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Abstract

We consider linear programming in the oracle model: max{c'z : = € P}, where the polyhedron
P = {z € R" : Az < b} is given by a separation oracle that returns violated inequalities from
the system Az < b. We present an algorithm that finds exact primal and dual solutions using
O(n?log(n/6)) oracle calls and O(n*log(n/§) + n®loglog(1/5)) arithmetic operations, where ¢ is
a geometric condition number associated with the system (A,b). These bounds do not depend on
the cost vector ¢ and do not require any a-priori knowledge of §.

The algorithm works in a black box manner, requiring a subroutine for approximate primal and
dual solutions; the above running times are achieved when using the cutting plane method of Jiang,
Lee, Song, and Wong (STOC 2020) for this subroutine. Whereas approximate solvers may return
primal solutions only, we develop a general framework for extracting dual certificates based on the
work of Burrell and Todd (Math. Oper. Res. 1985).

Our algorithm works in the real model of computation, and extends results by Grotschel, Lovasz,
and Schrijver (Prog. Comb. Opt. 1984), and by Frank and Tardos (Combinatorica 1987) on
solving LPs in the bit-complexity model. We show that under a natural assumption, simultaneous
Diophantine approximation in these results can be avoided.

1 Introduction

We consider linear programming (LP) in the oracle model. Let P = {& € R™ : Az < b} be
a polyhedron given by A € R™*" and b € R™; the i-th row of A is denoted by a;. The linear
feasibility problem is to either find x € P or conclude that P = ). In the linear optimization problem,
we are given an objective function ¢ € R", and we want to find a solution z € P maximizing ¢' z,
or the conclusion that the problem is infeasible or that it is unbounded. The focus of this paper is
on ezact rather than approximate solutions to these problems, along with exact dual certificates.

We say that the LP is ezplicitly given, if the matrix A and vector b are given as part of the input.
In the oracle model, these are represented implicitly, via a separation oracle. Our main example
will be what we call a polyhedral separation oracle: given & € R", the oracle returns the answer
T € P, or a violated constraint b; > a; Z from the system Az < b; see Section [2| for a discussion of
different oracle models. The number of constraints m may be exponentially large in n.

LP algorithms in the Turing model For an explicit rational input (A, b, ), the first poly-
nomial time LP algorithm in the Turing model was given by Khachiyan in 1979, using the ellipsoid
method [24]. Degeneracy, i.e., P being contained in a lower dimensional subspace, is a particular
challenge for the ellipsoid method, since the volumetric progress measure is not directly applica-
ble. Khachiyan used a perturbation b of the right-hand-side, based on bit-complexity arguments,
such that the polyhedron P = {z : Az < b} satisfies P = () if and only if P = (), and P is
full-dimensional whenever nonempty.

Grotschel, Lovész, and Schrijver [18] [19] used the ellipsoid method to tackle LPs given implicitly
by a strong separation oracle, and developed the theory of rational polyhedra. They showed that
for rational polyhedra with bounded ‘facet complexity’, the ellipsoid method either finds a feasible

*This project has received funding from the European Research Council (ERC) under the European Union’s Horizon
2020 research and innovation programme (grant agreements ScaleOpt—757481 and QIP-805241).



solution in polynomial time, or a lower dimensional subspace containing P can be identified using
simultaneous Diophantine approximation, by an application of the basis reduction algorithm by
Lenstra, Lenstra, and Lovész [29].

LP in the real model of computation In the context of LP it is natural to use a real model
of computation: we assume the input is given by real numbers, each requiring unit storage, and
one can perform a set of arithmetic operations in unit time. Arithmetics include basic operations
(+, —, X, /); certain models allow further operations such as va and log. In the context of LP,
Traub and Wozniakowski [38] advocated using such a model. A computational theory over reals
was developed by Blum, Shub and Smale [5], see also the book [4]. The ultimate goal for an explicit
LP in this model is to develop a strongly polynomial algorithm: one where the number of arithmetic
operations only depends on the number of variables n and constraints mE| This was listed as the
9th question by Smale on his list of eighteen mathematical challenges for the 21st century [35]. The
existence of a strongly polynomial algorithm remains wide open; such algorithms are only known
for special classes of LPs.

