Noname manuscript No.
(will be inserted by the editor)

Distributionally Robust Chance Constraints for Non-Linear
Uncertainties

Wenzhuo Yang - Huan Xu

Received: date / Accepted: date

Abstract This paper investigates the computational aspects of distributionally ro-
bust chance constrained optimization problems. In contrast to previous research that
mainly focused on the linear case (with a few exceptions discussed in detail below),
we consider the case where the constraints can be non-linear to the decision variable,
and in particular to the uncertain parameters. This formulation is of great interest as
it can model non-linear uncertainties that are ubiquitous in applications. Our main
result shows that distributionally robust chance constrained optimization is tractable,
provided that the uncertainty is characterized by its mean and variance, and the con-
straint function is concave in the decision variables, and quasi-convex in the uncer-
tain parameters. En route, we establish an equivalence relationship between distribu-
tionally robust chance constraint and the robust optimization framework that models
uncertainty in a deterministic manner. This links two broadly applied paradigms in
decision making under uncertainty and extends previous results of the same spirit in
the linear case to more general cases. We then consider probabilistic envelope con-
straints, a generalization of distributionally robust chance constraints first proposed
in Xu et al. [40] for the linear case. We extend this framework to the non-linear case,
and derive sufficient conditions that guarantee its tractability. Finally, we investigate
tractable approximations of joint probabilistic envelope constraints, and provide the
conditions when these approximation formulations are tractable.
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1 Introduction

Many optimization and decision making problems, when facing stochastic parame-
ter uncertainty, can be tackled via the celebrated chance constraint paradigm. Here,
a deterministic constraint is relaxed, and instead is required to hold with a certain
probability (w.r.t. the uncertain parameter). That is, given a constraint f(x,d) > «
where x denotes the decision variable, @ € R denotes the target value, and 9, the
uncertain parameter, follows a distribution u, one solves:

Psulf(%,6) = a] = p, (D

for some value p € (0, 1). Chance constraints were first proposed by Charnes and
Cooper [11], and since then there has been considerable work, e.g., Miller and Wag-
ner [31], Prékopa [34], Delage and Mannor [16], and many others; we refer the reader
to the textbook by Prékopa [35] and references therein for a thorough review.

While the chance constraint formulation is conceptually intuitive, it has two dis-
advantages that limit its practical applications. First, it is usually difficult to obtain
enough samples to accurately estimate the distribution . Second, optimization prob-
lems involving chance constraints are notoriously hard to solve, even when f(-,-) is
bilinear (i.e., linear in either argument) and p is a uniform distribution (Nemirovski
and Shapiro [32]). Indeed, the only known tractable case of the chance constraint for-
mulation is when f(, -) is bilinear and p follows a radial distribution (Calafiore and
El Ghaoui [10]; Alizadeh and Goldfarb [1]).

A natural extension of the chance constraint paradigm that overcomes the above
mentioned problems is the distributionally robust chance constrained (DRCC) ap-
proach (e.g., Calafiore and El Ghaoui [10], Erdogan and Iyengar [22], Delage and
Ye [17], Zymler et al. [41]). In this paradigm, the distribution of the uncertain pa-
rameter is not precisely known, but instead, it is assumed to belong to a given set 3.
Constraint (1) is then replaced with the following constraint

inf Ps,u[f(x,0) > o] > p. (2)

neP
In words, (2) requires that for all possible probability distributions of the stochas-
tic uncertainty, the chance constraint must hold. Typically, B is characterized by the
mean, the covariance, and sometimes the support of the distribution as well, all of
which can be readily estimated from finite samples. The DRCC approach also brings
in computational advantages, e.g., Cheung et al. [14] developed safe tractable ap-
proximations of chance constrained affinely perturbed linear matrix inequalities. A
celebrated result by Calafiore and El Ghaoui [10] shows that when f(-, ) is bilinear
and 3 is characterized by the mean and the variance, DRCC (2) can be converted
into a tractable second order cone constraint.

Yet, most previous results on the tractability of DRCC are restricted to the case
that f(-,-) is bilinear, whereas not much has been discussed when f(-,-) is non-
linear. One exception that we are aware of is Zymler et al. [41], where they showed
that DRCC is tractable when f(x, d) is linear in the decision variable x and quadratic
or piecewise linear in the uncertainty 6. However, their method is built upon the S-
lemma, and hence it is not clear how to extend the method to more general cases.



Distributionally Robust Chance Constraints for Non-Linear Uncertainties 3

Another one is Cheng et al. [13] where they studied the knapsack problem with dis-
tributionally robust chance constraints when f(x, d) is piecewise linear in the uncer-
tainty & and provided its equivalent formulation when the first and second moment
and the support information of § are known. To the best of our knowledge, the general
non-linear case is largely untouched.

This paper is devoted to analyzing the tractability of DRCC (and its variants)
under general — i.e., non-linear — f(-, ). This problem is of interest, because in many
applications the uncertainty is inherently non-linear, and cannot be modeled using
a bilinear f(-,-), e.g., [9,28,42]; see Section 2 for a more detailed discussion. In
particular, we consider the following constraint

it Plf(x.8) > o] > p 3)

where f(x, d) is concave in x, and quasi-convex in §. Here, following the notations
from Xu et al. [40], we use (0, X) to denote all distributions with mean zero and
variance X, and let § ~ (0, X) stand for § follows some unknown distribution p
that belongs to (0, X'). Notice that DRCC is a special case of distributionally robust
optimization (e.g., [36,21,33,17]) by setting the utility function to the indicator func-
tion. However, because the indicator function is neither convex nor concave in either
argument, previous results on the tractability of DRO do not apply in our setup.

Our first contribution, presented in Section 3, establishes that Constraint (3), when
f(,-) is concave-quasiconvex, is tractable. En route, we derive an equivalence rela-
tionship between (3) and a robust optimization formulation using a deterministic un-
certainty model (e.g., Ben-Tal et al. [6,7,5] Bertsimas and Sim [8]). This result thus
links the two arguably most widely used approaches in optimization under uncer-
tainty, and extends previous results of the same spirit for the linear case (e.g., Delage
and Mannor [16], Shivaswamy et al. [38]).

Our second result, presented in Section 4, establishes the tractability of the prob-
abilistic envelope model in the non-linear case. The probabilistic envelope model is
proposed in Xu et al. [40], based on the following observation: the chance constraint
(1) only guarantees that the given constraint will be satisfied with probability p or
violated with the remaining (1 — p) probability, but no control is provided on the
degree of violation. To overcome this, Xu et al. [40] proposed the probabilistic enve-
lope constraint framework — essentially a set of infinite number of chance constraints
at all levels of potential violation. That is, replace the single DRCC in (3) with the
following

aNl(%fE)IP[f(x,é) >a—s]>B(s), Vs >0, 4)
where B(s) is a given non-decreasing and right-continuous function of s. However,
only the bilinear case has been investigated. In this paper, we extend the probabilis-
tic envelope constraint to non-linear uncertainties. We prove that the optimization
problem involving the probabilistic envelope constraint (4) is tractable when f(-,-)
is concave-quasiconvex and B(s) satisfies some weak conditions. Similarly as for
the (single) DRCC case, we establish a linkage between probabilistic envelope con-
straints and the comprehensive robust optimization framework using a deterministic
uncertainty model (Ben-tal et al. [3,2]).
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It is worthwhile to note that the probabilistic envelope constraint is closely re-
lated to stochastic dominance constraints in the literature of stochastic programming
(Dentcheva and Ruszczyniski [18-20]); see Chapter 4 of the book by Shapiro et
al. [37] for more details. A stochastic dominance constraint refers to a constraint
of the form X = (k) Y where X and Y are random variables and =) stands for
k-th order stochastic dominance. Thus, a probabilistic envelop constraint is indeed a
first-order stochastic dominance constraint with the right hand side is a random vari-
able whose cumulative distribution function is B(s). However, most of the literature
in optimization with stochastic dominance constraints does not address this specific
case and instead focuses on the second (or higher) order constraints case, a case that
preserves convexity and is more amenable to analysis. As we restrict our attention to
this specific case, we choose to use the name “probabilistic envelop constraint”.

Finally, we extend our results in two ways, namely, more flexible uncertainty
modeling and joint constraints. In Section 5, we provide tractability results for the
case where the mean and variance themselves are unknown, and the case that the
mean and the support of the distribution of the uncertain parameters are known. For
more general uncertainty models where exact results appear difficult, we provide
a conservative approximation scheme based on CVaR approximation of the chance
constraints. In Section 6, we extend the probabilistic envelope constraint formulation
to its joint chance constraint counterpart. This typically leads to a computationally
challenging problem, and we adopt the CVaR approximation approach proposed by
Zymler et al. [41], and show that the joint probabilistic envelope constraint can be
approximated tractably under some technical conditions.

Notation. We use lower-case boldface letters to denote column vectors, upper-
case boldface letters to denote matrices, and the transpose (superscript T) of the
column vectors to denote row vectors. The all-ones vector is denoted by 1. The
space of symmetric matrices of dimension n is denoted by S™. For any two matri-
ces X, Y € S", (X,Y) = tr(XY) denotes the trace scalar product, and the relation
X =Y (X > Y)implies that XY is positive semi-definite (positive definite). Ran-
dom variables are always represented by 6. Finally, we call an optimization problem
tractable if it can be solved in polynomial time and call a set tractable if it is convex
and a polynomial-time separation oracle can be constructed.

