}, we will finally be able to write PN {Q}
in terms of {PN{UF_.S,}}F |, which allows to show that PN{Q2} = 1 — ®(e; k, N). Note that the
measures of all the sets in the proof are independent of the order of {S7,Ss,- -+, Sx}. The details
are given below. For any i = 1,2,--- ,k, the set U’g:ng is in fact the set of w such that there

exists at least one point in U¥_ By, which means that PN{Us_ S} =1 — (1 — (k—i+1)e)" as
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{Bi1,Ba, -+, By} are disjoint. For any two integers 4,j with 1 < < j < k, we consider the
set §7 == (N}_,S¢) U (Ué?:ng) and let ¢(i,j) = PNV{S7} with ¢(1,5) =1—(1—(2+k — e,
Following the same reasoning, we obtain that, for all ¢,j with 1 <i < j <k,
PY{S]} =PN{S]_,} + PV {Si U (Ui_;S0)}
— PN{(M)Z15e) U S; U (Uj—; 50},

which leads to the following recursive relation

After some manipulations, we can obtain that, for all i =1,2,--- , k — 1,
) =1 =S (=) () (1= @+ 1o 4
o060 =1= 32 () (- ¢ e 54)

This, together with (52), yields

E

-1

PY{Q}=k(1-(1—-¢V) - ‘ o(i, k)

=1-k(1—-¢¥

k—1 /k—1 i
+> (Z (é)) (1) (1= (¢ + D))"

{=1 \i=¢{

k

_ k _1\¢-1 _ 6N
;(3) 1 (1 o)
=1—-®(e&k,N),

where the fourth equality is from the Hockey-stick identity. The case with disjoint sets {B1, Ba, -+ , By}
is in fact the worst case. In general cases where {Bj, B, - , Bi} are not necessarily disjoint, the
probability that there exists at least one point in each set is bounded from below by 1— ®(¢; k, V).
AsPM{w e AN : B;nw # 0,Vi} = 1 — ®(e;k, N) when {By, Ba, -+, By}, from Step I, PN {w €

AN B;n@w #0,Vi} > 1 — k(1 — ¢)V, which means that ®(¢;k, N) < ®,(e;k, N) = k(1 — ¢)V.

Step III: We finally show that, for any € € [0,1], PN{w € AN : B;n@w # 0,Vi} > 1 — U(e;k, N)

and ¥(e;k, N) < ®,(e;k, N), by combining Steps I & II above. When k < k., U(e;k,N) =
®(e;k, N) and hence this becomes Step II. We consider the case where k > k.. Let us divide
{By,Bsg,---, By} into L%J—&—l groups (when k(mod k) # 0): {B1, -+, Bi.}, {Bi+k.» - » Bak.},
{BH—(Lk%J—l)ke’ e ’BLﬁJkF}’ {B1+Lr’iJke’ .-+, Br}. We define the following sets: Vi =1,-- -, Lkﬁj,

Si={we AN :Binw#0,Yj = (i — Vke+ 1, ik}

with SL%JH ={we AN :Bjnw#0,Yj =ike+1,---,k}. From (ii), we know that PN{S;} >

1=®(e;ke, N),Vi=1,---, [{] and IP’N{SL%JH} > 1—®(€; k(mod k), N). Following the same ar-
N

gument in (i), we conclude that IP’N{ﬁiL:kfljSiﬂSLkLJH} >1- L%J@(e; ke, N)—®(e; k(mod k), N).
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The same reasoning also holds when k(mod k¢) = 0. From the results in Step II, we can also see
that, W(e; k, N) = [{£]®(€; ke, N) + @(e& k(mod ke), N) < [ k(1 — )N + k(mod ko)(1 — )V =
k(1 —€)N = ®,(e; k, N). This completes the proof.

D Proof of Lemma 6

From the condition that h(§) "2 > 0 for any € X and 6 € A, we conclude that Ay (w) is bounded
for any w € AN. In fact, an upper bound can be explicitly given:

s IEaXXv(é)Tx
[SPAW-AS N

_ AY.

min h(é)—'—gc}’vze (55)
deEAzEX

An(z) < max{0,

Hence, Ay is bounded for any N € Z*. With this, we prove that A\ = J7,,.;- The proof is
divided into two parts. We first show that 77, = J7,,, following the same arguments in the
proof of Lemma 2. From the definitions in (41) and (42), the optimality of A}, implies that the set
{z e X :v(&) Tz <Ny h(6;) ,i=1,2,--- ,d+1} is nonempty for any (01,82, -+ ,8441) € AL,

Again, as X is a compact convex set, from Helly’s theorem (see, e.g., Theorem 21.6 in [34]),

the set {z € X : v(0) @ < A\j k() 2,0 € A} is nonempty, implying that J7,, < Xi, ;.
Hence, Jj,05i = Ajyq as it holds trivially that A5, < J7,,,. We then show that A5, ; = Aj.