For explicitly given LPs, interior point methods (IPMs) yield algorithms with excellent theoret-
ical and practical performance; for recent developments, as well as for pointers to the literature, see
[8, 27, [41] 42]. TPMs naturally work in the real model; most variants output approximate solutions.
In the Turing model, an approximate solution with sufficiently high accuracy can be converted
to an exact optimal solution. Consider minc'z, Az < b, A € R™*", and let L denote the total
bit-complexity of (4, b,¢). Then, van den Brand [41] gives an O(m® L1og® " (m)) deterministic al-
gorithm, and van den Brand et al. [42] gives a randomized O((mn + n®)L1og®® (m)) randomized
algorithm for finding exact primal and dual optimal solutions.

Tardos [37] gave an algorithm in the Turing model with running time dependence only on
the bit-complexity of A, but independent of b and ¢. This was generalized to the real model of
computation by Vavasis and Ye [43], who gave a poly(n,m,log x4) algorithm for solving explicit
LPs exactly, where Y4 is a certain condition number associated with the constraint matrix. We
discuss more recent developments along these lines in Section [1.2

LP in the oracle model Several important problems in combinatorial optimization, including
matching, network design, and submodular optimization problems, can be formulated by LPs with
an exponential number of constraints. For such LPs the explicit description would be exponential;
at the same time, one can efficiently find violated constraints for infeasible points. This motivated
the development of oracle algorithms by Grotschel, Lovédsz, and Schrijver [19], based on the ellipsoid
method.

Vaidya [40] gave a more efficient cutting plane algorithm in the oracle setting; see [T}, 2], 23] 28]
for improvements and related algorithms. These algorithms return approximate solutions. Given
a convex set K C R™ defined by a strong separation oracle and contained in a ball of radius r,
the algorithm by Jiang, Lee, Song, and Wong [23] (henceforth referred to as the JLSW algorithm)
either finds a feasible point in K, or concludes that K does not contain a ball of radius . The
algorithm makes O(nlog(nr/¢)) oracle calls and uses O(n3log(nr/e)) arithmetic operations. This
oracle complexity is the same as for Vaidya’s algorithm [40] and is asymptotically optimal [31].
Moreover, [23] presents evidence that the arithmetic complexity of O(n?) operations per oracle call
may also be optimal.

Even though ellipsoid and other cutting plane methods deliver approximate solutions only, find-
ing exact solutions is crucial for the applications in combinatorial optimization. Prior to our work,
all known results on finding exact LP solutions in the oracle model were based on bit complexity
assumptions. Strengthening the result of Grotschel, Lovész, and Schrijver [I8| [19], Frank and Tar-
dos [I7] showed that, assuming that the matrix A and vector b describing the system Az < b are
integral with the absolute values of the entries bounded by B, then linear optimization in the oracle
model can be solved in time poly(n,log B). This is independent of the encoding length of the cost
function c¢. The result is achieved by rounding ¢ using simultaneous Diophantine approximation.

Strongly polynomial algorithms for solving LPs in strongly polynomial time for many important
problems such as submodular function minimization or minimum-cost matchings were given in
[19] and [1I7]. Still, in contrast to explicitly given LPs, one cannot hope for strongly polynomial
algorithms in the oracle model. Indeed, according to the next claim, there may not even exist a
deterministic algorithm using f(n) oracle calls for any function f; this is proved in Appendix

! A strongly polynomial algorithm in the Turing model is further required to be in PSPACE, so that the bit-complexity
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Proposition 1.1. There exists no function f: N — N and deterministic algorithm A that solves
the optimization problem maxc'xz, x € P using at most f(n) oracle calls, where P C R” is a
nonempty full-dimensional polyhedron and ¢ € R™, and P is accessed via the following oracle: for
each T € R™, either returns T € P, or a facet defining inequality violated by T.

1.1 Owur contributions

Assume the polyhedron P = {z : Az < b} C R" is given by a polyhedral separation oracle, and
consider the problem of maximizing ¢z for an objective function ¢ € R™. Our main result is an
algorithm such that the number of arithmetic operations and oracle calls is polynomial in n, m, and
the logarithm of a certain positive condition number dependent on (A4,b), but independent from c.
This can be seen as extension and strengthening of the results in [I7, [I8] [19]. Further, our results
imply simpler, more efficient, and potentially more practical algorithms for many applications in
the bit-complexity model. We now introduce the main condition number of interest.