2 Formulation and Motivating Examples

We first propose the distributionally robust chance constraint, the probabilistic enve-
lope constraint and the joint probabilistic envelope constraint discussed in this paper.
For clarity, we repeat some of the definitions given in the introduction. Given a ran-
dom variable 4 and a function f(x,d), a chance constraint places a lower-bound on
the probability that the constraint reaches a certain target, which is defined as

Distributionally Robust Chance Constraint: s i(r(l)fz) Plf(x,6) > a] >p. (5)

As discussed above, the distributionally robust chance constraint provides protection
against noise by bounding the probability of failing to achieve a pre-defined target
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a. It says nothing about what happens when, with probability at most (1 — p), the
target is not met. In particular, there is no control over the magnitude of violation of
the constraint. To overcome this shortcoming, the probabilistic envelope constraint
is proposed, which can enforce all levels of probabilistic guarantees. Given a non-
decreasing function 2B(s), the probabilistic envelope constraint can be written as

Probabilistic Envelope Constraint: s i(%fz) P[f(x,0) > o — s] > B(s); Vs > 0.
| (©)

For example, if we want the probability of large constraint violation to decrease expo-
nentially, then we can set B(s) = 1 —~exp(—/s). Besides the individual probabilis-
tic envelope constraint discussed above, we propose the following joint probabilistic
envelope constraint (JPEC):

JPEC: 5 i(réfE)IF’[fi(x,é) >a;—s, Vi=1,---,m|>B(s); Vs > 0. (7)

Computationally, the joint envelope constraint is more complicated. A common method
to simplify it is to decompose it into m individual envelope constraints by applying
Bonferroni’s inequality. However, since Bonferroni’s inequality is not tight, this ap-
proximation method is usually overly conservative. In this paper, we use the worst-
case CVaR method proposed by Zymler ef al. [41] to give a tractable and tighter
approximation for this joint envelope constraint.

Although the three types of constraints (5), (6), and (7) above can be general,
they may not be tractable due to the non-convex feasible sets. To ensure tractability,
we focus on the “concave-quasiconvex” case, i.e., the function f is concave w.r.t. the
decision variable, and quasi-convex w.r.t. the uncertain parameters, see the following
for a precise description:

Assumption 1 Let X and Y be two convex sets, and let f be a function mapping from
XxYroR,

1. For each x € X, the function f(x,-) is quasi-convex and continuous on Y. For
eachy €Y, the function f(-,y) is concave on X.

2. The uncertainty § is modeled as a random variable whose mean and variance are
known but its distribution is unknown. Without loss of generality, we assume the
mean is zero.

Notice that Assumption 1 generalizes the case where f(-,-) is bilinear — a setup
that previous literature mainly focused on — to the non-linear case. In particular, the
uncertainty can be non-linear. Non-linearity of uncertainty arises naturally in a broad
range of applications, as we demonstrate by the following examples.

Example 1: Portfolio Optimization

Consider a stylized portfolio optimization problem, where an amount is to be allo-
cated to n stocks and held for a time period T'. Denote the price of the 7th stock after
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time 7 by S;, and our goal is to maximize the Value at Risk (VaR) of the total return
of the portfolio, which leads to the following formulation, for a fixed v € (0, 1)

Maximize:x>0,. 2

Subject to: ]P’[ZSixi > z} >1—y 1Tx=1,

where z; is the allocation for the ith stock. It is well believed that the true drivers of
the uncertainty in stock price is not the stock return S; itself, but instead the com-
pounded rates of return, i.e., S; = exp(d;) where ¢; is the random variable to model
and analyze. For example, the celebrated log-normal model, pioneered by Black and
Scholes [9], models S; as S; = exp ((uZ —02/2)T + \/sz) where the vector £ is
Normally distributed with mean 0 and covariance matrix Q. This can be rewritten as
S; = exp(6;) where § ~ N ((u; — 02/2)T,TQ).

One common criticism of the log-normal model is that it assumes £ to be Gaus-
sian, whereas empirical evidence suggests that & (and hence &) is fat-tailed (e.g.,
Jansen and deVries [26], Cont [15], Kawas and Thiele [27]). Since the Gaussian as-
sumption ignores the fat tails, it essentially leads the managers to take more risk than
she is willing to accept. On the other hand, it remains controversial about what is the
most appropriate fat-tail distribution to use in modeling returns [23,29,26,15], and
“this controversy has proven hard to resolve” as Jensen and de Vries stated [26]. In
light of this, one possible approach is to not commit to any distribution, but instead
only require that the first two moments match. This leads to the following problem:

Maximize:x>0,. 2

Subject to: inf P exp(6)z; > 2| >1—n; 1Tx =1,
! ~((pi—0?/2)T,TQ) [Z (%) K
®)

Observe that this formulation satisfies Assumption 1, i.e., the constraint is linear to
the decision variable and non-linearly convex to the uncertain parameters, and the
decision variables are non-negative.

In portfolio optimization, options are another cause of non-linearity of the un-
certainty (Kawas and Thiele [28], Zymler et al. [42]). Suppose for each stock, the
investor is allowed to purchase an European call option at the price of ¢; per unit,
which gives her the right to buy a unit of stock ¢ at time 71" with the strike price p;.
Thus, denote the stock return as S;, the return of this option is max(.S; — p;, 0), since
the investor will execute the option if and only if S; > p;. The portfolio optimization
problem is thus formulated as

Maximize:x>0,y>0,2 2
Subject to: P[Z (S;z; + max(S; — p;, 0)y;) > z} >1—;
;

> @i+ i) =1,

3

where y is the investment of the European call options. Notice that the constraints
are non-linear, yet convex to .S;. Indeed, following the previous argument, we may
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further model .S; = exp(J;), and require that the first two moments of § are known.
This makes the probabilistic constraint again satisfy Assumption 1.

Example 2: Transportation Problem

Solving multi-stage optimization problems may also result in non-linearity of uncer-
tainty and decision variables. We illustrate this using a transportation decision prob-
lem. Given a directed graph G = (V, ), and let S C V be the set of source nodes,
and D C V be the set of destination nodes, with S(| D = (. One can think of each
node in S as a supplier, and each node in D as a consumer.

The decision to make contains two stages: in the first stage, the decision maker
needs to decide the required flow of each source node and each destination node, i.e,
s(i) for i € S and d(j) for j € D. One can think of this as deciding how much
amount of good to order from each supplier, and how much to sell to each client.
Certain linear constraints on the required flow are imposed: for example, the total
supply equals to the total demand, and they must be larger than a minimum demand
Lie,) icss(i) = ZJED d(j) > L.

In the second stage, after all the ordered goods are produced by the suppliers,
the decision maker needs to decide how to transport these goods, i.e., the flow on the
network from sources to destinations, by solving a minimum cost flow problem given
s; and d;. This can be formulated as a linear program, where the decision variable
f(u,v) is the flow from node u to node v:

Minimize: Z 0(u,v) f(u,v)

(u—v)eé
Subject to: Z fu,v) — Z flo,u)=0 VugéSUD
(u—v)e€ (v—u)EE
Z flu,v) — Z fo,u) =s(u) YuesS;
(u—v)eé (v—u)e€
Z flu,v) — Z fv,u) = —d(u) Vu € D;
(u—v)€e€ (v—=u)eé

flu,v) >0 Y(u—wv)e&;
flu,v) =0 V(u—v) €.

Denote the optimal value by h(s, d, d). Suppose d represents uncertain parameters
whose values are only revealed at stage two, then to ensure that the total transportation
cost is low with high probability, the first stage decision can be formulated using
DRCC:

Maximize:s>0,a>0,> 2

Subjectto: inf P|—h(s,d,d)>z| >1—1;
j s nf [ = N(s,d, 8) > z] ol

dos(i)=> dG) =1L

€S jED
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It is easy to verify that —h(s,d, ) is non-linearly concave w.r.t. the decision vari-
ables (s, d) and non-linearly convex w.r.t. 8. Thus, the above transportation problem
satisfies Assumption 1.

3 The Chance Constraint Case

This section is devoted to the (individual) distributionally robust chance constraint
case (5). Our main theorem shows that when function f(x, d) satisfies Assumption
1, then a DRCC is equivalent to a robust optimization constraint. This bridges the two
main approaches in optimization under uncertainty, namely, stochastic programming,
and robust optimization. We then investigate the tractability of DRCC, providing suf-
ficient conditions for the individual DRCC (5) to be tractable.

3.1 Equivalence to Robust Optimization

In this subsection we show that DRCC is equivalent to robust optimization by ana-
lyzing the feasible set given by the constraint (5), which we denote by

S 2 (x| inf PlAG8) > ol 2 ph= (x| sp PI7(x.6) <] <1-p).

Our main tool to analyze S is the following result from Marshall and Olkin [30].

Lemmal Let & = (8y,--- ,0;) be a random vector with E[6] = 0, E[66 '] = X,
and T C RF be a closed convex set. Then we have

1
<
PoeT] < o

where § = infycr \/ y T XYy, and the equality can always be attained.

Notice that one technical difficulty that we face to apply Lemma 1 is that the set
{d|f(x,8) < a} may not be closed. Hence we extend Lemma 1 to the case where T
is not necessarily closed:

Lemma 2 Let T C R be a convex set. Denote 6 = infyer v/ y T Xy, Then we
have

sup PoeT]|=——.
5~(0,X) [ ] 1+ 062

Proof When T'is empty, we have sups,_ (o 5 P[0 € 7] = 0. On the other hand,

0 = infyer 'y X'y = +oo which implies 1/(1 + 6) = 0. Hence the lemma
holds.