The second part can be considered as a simplified proof of Theorem 2 in [26] in the sense that
we do not require the uniqueness of the solution. The proof goes by contradiction. Suppose
N1 # Ay, de, Xy < AL as the sequence {\} }rez+ is non-decreasing. This means that there
exists w == (81,02, -+, 64+1) € A1 such that Agi1(w) > A5 > 0. Forany i € {1,2,---,d+1}, let
w; denote the samples by removing §; from w . Thus, Ag1(w) > Ag(w;) forany i € {1,2,--- ,d+1}.
Let (\*,2*) be a corresponding optimal solution of A\jy1(w), i.e., A* = Ag11(w). As the optimal
value of Problem (41) with w = (d1,02,- -+ ,d4+1) decreases when any of the d + 1 constraints
is removed, we conclude that (v(d;) — A\*h(d;))Tz* = 0, which implies that the vectors {z; =
v(8;) — A*h(8;) Y5} all lie in a (d — 1)-dimensional subspace orthogonal to 2*. We then define the
function Z(z) = max; 2, 2 and the convex optimization problem min,cx Z(x). The optimality
of (\*,z*) implies that z* is an optimal solution to min,ex Z(x); otherwise, there exists (A, z)
such that © € X, v(6;) Tz < M) Tw,i = 1,2,--- ,d + 1 and A < \*, which contradicts the
optimality of (A\*,z*). With this observation, from Theorem 27.4 in [34], we conclude that 0 €
conv({z;}*) + Nor,- (X), where Nor,-(X) denotes the normal cone of X at x*, i.e., the set of
vectors u such that u' (z —2*) < 0 for any € X. From Carathéodory’s theorem [39], there exists
asubset Z C {1,2,---,d+ 1} with |Z| < d such that 0 € conv({z; };ez) + Nory~(X), which implies
that there exists ¢ € {1,2,---,d + 1} such that Ag11(w) = Ag(@;), leading to a contradiction.
Therefore, it holds that A}, , = Aj. This completes the proof.

E Computational details in Section 6.1

Given any « € [0,0.5), for any ¢ < min{2a,1 — 2a}, let us define: Yk =0,1,--- , [ 22| — 1,

N(wn) — n(wn)

1
Wk::{wNEANzi—OéS 9 )

1 1
5—2a+kc§ﬁ(w1\7) < 5—2a—|—(k—|—1)c}
with
1 N(wn) — n(wn)
W 2| ::{wNEANzi—agf,
1 2c0 1
5 ~2at+—Jesmwy) < 5}
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By definition, py(a) = Z,EZZQOJ PN{W;}. We now construct over- and under-approximations of
{Wy} as follows: Vk=0,1,---,[22] —1,

1
WP = {wy € AV n(wn) < ~3 + (k4 1)e,
1 1
5—2a+kc§ﬁ(w1v) < 5—204+(/€+1)C},
1
Wil = {wy € AN cn(wy) < —3 + ke,
1 1
5—2a+k‘c§ﬁ(wz\r) < 5—2a+(k+1)c}
with
1
WLOZTQJ = {wy € AN in(wn) < —3 + 2a,
1 2 1
5~ 20+ [ e <) < 5,
1 2a
WLIQTQJ = {wN S AN Zﬂ(wN) < —5 + I_?JQ
1 2a 1
- =2 —le<7m < -h
220+ 2 e <7iln) < 3)
It can be verified that, for any £k =0,1,--- | LQTO‘J, Wl cw, C W,?, which means that
[22] 122)
> PV} <pw(e) < Y PY{WP) (56)
k=0 k=0

We then compute {PY{W2}} and {PV{W/}}. Let us first consider {PN{W}}. For any k =
0,1,--+,[22], we define the following sets: Sp={0eA:D(6)< 3—2a+(k+1)c}, Sy ={d €
A:t-2a+ke < D(S) < 2-2a+(k+1)c} and S) == {6 € A: D(0) < —3+(k+1)c}, as illustrated
in Figure 9. By simple calculation, P{S;} =1 —2a + (k + 1)¢, P{S}.} = ¢ and P{S,} = (k + 1)c.
Hence, W,? =8, NSy NS,, where Sp = {wy € AN s wy C Sk},gk = {wy € AN :wx NSy, # 0}
and Sy, = {wy € AN :wy NS, #0}. Forany k=0,1,---,[2%| — 1, we have that

PV WP} =PV{S, NS} + PV{S NS, }
— ]PN{Sk N (gk Uék)}

_ d AN _]P){gk}N
=P{S} - P{Sk})

P{ﬁk} )N
P{S,}

P{Si} + P{S,}\"
(- (1 R )

=(1-2a+ (k+ 1)) — (1 —2a+ke)V
—(1=20)" +(1-2a-¢)"

+1-(1-

23



When k = [22 |, PY{W2} = 1—(1— (20— |22 |¢))N — (1 — 2a)N+(1 — (4o — LQTC“JC)))N Combing
the equalities above yields

[22] %0

2BV} =(1 - 20+ |20 o) — (1 - 20)"

k=0
2a

+LC

| ((1 eV —(1- 2a)N)

+1—(1—(2a—\_27ajc) N_a-2a)"

+ (160 200)”

From the fact that lim, ,o|2%|c = 2a, we obtain that

122)
: NOy — 1 _ (1 _ 9N _ _ o9 \N-1
lim S PV WP =1-(1-2a)" - 2aN(1 - 2a)N 1,
k=0
Following the same reasoning, it also holds that
122)
: NIy — 1 (1 — 9. N _ _ 9. \N-1
lim S PY{W=1-(1-20)" —2aN(1 - 2a)" .
k=0
Since (56) holds for any ¢ < min{2a, 1 — 2a}, we conclude that
py(a) =1—(1—2a)N —2aN(1 - 22)V 1.

It is easy to see that py(a) = 1 when oo = 0.5. Hence, U(-) as defined above is the tail probability.

D(9)
0.5

0.5 —2a+ (k + 1)d
0.5 —2a + kc

—————————— —0.54 (k+1)c

Figure 9: Illustration of Sk andS k-
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