Definition 1.2. Let V C R" be a set of vectors. We define 6y to be the largest value such that,
for any set of linearly independent vectors {v; : i € [} CV and A € RY,

Z )\ivi

> Oy max | A - i -
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We note that &y > 0 if and only if the set {v/[[v]| : v € V} is finite (Lemma[2.2). For a matrix
M CR™*™ we let §p; denote the value corresponding to the rows of M.

This condition number was previously studied in the context of the shadow simplex algorithm
by Brunsch and Roglin [6], by Eisenbrand and Vempala [16], and by Dadush and Hahnle [9]. They
used the following equivalent characterization (see Lemma: Oy is the largest number such that
for any set of linearly independent vectors {v; : i € I'}, the sine of the angle between the vector v;
and the subspace spanned by the vectors {v; : j € I\ {j}} is at least §,. Further, dy bounds the
minimum singular value of a matrix with columns v; (see [6]). For an integer matrix M € Z™*™, let
Ay denote the largest absolute value of any non-singular subdeterminant; then, 1/(nA3%,) < 6y,
[6]. In particular, in the rational model, log(1/d,s) is polynomially bounded by n and the sizes of
numbers. The quantity §y; was also studied in the context of lattice basis reduction by Seysen
[34]. A related condition number appears in the characterization of Hoffman constants [20} 25 32].

In what follows, for vectors v € R¥ w € R!, we use the shorthand (v | w) := <Z;) € R**! to de-

note corresponding column vector and (v',w ") to denote the corresponding row vector interpreted
as an element in (R*)*. For P = {x € R® : Az < b}, we consider the matrix

M= <—OA 2) ’ (1)

corresponding to the conic embedding of P defined by the cone K = {(x | t) € R**! : M(z|t) >
0}. Let d(a,p)4(0,1) denote dps for this matrix M.

Our algorithms provide dual certificates of infeasibility and optimality. For a feasibility problem,
a Farkas certificate of P = () is a vector of nonnegative coefficients A € R'_{_ for a subset J C [m],
|J] < n such that ZjeJ Aja; =0, ZjeJ Ajb; < 0. For ¢ € R™, the dual polyhedron corresponding
to max{c'z : z € P}is D, = {y € R? : ATy = c}. The LP has a finite optimum if and only
if both primal and dual programs are feasible. In this case, a dual certificate of optimality for the
solution z* € P is defined by a subset J C [m] and a vector of nonnegative coefficients A € R_{_
such that ZjGJ Ajaj = ¢ and a;'—x* =b; for all j € J. By duality theory, such coefficients always
exists with |J| < n.

Our main result shows that the one can find an exact solution in time O(n) times the running
time of the best approximate algorithm [23], replacing r/e by 1/0(4.)+(0,1), and an additional
O(n®loglog(1/8( p)+(0,1))) term.

Theorem 1.3. Consider the LP problem max{c'x : Az < b} for A € R™*" bec R™, c € R",
given by a polyhedral separation oracle. For parts (ii) and (iil), assume that a polyhedral separation
oracle for the recession cone rec(P) := {x € R"™ : Az < 0} is also provided.

(i) A primal feasible solution or a Farkas certificate of infeasibility can be found using O(n> log(n/6(a,)+(0,1)))
oracle queries and O(n*log(n/d(a p)+(0,1))) arithmetic operations.



(i) A dual feasible solution or a Farkas certificate of dual infeasiblity can be found in O(n?log(n/d4))
oracle queries and O(n*log(n/d4) +n°loglog(1/54)) arithmetic operations.

(iii) If both primal and dual systems are feasible, then primal and dual optimal solutions can be

Jound in O(n*log(n/d(a.p)+(0,1))) oracle queries and O(n*log(n/d(a p)+(0,1)) +n°10glog(1/8(a b)+(0.1)))
arithmetic operations.