When 7" is non-empty, 7" has a non-empty relative interior. Let X be a point in
the relative interior of T'. Let T" be the closure of T, and for 0 < A < 1 define T'(\)
by

T(A\) = {\(x —x0) +xo|x € T}.



Distributionally Robust Chance Constraints for Non-Linear Uncertainties 9

Thus, we have T'(\) is closed, convex, and T'(\) C T'. Define

= inf \/yTX ty, 0=inf \/yTEX 'y, 0(\) = inf \/yTX 'y,
YET YET(N)

and hence #(\) > 6 > 6. On the other hand, for any x € T, one can construct a
sequence x; — x such that x; € 6(\;) for some {\;}$2,, by the definition of T'()\).
Thus, since y ' X'y is a continuous function of y, we have infyep,1) 8(N) < 9,
which implies infyepo,1) 8(\) = . By Lemma 1, the following inequalities hold for
0 < A < 1since T(A) and T are both closed convex sets:

1 — 1
————= sup P0eTN]< sup PdeT|< sup PoeTl]=——.
L+0(N)?  se0,3) | @l 5~(0,%) [ ] 5~(0,%) [ } 1+9°
Since supxe(o,1) TTg7 = ﬁ, we have

sup P[6€T]= sup P[§eT)|
5~(0,%) 5~(0,%)

which establishes the lemma. [
Now we are ready to present the main result of this subsection.

Theorem 1 Suppose f(x, ) is quasi-convex for every x € X and f(-,y) is concave
foreveryy €Y, andletp € (0,1) and set r = p/(1 — p), then the feasible set S of
the DRCC (5) is convex and admits

S = {x|Vy suchthaty " X'y < r = f(x,y) > a}.

If f(x,-) is further assumed to be continuous for every x € X, then the distribution-
ally robust chance constraint infs. o 5y P[f(x,0) > a] > p is equivalent to

fxy) 2o, Vye Q2 {yly' 27y <r}.
Proof Since f(x, -) is quasi-convex for each x € X, the set Ty = {y|f(x,y) < a}is
convex for fixed x. Then from Lemma 2, the feasible set of the constraint (5) satisfies

52 x|, inf PI:8) 2 ol 2p) = (] sup_ PIf(x.8) <a) <1-)

—{x| sup PoeT)<1-p} 2L {x| inf y' & y=>r}
5~(0,%) yeTx

= {x] £ iﬂg y ' X'y >r} = {x|Vy such that f(x,y) < a =y ' X 'y >r}
x,y)<a

= {x|Vy such thaty " X'y < r = f(x,y) > a},

where (a) holds by Lemma 2. Since f(-,y) is concave for every y, we know that S
is convex, as the property is preserved under arbitrary intersection. Hence we proved
the first part: S = {x|Vy suchthaty ' X'y < r = f(x,y) > a}.

To show the second part, further notice that p € (0,1) implies » > 0. Thus we
have

S = {x|f(x,y) >, Vysuchthaty ' X'y <r},

where the equality holds because for each x € X, f(x,y) and y " X'y are both
continuous in y so that we can replace “<” by “<” without effect on S. [
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Thus the probabilistic uncertainty model is linked to the deterministic set based
uncertainty model of robust optimization (e.g., Ben-Tal and Nemirovski [6,7], Bert-
simas and Sim [8]). This result is in the spirit of past work that has linked chance
constraints to robust optimization in the linear case (e.g., Delage and Mannor [16],
Shivaswamy et al. [38]).

Interestingly, based on the above theorem, we can establish an equivalence re-
lationship between the distributionally robust chance constraint and the Worst Case
Conditional Value at Risk (WCCVaR) in the convex case, which recovers a result first
shown in [41] using a different proof.

Corollary 1 Suppose f(x,-) is convex and continuous for every x € X, then for
p € (0,1),

inf P[f(x,0)>a]>p< sup CVaRi_,(—f(x,0)) < —a.
6~(0,%) 5~(0,%)

Proof See Appendix A. [

In the most general case, i.e., f(x,d) is quasi-convex, the equivalence shown in
Corollary 1 does not hold. Consider a constraint with a random variable d:
inf P ,0) > «a] > 0.5.
st [f(x,0) =2 a] =
We now construct a function f(x, d) that is quasi-convex but not convex w.r.t. §. In
particular, we construct f(x, ¢) that is decreasing (hence quasi-convex) and concave
w.r.t. 4, such that the DRCC above holds but the constraint on the worse-case CVaR
does not hold. For simplicity, denote — f(x, -) by L(-) and let « = —o. Define L(-)

as follows: /e
o, < 4\/0o;
L(z) = {x2, x> +/o.
It can be easily shown that the constraint inf;. g, ,) P[L(J) < o] > 0.5 holds. Con-
sider an uniform distribution over the interval [—v/30, v/30] which has mean 0 and
variance 0. By simple computation, we can see that CVaRg 5(L(d)) > o w.r.t. this
uniform distribution when o = 1.

3.2 Tractability of Individual DRCC

In this subsection we investigate the tractability of DRCC. We first provide sufficient
conditions for optimization problems involving chance constraint (5) with function
f(x,d) being tractable. We then show that for the special case where f(x,d) =
g(8) Tx and g(&) is linear or convex quadratic, we can convert (5) to an equivalent
semi-definite constraint.

Theorem 2 If function f(x,d) satisfies Assumption 1, set ¥ C X is tractable and
p € (0, 1), then the following optimization problem

Minimize:xcw c'x

Subject to: inf P o) >al > ®)
ubjectto:_ inf P[f(x,6) 2 a] = p
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can be solved in polynomial time, if (i) for any fixed § the super-gradient of f(-, )
can be evaluated in polynomial time; and (ii) for any fixed x € W the following
optimization problems on'y can be solved in polynomial time,

Minimize:y  f(x,y)

10
Subject to: yTX ly < P (10)
L=p
Proof By Theorem 1, the feasible set S of the constraint (5) is given by
S = {x|f(x,y) > a, Yy such thaty ' &'y < 1L}
—-p

To establish the theorem, it suffices to construct a polynomial-time separation oracle
for S (Grotschel et al. [25]). A “separation oracle” is a routine such that for x*, it can
be verified in polynomial time that (a) whether x* € S or not; and (b) if x* ¢ S, a
hyperplane that separates x with S.

We now construct such a separation oracle. To verify the feasibility of x*, notice
that x* € S if and only if the optimal value of the optimization problem (10) is
greater than or equal to «, which can be verified by solving Problem (10) directly. By
assumption, this can be done in polynomial time.

If x* ¢ S, then by solving Problem (10), we can find in polynomial time y* such
that f(x*,y*) < a. Because f(x,y) is concave in x for eachy € Y, for any x € S,
the following holds

FEY) + Vaf (x5, y) N (x = x7) 2 flxy") 2
Thus, the hyperplane separating x* from the feasible set S is the following
f(x*ay*) + Vlf(x*ay*)T(x - X*) > «,

which can be generated in polynomial time since the super-gradient of x can be ob-
tained in polynomial time. [

We now consider the special case that f(x, ) = g(§) " x and each component g; (&)
of g(9) is either quadratic convex or linear.

Corollary 2 If f(x,8) = g(8) " x and satisfies Assumption 1 and each component of
g(0) is a convex quadratic or linear function, i.e., it has the form g;(§) = "G+
p;r 4 + q;, where p; € R", q; € R and G; € S™ is a symmetric semi-definite matrix
(G is zero if g;(0) is linear), then the following optimization problem

Minimize:xcw  c(X)

. . 1)
Subject to: £ Plg(8) x> al > (
ubjectto: inf [9(8) x>a] Zp

where p € (0,1), is equivalent to

Minimize:xcw g>0 c(x)

BE'+G(x) 1iP(x) )E 7 (12)

Subject to: ( Px)T Q(X)—lﬂfp
-p

1
2

where G(x) 231" 2,G;, P(x) £ Y1 a;pi, and Q(x) £ Y1 ¢, — .



12 Wenzhuo Yang, Huan Xu

Proof See Appendix B. [

Notice that G(x), P(x) and Q(x) are all linear functions of x, and hence the semi-
definite constraint in Problem (12) is a linear matrix inequality. Compare to the result
by Calafiore and El Ghaoui [10] which only considers the case where f(-,-) is bi-
linear, the result above holds when f(x,-) is convex quadratic. Zymler et al. [41]
showed that DRCC is tractable when f(x, ) is linear in x and quadratic in §. How-
ever, their method is built upon S-lemma, and hence it is not clear how to extend the
method to more general cases. Our formulation needs stronger conditions — f(x, -) is
convex quadratic — than [41], but the equivalent formulation is simpler than [41].

4 Probabilistic Envelope Constraint

Recall that the probabilistic envelope constraint refers to the following:

awi(%,fz)P[f(X"s) > a—s]>B(s); Vs >0. (13)
Here, s represents allowed magnitude of constraint violation, and 2B(s) is the prob-
abilistic guarantee associated with a constraint violation no more than s. Hence,
B(s) € (0,1) for all s > 0, and is assumed to be non-decreasing without loss of
generality.

When f(x,d) is bilinear, the envelope constraint (13) is shown to be equivalent
to a comprehensive robust constraint, and proved to be tractable under mild technical
conditions in Xu et al. [40]. We consider in this section the tractability of (13) where
f(x, 6) satisfies Assumption 1. For convenience of exposition, we rewrite (13) to an
equivalent formulation as shown in the following lemma.