A few remarks about the result are in order.

e We use a black box approach. The algorithms work in the conic setting via the conic embedding
described above, and require a subroutine that produces ‘approzrimate dual certificates’. The
running time stated in Theorem refers to the JLSW algorithm [23]. In Section @ we
present a general scheme that allows to extract dual certificates from a broad range of methods,
including the ellipsoid method and geometric rescaling methods method [12] 21].

e Assuming P is given by a polyhedral separation oracle, our result strengthens that by Frank
and Tardos [I7]: for A € Z™*™ b € Z™ with all entries having absolute value B, for M as in
, the maximum subdeterminant Aj; is bounded as Ay, < B"n™/2 by the Hadamard—
inequality, and we have &y > 1/(nA2%;) > 1/(B?"n"*!). Thus, our algorithm makes
O(n?log(nB)) oracle calls to solve a linear optimization program with an arbitrary objec-
tive function max c¢'x

e The algorithms in [I7], (I8 [19] rely on bit-complexity arguments. In contrast, our algorithms
are in the real model of computation and are entirely geometric. For the rational settings,
our running time bounds depend on the condition number ), that can be significantly better
than the lower bounds implied by the bit-complexity.

e Cutting planes methods require the feasible region to be enclosed in a ball of known radius.
In the rational setting, the enclosing radius is estimated based on the encoding size of the
coefficients. Our method does not require any such assumptions.

Note that solving the dual feasibility problem only depends on d4 of the constraint matrix A,
but not on b or ¢. One may ask whether also the optimization problem could be solved in time
dependent only on A. This would be the analogue in the oracle model of the Vavasis—Ye [43] result,
and would be the best one can hope for in the oracle model in light of Proposition However, we
show that this is not possible; the proof is given in the full version. the proof is given in Appendix[A]

Proposition 1.4. Let 04 be a condition number associated with a matriz A that remains unchanged
by creating a duplicate copy of a row. There exists no function f : NxR — N and algorithm A that
solves maz ¢’z s.t. Az < b for A€ R™*" b c R™, c € R" in f(n,04) oracle queries, assuming
the system is given by a polyhedral separation oracle.

In light of the negative results, Theorem is conceptually the best possible one can hope
for in the oracle model for linear optimization. The only scope for improvement may be to find
algorithms that depend on better condition numbers of (A, b), or use fewer oracle calls or arithmetic
operations.

Even though Theorem [1.3| uses a more restrictive oracle model than the standard strong sep-
aration oracle assumption, we show that it can reproduce many important results for rational
polyhedra in [I9]. In particular, simultaneous Diophantine approximation can be avoided in most
applications, and dual optimal solutions can be found much more efficiently. These are discussed
in Section

Reduction to the conic setting The algorithms in Theorem are derived from conic
optimization problems using the conic embedding.

We recall that a cone K C R™ is a convex set that is closed under positive scalings, that is,
AK = K for any A > 0. We define a conic separation oracle for K, to be an oracle that on input
Z € R", either outputs that Z € K, or if Z ¢ K, outputs a non-zero vector v € R™ \ {0} such
that v'Z < 0 and v'2 > 0, Vo € K. We do not assume that K is closed, non-empty or even
polyhedral in this definition. We note that the requirement v’z < 0 is automatically satisfied by
any separator if K # () (since 0 must be in the closure of K), so it is only a non-trivial requirement
when K = () (this case will be important for the computation of Farkas certificates). We further
note that the separator produced by the oracle is not required to be strict if £ ¢ K, i.e., we do
not require o' > 0, Vo € K (such a separator need not exist). The oracle is however required to
exactly decide feasibility in K.

2We note that we do not generalize [17] for arbitrary oracle settings. The result in [I7] is a preprocessing step replacing
¢ by an equivalent ¢ of small encoding length, but does not require any assumptions on the oracle.



We present black box algorithms using the following subroutine:

Oracle ApPrROX-CONIC-DUAL

Input: A cone K given by a conic separation oracle, and € > 0.

Output: Either a point x € K, or an e-approzimate conic Farkas certificate,
which is defined by a set {m; : j € J} of vectors returned by the separation
oracle, along with multipliers A € Ri 4 such that

doamgl[<e Y Almyl =1 (2)

JjeJ JjeJ

We let T,(n,e) denote the number of oracle calls and 7, (n, &) the number of arithmetic operations
of this subroutine. We assume these are of the form T,(n,e) = g,(n)log” (n/e) and T,(n,e) =
ga(n)log” (n/e) for some vy, v, > 1. We assume that the the number |J| of oracle separators
involved in the e-approximate conic Farkas certificate is bounded by a function 7(n). In Section@
we show the following.

Theorem 1.5. There exists an oracle polynomial algorithm for APPROX-CONIC-DUAL with T,(n, €)
O(nlog(1/¢)), Ta(n,e) = O(n3log(1/e)), and 7(n) = O(n).

The above corresponds to the requisite approximate problem we will need to solve certain conic
problems exactly. For the purpose of exact solutions, we will require further assumptions on the
possible outputs of the oracle as in the preceding section.

For this purpose, we will work with cones of the form K = {z € R™ : Mrx > 0, Mg > 0}, where
M € R™*" SUT = [m] is a (possibly trivial) partition, and Mg € R¥*" My € RT*" denote the
corresponding rows of M. Slightly abusing notation, we let m; € R™, i € [m], satisfy m, = My,
i.e., the column vector whose transpose is the i** row of M. Compared to the previous section,
note that we allow (and we will need) strict inequalities in the definition of K.

A polyhedral conic separation oracle for K is an oracle that, given z € R", either returns that
T € K, or a vector v € R™, such that 3i € [m] satisfying v = m; and for which v'z < 0if i € T
or v'Z < 0if i € S. From the perspective of implementation, the separator does not specify the
index i, it needs only reveal whether v' is a row indexed by S or by T. In the applications, the
list of strict inequalities induced by Mgx > 0, will in fact be known be in advance and will satisfy

5] = O(n).

We now formulate our three main conic problems. In each case, our goal is to provide algorithms
that are oracle polynomial in n and log(dys). The problems are defined over a closed polyhedral
cone K C R™ of the form K = {z € R™ : Mx > 0}; that is, S = () as above. The particular oracle
assumptions will be detailed in Theorem In the first problem, the first row m | of M plays a
special role and is given to us.

e Strong conic feasibility problem: either find an z € K and m{x > 0, or find a y € R7?
with y; = 1 such that M Ty = 0 certifying that no such z exists.

e Conic validity problem: Given ¢ € R", either find a certificate y € R’i such that M Ty = ¢
showing that ¢"z > 0 holds for every z € K, or return an z € K with ¢’z < 0.

e Conic minimum-ratio problem: Given c,d € R", along with a certificate that d 'z > 0 is
valid for K, expressed by a set {m; : i € I'} for some I C [m] with [I| < n and y® € R
with M Ty@ = d and supp(y¥) = I. Find

Y (3)
mims —— : & T .
dTz ’

This is equivalent to finding the maximum value v* of 4 € R such that (¢ + vd)'z > 0
holds for every = € K, if such value exists. In such case, the optimum value of is —v*.
Depending on the outcome, we ask for the following output.
— Optimality: if v* is finite, provide z* € K with (c +~*d)"2* =0, d"2* > 0, along with
a dual certificate y € R such that MTy=c+~*d.
— Infeasibility: if d"x = 0 for all x € K, then return y € R7* such that MTy=—d.

— Unboundedness: if is unbounded, return z € K with d'z > 0, and € K with
c'z<0and d'z =0.



We note that the above cases are all disjoint, and also cover all possibilities by standard LP duality.

Remark 1.6. Throughout the paper, as above, we often refer to vectors y € R™, and require the
computation of M Ty, even though M is only implicitly defined by a separation oracle. Whenever
we use such notation, what we mean is that y is represented by a set of rows {m; : i € I} for some
I C [m], |I| < poly(n), and by a vector § € R such that y; = j; fori € I, y; =0 fori ¢ I.

The strong feasibility problem and the validity problem are special cases of each other: the
validity problem is the strong feasibility problem over the matrix M’ = (‘I\;), whereas the strong
feasibility problem is the validity problem for ¢ = —m;. We differentiate them since for the validity
problem our goal is to find an algorithm whose running time only depends on n and d,;, but not
on c. The strong feasibility algorithm is also significantly simpler than the validity algorithm.