Lemma 3 If B(s) : Rt — (0,1) is a non-decreasing function that is continuous
from the right, then the probabilistic envelope constraint (13) is equivalent to

r

inf P[f(x,0) > a—t(r)] >

; Vr > 0. 14
§~(0,%) 147 "= (19

Here t(r) = B7Y( ) and B~1(z) is defined as

B (z) & [y = 01B(y) = 2} if 3y such that Bly) >
-t otherwise.

Furthermore, t(-) is non-decreasing, t(0) = 0, lim,44o t(r) = +oo, and t(-) is
continuous at the neighborhood of 0.

Proof See Appendix C. [

Hence in the sequel, we analyze the probabilistic envelope constraint (14) in-
stead of (13). The following theorem shows that a probabilistic envelope constraint is
equivalent to a comprehensive robust constraint proposed in Ben-Tal et al. [3], Ben-
Tal et al. [4] and Ben-Tal et al. [2]. This thus extends previous results for affine cases
in Xu et al. [40] to general f(-,-) satisfying Assumption 1.
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Theorem 3 Supposet : RT — [0, +00) is non-decreasing, t(0) = 0, lim, 440 (1) =
~+00 and continuous at the neighborhood of 0. Then if function f(x,d) satisfies As-
sumption 1, the probabilistic envelope constraint

r

inf P[f(x,0) > a—t(r)]> ; Vr >0 (15)

6~(0,%) 1+7r
is equivalent to the comprehensive robust constraint
Fxy) = a—t(lyls), ¥y €R™. (16)

Proof Define the feasible set of (15) as .S. For any fixed r > 0, we have

5() = {xI, inf PlrG8) 2 a1 2 - |

5~(0,5) T 1+
= {x|Vy suchthaty " X'y < r = f(x,y) +t(r) > a}.

by Lemma 3 and Theorem 1. Thus, we have

r
= inf > o — > — >
S {x| 5N1(1%72)IP’[f(x,6) > a—t(r)] > s Vr > O}

= {x|Vy suchthaty " X'y < r = f(x,y) + t(r) > o; Vr > 0}.

Notice that without loss of generality, we can neglect the case » = 0 in the right hand
side, as {y|y ' X'y < 0} = (). Thus we have

S = {x|Vysuchthaty ' X'y <r = f(x,y) +t(r) > o Vr >0},

where in the last equality we use the fact that Vx € X, f(x,y) and y' X'y are
both continuous in y, we can replace “<” by “<” without effect on S as long as
{y" X'y < r} is non-empty. By continuity of #(r) at r = 0, we further have

S = {x|¥(y,r) suchthaty ' X'y <r = f(x,y) +t(r) > a}.

The second equality holds because there exists no y such that yTEAy < r when
r < 0 so that the constraint » > 0 can be removed. Hence the probabilistic envelope
constraint is equivalent to

f(x,y)+t(r) > a, VY(y,r) such that ||y||2271 <r. (17)
Notice that (17) is equivalent to constraint (16) by monotonicity of ¢(-). [

It is known that comprehensive robust optimization generalizes robust optimiza-
tion (e.g., Ben-Tal et al. [3], Ben-Tal ef al. [4] and Ben-Tal et al. [2]). Indeed, if ¢(-)
is taken to be an indicator function, i.e., t(r) = 0 for r € [0, c| and o0 for r > ¢,
the formulation (16) recovers the standard robust optimization formulation with the
ellipsoidal uncertainty set @ = {y|y ' X'y < c}. On the other hand, while robust
optimization guarantees that the constraint is not violated for any realization of the
uncertain parameters in the set {2, it makes no guarantees for realizations outside
that set. In contrast, the comprehensive robust optimization formulation allows us to
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choose different functions ¢(-), in order to provide different levels of protection for
different parameter realizations, as opposed to the “all-or-nothing” view of standard
robust optimization.

We now investigate the tractability of probabilistic envelope chance constraints.
We first consider the general case where f(x, §) is an arbitrary “concave-quasiconvex’
function. The following theorem is essentially an envelope constraint counterpart of
Theorem 2.

i

Theorem 4 [ft(-) satisfies the conditions in Theorem 3, f(x, 8) satisfies Assumption
1 and set © C X is tractable, then the optimization problem with a linear objective
function and the probabilistic envelope constraint (13):

Minimize:xcw c'x
Subject to: inf P[f(x,0) >a—t(r)] > " v >0 (18)
/ C o 6~(0,3) T “ 14+ T

can be solved in polynomial time if (1) one can provide the super-gradient of f(x, )
at X for fixed & in polynomial time, and (2) for any fixed x the following optimization
problems can be solved in polynomial time:

Minimize:y ,  f(x,y) + t(r)

(19)
Subjectto: y' X'y <r.

Proof By Theorem 3, the feasible set .S can be rewritten as
S = {x|¥(y, ) such that y X ly<r= fx,y)+t(r) > a}.

Similar to the proof of Theorem 2, we construct a separation oracle to prove tractabil-
ity. In order to verify the feasibility of a given x*, notice that x* € S if and only if
the optimal objective value of the optimization problem (19) is greater than or equal
to «, which can be verified by directly solving Problem (19). By assumption, this can
be done in polynomial time.

If x* ¢ S, then by solving Problem (19), we can find in polynomial time (y*, r*)
such that f(x*,y*) + t(r*) < . Because f(x,y) is concave in x foreachy € Y,
for any x € S, we have

FOEY) + VI Y) T (x—x*) +07) 2 fx,y") +1(7) > o
Hence the hyperplane separating x* from the feasible set S is the following:
POy + VI y) T (x = x) +1() > a, (20)

which can be generated in polynomial time since the super-gradient of x can be ob-
tained in polynomial time. This completes the proof. [

Our next result states that when f(x,d) = g(8) "x and g;(8) is quadratic, (14)
can be converted to a semi-definite constraint.
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Corollary 3 Suppose t(-) satisfies the conditions in Theorem 3 and is convex, f(x,8) =
g(8) "x satisfies Assumption 1 and ¥ C X is tractable, then if each component g;(8)
of g(0) is linear or convex quadratic as in Corollary 2, the optimization problem (18)

is equivalent to

Minimize:xcw g>0 c'x
. BE '+ G(x)  LP(x) ) 21
Subject to: 2 ] =0
! ( LP)T Q) —(8)
where t*(3) is the conjugate function of t(r), i.e., t*(8) £ sup,>q (Br — t(r)); and
P(),G(+), Q(-) are defined as in Corollary 2. Furthermore, the optimization problem
(18) with a linear objective function and the probabilistic envelope constraint can be
solved in polynomial time if for any 5 > 0 the following optimization problem on r
can be solved in polynomial time:

Minimize: ;> t(r) — pr. (22)
Proof See Appendix C. [

In particular, when ¢(r) is a convex function, the optimization problems (19) and
(22) are both convex and can be solved efficiently.

5 Chance Constraints: Beyond Mean and Variance

Thus far we have studied the setup that models unknown parameters as following
an ambiguous distribution with known mean and covariance. In this section we ex-
tend our results to some other models of uncertain parameters — this includes the
case where the mean and the covariance themselves are unknown and can only be
estimated from data; and the case where other information of the uncertain param-
eter (e.g., the support) may be available. Specifically, we first show that the chance
constraint (5) and the probabilistic envelope constraint (6) with uncertain mean and
covariance are still tractable. Then we deal with the case where the mean and sup-
port of the uncertain parameter are known. Finally, we apply distributionally robust
optimization to make a conservative approximation for constraints (5) and (6) when
additional information on the uncertain parameter is available.

5.1 Uncertain Mean and Covariance

We first study the uncertain mean and covariance case. This model of ambiguity
was first proposed and studied in [17] for distributionally robust optimization, and
was also investigated for linear chance constraints in [40]. We formulate the robust
counterparts of the distributionally robust chance constraint (5) and the probabilistic
envelope constraint (6) where the mean and covariance themselves are uncertain, and
then show that optimization problems with these constraints are tractable under mild
conditions. Based on Theorem 1 and Theorem 3, we can easily obtain the following
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corollaries. Corollary 4 and Corollary 5 show that the DRCC and the probabilistic
envelope constraint with unknown mean and covariance is equivalent to a set of (in-
finitely many) deterministic constraints. Note that the uncertainty sets &/ and S can
be arbitrary. Corollary 6 shows the tractability of probabilistic envelope constraints.

Corollary 4 Iffunction f(x,8) satisfies Assumption I, then for p € (0, 1) the chance
constraint

inf Plf(x,6) > o] > p, 23

o ses [f(x,8) =2 a] = p (23)

is equivalent to the constraint f(x,y + p) > o, Vy € R",u € Uand ¥ €

X
S such that (yT 2),) > 0, where U and S are the uncertainty sets of mean

1-p
and covariance X, respectively.

Corollary 5 Supposet : Rt +— [0, +00) is non-decreasing, t(0) = 0, lim,4 o0 t(r) =
~+00 and is continuous at the neighborhood of zero. Then if function f(x,§) satisfies
Assumption 1, the probabilistic envelope constraint

r

inf P o) >a—t > Vr>0 24
JN(M,E)I,IIILEM,EES [f(x,0) 2z a—t(r)] 2 Tyr =0 24
is equivalent to the constraint
inf > a—t(inf_|ly[/%- R" 25
Jof fOoy +p) 2 a—t(inf ly[s-), vy € R, (25)

where U and S are the uncertainty sets of mean p and covariance X, respectively.