Theorem 1.7. Forn € N, € > 0, assume there exists an oracle polynomial-time algorithm for
APPROX-CONIC-DUAL using To(n, ) oracle calls, T,(n,€) arithmetic operations, and that T(n) is
the size of the e-approzimate conic Farkas certificate returned. Letting K = {x € R" : Mx > 0},
M € R™*™  the following holds:

(i) Given a polyhedral conic separation oracle for
K, ={zcR": Mz >0,m{z >0},

the strong conic feasibility problem can be solved using O(n) - To(n, dar/O(n)) oracle calls and
O(n) - Ta(n, 601 /0(n)) +0(n3) - To(n,dr/O(n)) + O((n* +n?7(n)?) loglog(1/8xr)) arithmetic
operations.

(i) Given ¢ € R™ and a polyhedral conic separation oracle for
K.={ze€R": Mz >0,—c'z >0},

the conic validity problem can be solved using O(n) - To(n,dpr/O(n)) oracle calls and O(n) -
Ta(n,0n/0(n)) +O(n3) - To(n, 6ar/O(n)) + O((n® +n?7(n)?)loglog(1/8rr)) arithmetic oper-
ations.

(iii) Given c,d € R", 3@ ¢ R such that d = M7y @D T = supp(y?), |I| < n, and polyhedral
conic separation oracles for the two cones

K g={2zcR": Mz >0,d"z>0} and K;={xecR":Mz>0 Mmx=0},

the conic minimum-ratio problem can be solved using O(n) - To(n,
O(n) - Ta(n, 601 /0(n)) +O0(n3) - To(n, dr/O(n)) + O((n° +n?r(n)?

operations.

0r1/O(n)) oracle calls and
)loglog(1/dpr)) arithmetic

Note that if a polyhedral conic separation oracle for K is available, one can implement the
required oracles for Ki, K., K_4 with O(n) additional arithmetic operations. The separation
oracle for K7 can be implemented with O(n?) additional arithmetic operations, assuming that a
projection matrix to ker(M7y) is pre-computed. The reason for stating the theorem with the specific
oracle requirements in each part is for applicability to Theorem [I.3] Using the standard conic
embedding of P = {x € R" : Az < b} as K = {(z | t) € R™"™ : Mz > 0} with M as defined in
(1), we can use the polyhedral separation oracle for P and rec(P) to implement all required oracles
(with d = m{ ) in Theorem However, we do not directly get separation for K for points of the
form (x | 0); this is further explained in the proof of Theorem in Section The proof uses
this conic embedding and combines Theorems [I.5] and

Application to rational polyhedra Let us now focus on rational polyhedra, i.e. polyhedra
where all facets can be described by rational inequalities of bit complexity at most ¢, called the facet
complexity. Bounded facet complexity guarantees bounded vertex complezity, i.e. all extreme point
solutions are rational numbers of bounded encoding length. The seminal work of Grotschel, Lovész,
and Schrijver, summarized in the book Geometric Algorithms and Combinatorial Optimization [19],
provided a polynomial-time algorithm for optimizing over rational polyhedra given by a strong
separation oracles.

They use a black-box argument that requires a subroutine to find either a feasible point or
a small-volume enclosing ellipsoid for the a convex set. Such a subroutine can be implemented
using the ellipsoid method. Exploiting that a small volume ellipsoid must be sufficiently thin in a
certain direction, they use simultaneous Diophantine approximation to identify an affine subspace
containing the feasible region.



For the sake of simplicity, let us discuss the problem of finding dual optimal solutions under the
following simplifying assumption:

The encoding sizes of the vectors returned by the strong separation oracle are polynomially
bounded by the facet complexity .

(4)

Under this assumption, one can find a optimal dual solutions with oracle inequalities [19, Lemma
6.5.15]. This assumption is not without loss of generality; we discuss this and different concepts of
dual solutions in Section [7} In Section we sketch how one can still recover the results of [19]
from our approach in case does not hold.]

For finding the optimal dual solutions, [19] needs several runs of the (primal) ellipsoid method,
including the final one where the variable set corresponds to a large (albeit still polynomially
bounded) set of inequalities. The running time depends on a higher power of ¢.