Corollary 6 Under the conditions of Corollary 5, an optimization problem with a
linear objective function and the probabilistic envelope constraint (24) can be solved
in polynomial time if one can provide the super-gradient of f(x,0) at x for fixed &
in polynomial time, and for any fixed x the following optimization problem can be
solved in polynomial time:

Minimize: f(x,y + p) + t(r)
. X
Subject to: (yT i,> =0 (26)
YeS pel.
Proof See Appendix D. [

From Corollary 6 we see that if ¢(-) is convex, and / C R™ and § € S:’LX” are
both convex sets, then the optimization problem (26) is a SDP problem which can be
solved efficiently. The tractability result of the chance constraint (23) is a special case

of Corollary 6, namely, t(r) = 0 and r = 2.



Distributionally Robust Chance Constraints for Non-Linear Uncertainties 17

5.2 Known Mean and Support

We now investigate the case where the mean and the support of the uncertain pa-
rameter d are known. We show that the corresponding robust chance constraint can
be reformulated as a set of infinitely many deterministic constraints, and is tractable
under mild technical conditions. Unfortunately, it seems that these results can not be
easily extended to the probabilistic envelope constraint case, which is hence left for
future research.

Theorem 5 Suppose the mean p and support S of the uncertain parameter 6 are
known and S is a closed convex set. If f(x,-) is continuous and quasi-convex for
every x € X, then for p € (0, 1], the chance constraint

inf  P[f(x,8) > a] > p, 27
it Blf(x.8) > o] > p @)

is equivalent to
f(X7 51) >« V(Sl, 0> such that (1 — p)61 +p52 —u= 0, 0, € S, 0, €S. (28)
Proof See Appendix D. [

Theorem 6 If f(x, ) is quasi-convex and continuous for every x € X and f(-,y) is
concave for everyy € Y, the mean p and support S of the uncertain parameter § are
known, and S is a closed convex set, then for 0 < p < 1, the optimization problem
with a linear objective function and a chance constraint (27):

T

Minimize: c¢'x
Subject to: inf Plf(x,0)>a]>p (29)
~(p,S)

can be solved in polynomial time if (1) one can provide the super-gradient of f(x,y)
at X for fixed y in polynomial time, and (2) for any fixed x the following optimization
problems can be solved in polynomial time:

Minimize:s, 5, f(x,01)
Subject to: (1 — p)d1 + pda — p =0 (30)
(51, 62 e S.

Proof From Theorem 5 we know that the chance constraint is satisfied if and only
if the optimal value of (30) is greater than or equal to «. Thus, the theorem can be
proved following a similar argument as the proof of Corollary 6. [

5.3 Conservative Approximation

For general sets of ambiguous distributions, optimization problems involving chance
constraints are notoriously hard to solve. Recall that CVaR provides a conservative
approximation of chance constraints (Nemirovski et al. [32]) , which allows us to
apply DRO to approximately solve such problems. For completeness, we give the
following lemma which is an extension of Nemirovski et al. [32]:



18 Wenzhuo Yang, Huan Xu

Lemma 4 Suppose that D is the ambiguity set of distributions of the uncertain pa-
rameter 6, then the chance constraint

sup P[f(x,48) > 0] < p, (31
PeD

can be conservatively approximated by

—tp+7v <0, sup Ep[[f(x,8) +t]4+] <, (32)
PeD
where 0 < p < 1, t € Rand vy € R are decision variables, and [z]; = max{z,0}.
Here, by “conservative approximation” we mean that any solution that satisfies (32)
also satisfies (31).

Wiesemann et al. [39] proposed a unified framework for modeling and solving
distributionally robust optimization problems by introducing standardized ambiguity

sets
Ep[Ad +Bu] =b -
Pl(6, ) € C) € pimlVieT)

where P represents a joint probability distribution of the random vector § € R™
appearing in the constraint function f(x,d) and some auxiliary random vector p €
R", with A € REX™ B € R b e R¥, T ={1,--- I}, p;,p; € [0,1] and C; are
the confidence sets. B

Applying Theorem 1 and 5 in [39], the constraint suppcp Ep[[f(x,0) +t]+] <
can be reformulated as a semi-infinite constraint system. For succinctness, we only
present the conservative approximation of the chance constraints when p; = p; = 1
and |Z| = 1 to illustrate our approach. B

D= {P S Po(Rm,Rn) :

Theorem 7 If the ambiguity set P can be converted into
D= {IP’ € Po(R™,R") : Ep[Ad +Bu] =b, P[(d,un) €C] = 1}

by the lifting theorem (Theorem 5 in [39]) where g(-) is a convex function, then the
chance constraint infpep P[f(x,8) > a] > p with p € (0, 1) can be conservatively
approximated by

b'3 PA

4
e ERCIDES D

(A6 +Bp) 8> max |-\ a— f(x,8) +

where 3, \,x are decision variables. Furthermore, the optimization problem with a
linear objective function and the constraint (34) can be solved in polynomial time if
(1) one can provide the super-gradient of f(x,y) at x for fixed y in polynomial time,

and (2) for any fixed (x, 3, \) the following optimization problems
Minimize:s,, (AS+Bp) B+ A 35)
Subject to: (6, p) € C,

and
L b PA
Minimize:s,, (Ad+Bp — H)Tﬂ "1, + f(x,6) 36)

Subject to: (6, p) € C,
can be solved in polynomial time.
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Proof From Theorem 1 in [39] and Lemma 4, the conservative approximation for-
mulation can be easily obtained. The proof of the tractability result is similar to that
of Corollary 6, and hence omitted. [

We now extend this result to the probabilistic envelope constraint case.

Theorem 8 Suppose t : R +— [0, 4+00) is convex, non-decreasing and continuous
at the neighborhood of zero, and t(0) = 0, lim, 440 t(r) = +o0. If the ambigu-
ity set D satisfies the condition in Theorem 7, the probabilistic envelope constraint
infpep P[f(x,8) > a—t(r)] > r/(1 + 1), Vr > 0 can be conservatively approxi-
mated by

(A6 +Bpu)' 8>

(37)
max [~ o — f(x,8) = t(r) + (1 + )b B+rA], V(§,n) € C,r > 0.

Furthermore, the optimization problem with a linear objective function and this prob-
abilistic envelope constraint can be solved in polynomial time if one can provide
the super-gradient of f(x,y) at X for fixed y in polynomial time, and for any fixed
(x, 8, \) the following optimization problems:

Minimize:s . (AS+Bp)' B+ A

. (38)
Subject to:  (d,pn) € C,r >0,

and

Minimize:s . [AS +Bp— (1+7)b]' B+ f(x,8) +t(r) —r)

39
Subjectto:  (6,pn) € C,r > 0. (39)

can be solved in polynomial time.

Proof From Theorem 7, the probabilistic envelope constraint can be conservatively
approximated by

< m . Ta_
0<mipmax mi (Ad+Bu) A 40)
max [f/\, a—f(x,0)—t(r)+ 1+ r)bTﬁ + 1")\] ,

Furthermore, by switching “min” and “max”, this can be conservatively approxi-
mated by (37). Then following a similar proof as that of Corollary 6, we obtain the
tractability result to complete the proof. [J

6 Joint Chance Constraint

In this section we investigate the case of joint probabilistic envelope constraint (7)
which can be reformulated as (from Lemma 3)

,
i i > oy — =1,... >
pnf . PIA(x8) > 0 — 1), Yi=1...om] >

;Vr >0, 4D
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where t(r) = B71(r/(1 + r)). The optimization problem with the constraint (41)
is usually intractable (e.g., Nemirovski and Shapiro [32]; Zymler et al. [41]), even
when f(x,d) is a bi-linear function, and approximation schemes are often used to
tackle them. The most straightforward method to approximate the constraints (41)
is to decompose them into several individual probabilistic envelope constraints using
Bonferroni’s inequality (see below for details). A notable advantage of the Bonferroni
approximation is that it is easy to implement and requires no assumptions on the
function f;(x, 9).

However, the Bonferroni approximation can be overly conservative. Zymler et
al. [41] proposed a tighter approximation method called worst-case CVaR approxi-
mation that outperforms other methods including the Bonferroni approximation (e.g.
Nemirovski and Shapiro [32] and Chen et al. [12]). In the rest of the section, we
extend both the Bonferroni approximation and worst-case CVaR methods to JPEC.
We also investigate the tractability of the two approximation schemes for f;(x, )
satisfying Assumption 1.

6.1 The Bonferroni Approximation

The Bonferroni approximation for the joint probabilistic envelope constraint (41) can
be easily derived from Bonferroni’s inequality. From Theorem 2 and Theorem 4, we
know that the optimization problem with a set of probabilistic envelope constraints
generated by the Bonferroni approximation method is tractable, under mild technical
conditions. More specifically we have the following theorem:

Theorem 9 Lert : RT +— [0, +00) be a non-decreasing function such that t(0) = 0
and lim, 1« t(r) = +o0, and € be a constant vector such that .-, ¢; = 1 and

€ > 0. The Bonferroni approximation of the joint probabilistic envelope constraint
(41) which has the form

_&
(1+7)
is tractable if for each i, (1) one can provide the super-gradient of f;(x, ) at x for

fixed & in polynomial time, and (2) for any fixed x the following optimization problem
can be solved in polynomial time:

inf )P[fi(x,é) >a; —t(r)] >1-

Vr>0,Vi=1,... .
5~(0,2 s Vr 22U, e =4y me s (42)

Minimize:y ,  fi(x,y) + t(r)

r+1 (43)

Subjectto: y' X'y < — 1.

€;

Proof Letr' = (1 +7)/e; — 1, then we have /(1 + ') = 1 —¢;/(1 + 7). Let
t'(r') £ t(r), then we apply Theorem 4 to complete the proof. [
6.2 The Worst-case CVaR Approximation

Zymler et al. [41] developed a new approximation scheme for robust joint chance
constraints termed Worst-case CVaR approximation. In this subsection we extend the
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worst-case CVaR approximation to JPEC (41). In contrast to the rest of the paper, we
focus on the linear-quadratic uncertainty case, namely, f(x,d) is linear in x for any
fixed § and quadratic (possibly non-convex) in § for each x € X. Then (41) can be
rewritten respectively as:

sl P[6 " Qi(x)0+yi(x) " 6+y) (x)+t(r) <0, Vi=1,...,m] > 17'?; Vr > 0;
(44)
where Q;(x), y?(x) and y;(x) are all linear functions fori = 1,--- ,m. Zymler et

al. [41] provided the Worst-case CVaR approximation for the following robust joint
chance constraint

sl P67 Qi(x)8 +yi(x) 16+ y)(x) <0, Vi=1,...,m] >p.  (45)

Theorem 10 [41] Let A £ {a € R™|a > 0}. For any fixed x and o« € A, the
feasible set of the worst-case CVaR approximation for the constraint (45) is

3(8,M) € R x Sk,
B+ 15(Q,M) <0, M =0

Z7%% a) ={x €R" : Qi(x)  jayi(x) , (40
M-| . T 0 =0
303y (%) auyg (x) — B
Vi=1,...,m

where Q = diag(X, 1).

Indeed, Zymler et al. [41] showed that the approximation quality of the worst-case
CVaR is controlled by the parameter o and that the approximation becomes exact if
a is chosen optimally. Notice that Z7““ () contains semi-definite constraints, and
hence provides a tractable approximation to robust joint chance constraint. We now
extend this methodology to the joint probabilistic envelope constraints (44). From
Theorem 10, the feasible set of the constraint (44) can be approximated as

For any » > 0 we have
3(B,M) € R x SF+1,

ZP(a) = {xern . AT TDEEM) <0, MZ0 @
;Q;(x) 30y ()
()T @iy (x) —t(r) - 8

Vi=1,...,m

=0

Notice that in contrast to (46), (47) is defined through uncountably many sets of
constraints, and hence we need the following theorem to establish the tractability of
the set Z7.
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Theorem 11 Fix o € A. The optimization problem with a linear objective function
and the feasible set Z* (ct) in (47) can be solved in polynomial time if for any fixed
X, the following optimization problem can be solved in polynomial time:

i — tr( Y B, +t(r tr(Y,E)

ZYﬁ (r+1)Q, trEZY

1=0

here B — Qi(x) %yz(x) IE < 00
WRETEBE = LT ) ) T 01 )

Proof See Appendix E. 0O

(48)

Interestingly, Theorem 11 provides a tractability result for individual probabilistic
envelope constraint.

Corollary 7 If each component f;(-) of f(+) is quadratic (and possibly non-convex),
the optimization problem with a linear objective function and the probabilistic enve-
lope constraint (6) can be solved in polynomial time if for any fixed x, the following
optimization problem can be solved in polynomial time:

min —tr(YB) + t(r)
Y-0,r>0 (49)
st. Y=(r+1)%, tr(EY) =

- Q(x) 3y(x) B 00
where B = an = .
()7 (%) 01
Proof When m = 1, a can be chosen as v = 1 without effect on the optimal solution
of (48). Then (48) can be simplified as (49). O

Notice that Corollary 7 does not require that f;(-) is a convex quadratic function,
and hence, subject to the price of a more complex formulation, is more general
than Corollary 3 that investigates the probabilistic envelope constraint under convex
quadratic uncertainty.

7 Simulations

In this section we illustrate two proposed approaches — chance constraint (5) and
probabilistic envelope constraint (6) using the synthetic transportation problem dis-
cussed in Section 2.

We consider the transportation problem where the graph G is a bi-parti graph
between sources and destinations, i.e., V = S|JD and £ = {(s — d)|s € S,d €
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D}. Let m = |S| and n = |D|, then the unit cost § is an m x n matrix, and the
transportation problem can be rewritten as

Maximize:s>0.d>0 2
Subject to: inf P| — h(s,d,d) > z| > 1 —~;
ubject to:  inf, [—h(s,d,0) > z] > v

1)s=1'/d>1L,

where 6 € R™*" 1,, and 1,, are the all-one vectors with dimension m and n re-
spectively. The function h(s, d, d) is defined by

h(s,d, ) = Minimize:pegmxn tr{d, F)
Subject to: FTlm =d, F1,, =s, F > 0.

By Theorem 2, one can solve this transportation problem by MATLAB and CVX [24].
We consider the case where there are 10 suppliers and 3 consumers, and the least de-
mand L = 80. The mean M;; and the variance X;; of the transportation cost §;; are
set to 100 + 0.14/3(¢ — 1) 4+ j and 5/4/3(¢ — 1) + j, respectively. Then the trans-
portation costs related to suppliers and consumers with lower serial numbers have
smaller means but larger variances, i.e., lower mean cost but more risky.

Our first goal is to minimize the total cost to some fixed confidence parameter ~.
Figure 1 shows the resulting allocations for different . As expected, small v leads to

y=03 =04
7% 9% 8% 7%

1%  11% 12%

/o
1% 1%

y=05 y=06 y=07 y=08
o
9% 5% o 119 1%4% 12% 3% 70, 2% 794

I suoply 1 18%

sz | 2% 8% 149 9% 1% 1
I supply 3

[ supply 4 10% 179

[ supply 5 1%

dsumplys | 137 14%

[ Supply 7 15

[ supply 8 1%

. uonly© 13% 13% 18%

. suoply 10 12% 14% 16% 21%

3%

229 17%

Fig. 1 The transportation problem: the resulting allocations for different guarantees v = 0.1 — 0.8.

more conservative allocations which tend to select supplies with higher mean costs
and smaller variances, while large - leads to less conservative allocations which se-
lect suppliers with lower mean costs and larger variances.

In this example, the algorithm takes about 40 seconds on a desktop PC with Intel
i7 3.4GHz CPU and 8G memory. The computational time for solving the transporta-
tion problems of different numbers of suppliers is reported in Table 1. For a large-
scale problem, i.e. the number of suppliers is 1000, our algorithm finds the result in
about 30 minutes. From the table, it appears that the computation time scales roughly
linearly with respect to the number of suppliers. Note that one can use commercial
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Number of suppliers | 10 50 100 | 200 | 500 | 1000
Running time (min) | 0.88 | 3.33 | 4.01 | 6.21 | 15.16 | 34.78

Table 1 The running time for solving the transportation problem with different numbers of suppliers.

solvers such as CPLEX instead of CVX to implement this algorithm, which is typi-
cally more computationally efficient.

Using the same notations, the transportation problem with probabilistic envelope
constraints can be formulated as

Maximize:s g4 2
Subject to: (sing)]P)[ — f(s,d,8) >z — 5] > B(s);

1)s=1'd > D;
s,d > 0.

Our second goal is to minimize the total cost subject to a decaying probabilistic en-
velope B(s) = 1 —1/(1+by/s + a/b?) which implies ¢(r) = max{(r? —a)/b?,0}
by Lemma 3. We choose a = 1 and b = 0.1, 1.0, 10.0, giving different rates of decay
for the probability the constraint is violated at level s for each s. Based on Theorem
4, we can easily solve this problem. Figure 2 shows the resulting allocations. Clearly,

b=1.0 b=10.0

9
7% 9% 7% 4% 13
9%

10% 8%

13%

I supply |
[ supply 2
[ supply 3
[ supply 4
[ supply 5

10% 9%

[ supply6
Jsupply7
[ supply 8
[ supply 9
I soly 10 12% 1% 1% 1% 12%

1% 109 12%

Fig. 2 The transportation problem: the resulting allocations for decay rates b = 0.1, 1.0 and 10.0.

larger b corresponds to a more risk averse attitude towards large constraint violation
so that the resulting allocation is more conservative and tends to choose suppliers
with larger mean costs and smaller variances.

8 Conclusion

The distributionally robust chance constraint formulation has been extensively stud-
ied. Yet, most previous work focused on the linear constraint function case. In this
paper, motivated by applications where uncertainty is inherently non-linear, we in-
vestigate the computational aspects of distributionally robust chance constrained op-
timization problems for the general function case. We show that the distribution-
ally robust chance constrained optimization is tractable, provided that the uncertainty
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is characterized by its mean and variance, and the constraint function is concave-
quasiconvex. This significantly expands the range of decision problems that can be
modeled and solved efficiently via the DRCC framework. Along the way, we estab-
lish a relationship between the DRCC framework and robust optimization model,
which links the stochastic model and the deterministic model of uncertainty. We then
consider probabilistic envelope constraints, a generalization of distributionally robust
chance constraint first proposed in Xu et al. [40], and extend this framework to the
non-linear case, and obtain conditions that guarantee its tractability. Finally, we dis-
cuss two extensions of our approach, provide approximation schemes for JPEC, and
establish conditions to ensure these approximation formulations are tractable.
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Education of Singapore through AcRF Tier Two grant R-265-000-443-112.

Appendices

A Proof of Corollary 1

For clarity, we denote — f(x,d) and —a by Lx(d) and 3, respectively. Since f(x, d) is convex w.r.t. §
for fixed x, Lx (d) is a concave function. Then the equivalence to establish can be rewritten as

sup P[Lx(d) >p]<1—p< sup CVaRi_,(Lx(d)) < B.
6~(0,%) 5~(0,%)
It is well known that sups. (o, 55y CVaR1—p(Lx(9)) < B = sups.(o,x) P[Lx(d) > B] < 1 —p.
Besides, sups.~. (0,5 P[Lx(8) > B8] > 1 —p & sups. (o, ) VaR1—p(Lx(d)) > S, hence we only
need to show that sups.. (o, 51y CVaR1—p(Lx(8)) > B = sups.. (o, x) VaR1—p(Lx(d)) > B.

Since sups.. (o, ) CVaR1—p(Lx(8)) > B, then there exists a probability distribution P with zero
mean, covariance X, and CVaR1_,(Lx(d)) > B when § ~ P. Decompose P = p1 + po2 where the
measure (1 constitutes a probability of p and the measure po constitutes a probability of 1 — p, and that
Lx(y1) < Lx(y2) for any y1 and y2 that belong to the support of 11 and p2 respectively. By the CVaR
constraint, we have ( [ Lx(8)du2)/(1 —p) > B.

We now construct a new probability P as follows: let 15 be a measure that put a probability mass of
1 —pon [5dduz/(1 — p), ie., the conditional mean of iz, and let P = p1 + ph. Observe that P is a
probability measure whose mean is the same as that of IP. Moreover, notice that 2 /(1 — p) is a probability
measure, by concavity of Ly (-) we have that

Lx( [ 8da/(1=2)) 2 (| Lx(®)da)/(1 =) > 5.
which implies that VaRq_p, (Lx()) > 3 for § ~ P.

We now show that this also implies that sups,.(o, vy VaR1—p(Lx(8)) > B. Denote the covariance
w.r.t P by X and recall that both P and P are zero mean, then

2-2:/55%}?—/55%@
5 I

= /65Td,u1 +/55Tdu2 7/56Tdu1 7/55Td,u,l2
é 5 5 é

- o [ st

1-p 1-p

o [ o (]} e
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where the third equality is due to the definition of p/. Note that from the construction of P, we have
Sups~(0,5) P[Lx(8) > B] > 1 — p. Denote the set {3|Lx(d) > B} by Tx. First, we consider the

case where X is full rank. From Lemma 2, we have infy e, y Ely <r 2 p/(1 — p). Since
¥ < ¥ and ¥ is full rank, infyer, y' X'y < infyer, y' £ 'y < 7, which implies that
SUPg~ (0,5 P[Lx () > B] > 1 — p, which establishes the theorem.

The case where X' is not full rank requires additif)nal work, as Lemma 2 or Theorem 1 can not bl:
applied directly. Consider the spectral decomposition ¥ = QAQ T and denote the pseudo inverse of X
by =t Suppose that the top d diagonal entries of A are non-zero. Let Qg be the submatrix of Q by
selecting the first d columns of Q and Ay be the top d x d submatrix of A. Denote the column space of
SbyC,andlet Q 2 {z|z = Q(—iré, V& € Tx N C}. Since there is no uncertainty in Ct wrtP,

sup Plz€ Q= sup P0eTxNC]= sup P[deTx]>1—p.
z~(0,A4) 3~(0,%) 8~(0,%)

From Lemma 2, we have inf, ¢ o zTA; 1z < r.In other words, there exists z € Q such that zTA; lz <
T2+y < rfory £ Quz. From the Schur complement, since X > X > 0,

r, which implies that y ;.
Y35\ — 0 - Tyt — T -1 Yy Xy

I-XY")y=0andr—y ' XY'y=r—z Adz>0,wehave(yTT>i(yTr>

Hence infycr, y ' X1y < r, which implies that sups~(0,x) P[Lx(6) > Bl >1—p. O

Y
o

B Proofs of Results in Section 3.2

B.1 Proof of Corollary 2:

By Theorem 1, the feasible set S = {x|x"Tg(y) > «a, Vy' X~y < r} where r = p/(1 — p).
Hence, determining whether x € S is equivalent to determining whether the inner optimization problem
min{yTz—lygr} ng(y) — a > 0. Rewrite the left hand side as an optimization problem on y:

Minimize: y' G(x)y + P(x)y + Q(x)

(50)
Subject to: yT2’1y <

by substituting g;(8) = 8 ' G0 + pjé + gi. To prove Corollary 2, we need the following two results.
Lemma 5 Fix x. The optimal value of the optimization problem (50) equals that of the following SDP:

BEY 14+ G(x) P> ) - 0,

1PT Q) —t—fr oD

Maximize:g>o,¢+ t, subject to: (

Proof The dual problem of (50) is: maxg>o miny y' G(x)y +P(z) Ty +Q(x)+ 8y 1y — gr.
By taking minimum over y and the Schur complement, this can be reformulated as the SDP (51). Notice
that there exists y such that y T X~ 1y < 7 since r > 0, hence Slater’s condition is satisfied for (50), and
the strong duality holds. [

Thus, x € S if and only if the optimal value of problem (50) is greater than or equal to 0. This means
we can convert the constraint in .S into a feasibility problem as follows:

Lemma 6 Under the conditions of Corollary 2, and let v = p/(1 — p), we have the constraint
inf_ P[g(d) x> a] > p, 52
s b Flo(0) x=a]2p (52)

is equivalent to the following problem

—1 1
Exist: 8> 0, s.t.: (627 +G(x) 3Pk ) > 0. (53)
2
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Proof 1. Equation (52) = Equation (53): When Inequality (52) holds, the optimal value ¢ of (50) must
be greater than or equal to 0. So from Equation (51), we have

Y +G(x) 3P(x) BE14+G(x)  L1P(x)
( sP(x)T Q(Qx) - /87") z ( 1Px)T Q()S —t— ﬁr) = 0. (54)

2. Equation (53) = Equation (52): Since the feasibility problem is solvable, ¢ = 0 must be a feasible
solution of (51), which implies Inequality (52). O

Lemma 6 immediately implies Corollary 2. [J

C Proofs of Results in Section 4

C.1 Proof of Lemma 3:

We now show that the constraints (13) and (14) are equivalent.

1. (13) = (14): Since limy_, oo B(y) may not converge to 1, we define B~1(z) = +oo when
{y > 0|B(y) > z} = 0. Then if /(1 + r) is not in the range of B(s), we have t(r) = +oo so
that the constraint (14) is always satisfied. Otherwise, suppose that y* = ¢(r) = inf{y > 0|B(y) >
r/(1 4 r)}, then we have

r
1+7r

S nf PG 8) > 0= ] = | inf | PIf(x,8) > 0 —y"] > By") >

2. (14) = (13): Since B(y*) € [0,1) for any y* > 0, there exists 7* such that B(y*) = 1_?_%
From the definition of ¢(r), we have y* > t(r*) = inf{y > 0|B(y) > r*/(1 + r*)}. Hence the
following inequality holds

r*

inf P >a—y*]> inf P >a—t(r")] > = ).
S nf PG 8) 20—y > | inf PIf(66) > -] 2 1 = B()

Furthermore, ¢(-) is non-decreasing since both /(1 + r) and 9B8(-) are non-decreasing. By definition
of t, B(0) > 0 leads to t(0) = 0; and B(s) < 1 for all s > 0 leads to B~1(1) = +oo and hence
limy 44 o0 () = +00. Also, B(0) > 0 implies for some € > 0, B(0) > ¢, and hence t(e) = 0. Thus,
t(-) is continuous at a neighborhood of 0. [J

C.2 Proof of Corollary 3:

The feasible set S = {x|infs (0, x) Plg(d)Tx > a —t(r)] > T Vr > 0} admits
S @ {x|¥(y,r)suchthaty " 7'y <r = g(y) "x > a —t(r)}
= {x min 9(¥) Tx+t(r) —a >0},
{y,rlyT=-1y<r}

where (a) holds by Theorem 3. As each component g;(y) of g(y) is linear or quadratic, i.e., g;(y) =

v Giy—i-p;ry—i-qi, for fixed x the inner optimization problem min{y’rlyr -ly<r} g¥)Tx+t(r) —a

can be rewritten as: -
Minimize:,>q y vy GX)y + P(x) Ty + Q(x) + t(r)

(55)
subject to: yTZ’Iy —r <0,

where G(x) £ Y1, 2;,Gy, P(x) £ Y1, #;py, and Q(x) £ Y1 | x;¢; — . Thus, in order to
analyze S, we need to analyze the optimization problem (55). We have the following lemma:
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Lemma 7 For any fixed x, the optimal value of problem (55) is equivalent to that of the following:

BEL 4+ G(x) L1p(x)
P07 Q%) : t*(B) - 77) =0

where t* (x) is the conjugate function of t(r) defined as t*(x) = sup,>q (zr — t(r)).

Maximize:g>o ., 1, subject to: ( (56)

Proof By the Schur complement and the strong duality of problem (55) (Slater’s condition holds by pick-
ing r = 1 and y = 0), one can easily obtain this lemma. [J

From Lemma 7, the constraint infs. (o, 5) Plg(6) Tx > a — t(r)] > T Vr 2> 0, is equivalent
to a constraint that the optimal value of the optimization problem (56) is non-negative. Thus, x belongs to
the feasible set of the envelope constraint if and only if « = 0 is a feasible solution of (56), for the same
x. This means we can remove the —a term from (56). That is, when each component g; (-) of g(-) is linear
or quadratic, the envelope constraint is equivalent to the following feasibility problem:

BE~1+G(x) 1P )
1 T 2 * t 0
3P() Q(x) —t*(8)
Hence the optimization problem (18) is equivalent to (21), which proves the first part of the Theorem.
To prove the second part of the Theorem, it suffices to show that Problem (21) can be solved in
polynomial time. We show this by constructing a polynomial time separation oracle. For any (3, x), if
the optimization problem (22) can be solved in polynomial time, which implies ¢*(3) can be computed
in polynomial time, then it can be verified in polynomial time whether the constraint in (21) is satisfied
or not, and hence the feasibility of (3, x) can be determined in polynomial time. Moreover, if (80, X0)
is infeasible and let ro be the optimal solution of the problem (22) (by assumption 79 can be found in
polynomial time), then we have

BoX ! + G(x0) 1 P(xo)
( 1P(x0)T Q(xO)itvo)—Bom)“

and we can find in polynomial time (e.g., by SVD) a vector (y(—)r7 1) such that

T BoX ™! 4+ G(xo) 3P(x0) Yo
&o.1) ( $P(x0)T  Q(x0) it(m) - BUTO) ( ! )

=(yg £ 'yo —70)Bo + ¥ G(x0)yo + P(x0) " yo + Q(x0) + t(r0) < 0.
Notice that for any feasible solution (3, x), we must have
(o 7 'yo —10)B+y0 G(x)yo + P(x) "yo + Q(x) + t(ro) > 0.

Hence we have a separating hyperplane. [

existt £ >0, st ( (57)

D Proofs of Results in Section 5

D.1 Proof of Corollary 6:

As before, we construct a separation oracle to prove tractability. In order to verify the feasibility of a given
x*, from Corollary 5 we know that x* is feasible if and only if the optimal value of the optimization
problem (26) is greater than or equal to «, which can be verified by directly solving Problem (26). By
assumption, this can be done in polynomial time.

If x* is not feasible, then we can find in polynomial time (y™*,r*, u*, X*) such that f(x*,y* +
pw*) + t(r*) < a. Because f(x,y + p) is concave in x for fixed y and p, for any feasible x, we have

FOE Y+ 1) + V" + 0T (=) +1(r") > f(x,y" + p") +1(r") > a.
Hence the hyperplane separating x* from the feasible set is the following:
FOC Y+ 1) + VI Y +u7) T (x = x) +1(r") >« (58)

which can be generated in polynomial time since the super-gradient of x can be obtained in polynomial
time. O
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D.2 Proof of Theorem 5:

If f(x,d0) > aforall § € S, the constraints (27) and (28) are satisfied, so we only need to consider the
case where there exists & € S such that f(x, §) < . Note that (27) is equivalent to sup; ., sy P[f(x, 8) <
a] <1 — p, then we can apply the following lemma:

Lemma 8 If the conditions in Theorem 5 hold and {8 : f(x,8) < a} is nonempty, then

sup P[f(x,0) <a]<1-p (59)
o~ (1,S)
is equivalent to
SUPo,5,,5 0
such that 661 + (1 — )02 = p,
1-p> 0<6<1, (60)
f(x7 61) < a,
§1,02 €S.

Proof Since p € S and {6 : f(x,d) < a} is not empty, the optimization problem in (60) is always
feasible. To show the equivalence of (59) and (60), one needs to prove that the optimal objective value 6*
of the optimization problem in (60) equals ¢ = sups.,(,,s) P[f(x,0) < a].

The first step is to show 8* < (: Since f(x,-) is continuous for fixed x € X and S is a closed
convex set, for any € > 0 there exists a feasible solution (87, 8%, 0) such that |§’ — 6*| < e. Construct a
probability distribution P’ (x) such that § = &} with probability 6’ and & = &% with probability 1 — 6,
then we have P’ € (u,S). By construction we have 0’ < P/[f(x,8) < o] < ¢ where the second
inequality holds from P’ € (u, S). Thus we have 6* < ( as € can be arbitrarily small.

The second step is to prove #* > (: Consider any probability distribution P € (, S), and define
0 = P[f(x,6) < a], 81 = Ep[8|f(x,8) < o] and 62 = Ep[|f(x,8) > «]. We then have 610 +
52(1 - é) = u, f(x, 31) < aand 81,82 € S, or equivalently (51,32,9) is a feasible solution of
the optimization problem in (60). Thus, we must have P[f(x,d) < o] = < #*, which implies that
0* > (= SUDP§~ (1, 5) P[f(x,d) < a]. Therefore, (59) is equivalent to (60). O

From the equivalence shown in Lemma 8, we consider the following feasibility problem parameter-
ized by 0 € [0, 1], denoted Fp:

exist: 81,02
such that: 041 + (1 — 0)d2 = u,
f(x,01) < e
41,02 €S.

Then we have that for any 0 < 67 < 03 < 1, Fo,, being feasible implies Fp, being feasible. To see this,
let (87, %) be a feasible solution to Fp, . Hence we have 6267 + (1 — 62)05 = p. Let 8% be such that

(1 — 92)91
pn—0h=(pu—06%) x ————.
( 2) (1= 00)05
Since 62 > 61, we have that 6’2 is on the line segment between p and 83, and hence belongs to S by its
convexity. Furthermore, it is easy to check that (87, &%) is feasible to Fo, -
Thus, constraint (60) (and equivalently the chance constraint (27)) is equivalent to F1 5t ¢ infeasible
foralle > 0, i.e.,
1—- €
b= — 2P S )+ udS, Vi(x,61) < aand 8, € S.
p—¢

This further implies 771 _, is infeasible, i.e.,

1_
dr=—— L1 —p)+pugS, Vf(x,01) <aandd; € S. 61)
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To see this, we only need to show that 71, being feasible implies that 71,1 is feasible for some
€ > 0. Suppose that there exists §] € S such that §5 = —177’7(6’{ —p)+p € Sand f(x,07) < a. By
continuity of f(x, -), we have that for a sufficiently small > 0, f(x, §7) < a where 8} £ (1—n)8% +
np. Note that 7 € S and there exists € > 0 such that —%(é’l — p) + p € S, which implies that
F1_pie is feasible.

Finally, the constraint (61) can be rewritten as

0 < min [[(1 - p)d1 +pdz — pll2 st f(x,81) <, 61 € 5,82 €5, (62)
1,02

which is equivalent to (28). Therefore, the theorem follows. [J

E Proofs of Results in Section 6

E.1 Proof of Theorem 11:

The constraints in Z¥ (47) requires that for any » > 0, we can find § and M to satisfy 8 + (r +
1)(€2, M) < 0 and the other (m + 1) semi-definite constraints. This is equivalent to requiring that the
following optimization problem has an optimal value less than or equal to O (notice that for any » > 0,
finding 3 and M to satisfy the (m + 1) semi-definite constraints itself is trivial):

rglzzau())( Mrgiélﬁ B+ (r+1)(2,M)
a;Q;(x) %aiyi (%) (63)

st. M— | ¢ =0 Vi=1,...,m.

Sy (x)T ai(y?(x) —t(r)) — 8

‘We analyze this requirement using duality. In order to find the dual problem of (63), it is more convenient
for us to analyze the following problem:

i —-B— 10, M
min max B = (r+1)(Q,M)
@i Qi (%) Loiyi(x) (64)
st. M— =0 Vi=1,...,m.

gaiyi(x) T ai(y)(x) —t(r)) — B

Consider the dual problem, the “max” part in (64) is equivalent to

m
L(T) = min max - B - (T + 1)(“1 M) + Z >\i>\min(M - Sz + IBE) + >‘0>\min(M)7
i=1
(65)
where the function A, (X) denotes minimum eigenvalue of matrix X, and S; £ «;B; — a;t(r)E. Fur-
ther note that the function Amin (X) is equivalent to the following optimization problem: miny g ¢(y)=1 tr(¥YX).
Thus (65) is equivalent to

—B—(r+1)(Q, M)+tr(AgYoM)+ > _tr(\;Y;(M — S; + SE)).
i=1

L(r) = min max min
Ai20 B,M {Y;|tr(Y;)=1,Y; =0}

Notice that for any fixed A, the objective function is continuous, convex w.r.t. (Yi)?;o and concave w.r.t.
(8, M). Moreover, the feasible set of (Y';)!™, is compact and does not depend on (3, M). Hence Sion’s
minimax theorem applies, and we have

m

Ly=pmin o B8 g B ; tr(Yi8i)+(M, ;0 Yi—(r+1)Q2)+8((E, ; Yi)-1).
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Taking maximum over 8 and M, we have that L(r) is equivalent to the following optimization problem
with variables Y; and \;:

m
L(r) = mi i ~ 3 tr(aiYi(Bi — t(r)E
M=pm ™ via ; r(a;Y;(Bi — t(r)E))
m m
st. Y Yi=(r+1)Q (ED Y, =1
=0 =1

By taking minimum over A;, min,>q L(r) can be further reformulated as (48). Hence from the analysis
above, we know that (64) is equivalent to (48). To complete the proof, we construct a separation oracle of
ZP based on (48). Given x, if the optimization problem (48) can be solved in polynomial time, then it
can be verified whether x € Z¥ or not in polynomial time since x is feasible if and only if the optimal
value of (48) is greater than or equal to 0. Furthermore, if x € Z P et the optimal solution of (48) be
(r%, {Y?9}), then we have — 31" tr(o, YIB;) + ¢(r%) 31 1 aitr(YPE) < Osince x ¢ ZF. On
the other hand, for any x € ZF, the following inequality must be satisfied

m m
=D tr( Y{By) + (%) > autr(YVE) > 0,
i=1 i=1

which implies that a separating hyperplane can be generated in polynomial time. [
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