Under the same assumption , Theorem enables a much simpler and more efficient algo-
rithm. Even though Theorem requires a polyhedral separation oracle, in Section we show
that one can convert a strong separation oracle to a polyhedral separation oracle by rounding the
right hand sides of the inequalities using the continued fractions method. Lemma shows that
o > 1/ 20(n*?) for the associated conic system.Compared to the general framework in [19], this
method has the following advantages in the setting of .

e We can identify lower dimensional subspaces without simultaneous Diophantine approxima-
tion. The only ‘number theoretic’ subroutine we use is the continued fractions method;
otherwise, we rely on the purely geometric measure §p;. Our algorithm can recurse by setting
some inequalities returned by the oracle to equality.

e We recover dual certificates along with the primal solutions, without the need of solving a
second, much larger linear program. The running time in [I9] on a higher degree polynomial
of ¢; our running time depends linearly on log(1/dx;).

e The algorithms in [19] require accuracy depending on ¢ from the approximate subroutines.
The running time of our algorithm depends on the condition number d,; that can be drastically
better than the lower bound implied by ¢. In a sense, we work directly with the condition
numbers implicit in [I9] and lower bounded using the facet complexity.

Dual optimal solutions for LPs in the oracle model can be important for applications in com-
binatorial optimization. For example, the recent paper Svensson et al. [36] on the asymmetric
travelling salesman problem crucially uses an optimal dual solution to the Held—Karp relaxation;
prior to our work, this could only be obtained using the method in [19]. For this relaxation, one
can naturally obtain a polyhedral separation oracle that returns a violated degree constraint or
blossom inequality. Therefore, we do not even need to round the right hand sides. Our algorithm
proceeds directly by identifying tight inequalities in an optimal solution, and terminates with exact
primal and dual optimal solutions in strongly polynomial time.

Implementing the approximate conic oracle Both [I9] and Theorem [1.7] are black-box
methods. However, [19] requires a seemingly weaker ‘primal-only’ subroutine, whereas Theorem
requires an approximate dual certificate. We next explain that this difference is illusory: a e-
approximate conic Farkas certificates can be naturally extracted from the ellipsoid method as well
as other convex feasibility algorithms.

The algorithm of Theorem L.5|is based on the JLSW [23] cutting plane method. In Section|[6] we
present a general technique to extract e-approximate conic Farkas certificates from various methods
to solve convex feasibility problems; we only list the oracle complexities here.

e The ellipsoid method [I9] can be modified to provide an algorithm for APPROX-CONIC-DUAL
with 75(n, ) = O(n?log(1/¢)) oracle calls(Section .

e Volumetric cutting plane methods [23] 28, [40] can be used to provide an algorithm for
APPROX-CONIC-DUAL with T5(n, &) = O(nlog(1/¢)) oracle calls(Section [6.4). We note that
[28] contains an almost explicit statement that gives the bounds 7T,(n,e) = O(nlog(n/e)) and
To(n,€) = O(n3log® M log(n/e)), see Theorem

e The geometric rescaling algorithm [I2, 21] can be modified to provide an algorithm for
APPROX-CONIC-DUAL with T,(n, ) = O(n3log(1/¢)) oracle calls(Section .

A common feature of the above methods applied to the intersection K N B™(1) of the cone and
the unit ball is that they can find a “c-thin direction”, that is, an oracle inequality m; such that
m, x < e|jmy| - ||x|| for every x € K. By convex duality, there must exist a dual certificate of this



bound using inequalities returned by the oracle during the course of the algorithm; such certificate
would provide an e-approximate Farkas certificate.

One aspect that is ostensibly absent from the original ellipsoid method or from Vaidya’s method
is duality: at first sight, they appear to be “primal” methods only, where infeasibility is concluded
by a volumetric argument, relying on the assumption that the feasible region has a sufficiently large
volume, without returning a Farkas certificate of infeasibility. Furthermore, in the ellipsoid method
no certificate is maintained of the fact the feasible region is contained within the current ellipsoid.

In a remarkable paper, Burrell and Todd [7] showed that, in the context of the ellipsoid method,
both these shortcomings are illusory. They introduced a new view of the ellipsoid method in terms
of what we will refer to in Section[0]as ‘certified concave quadratic forms’. The ellipsoid E produced
by the algorithm at any iteration is maintained in the form F = {& € R"™ : ¢(x) > 0}, where the
strictly concave quadratic form ¢(z) is built from the defining constraints of P and the initial ball
constraint ||z|| < r in a way that immediately verifies the containments P C FE. Furthermore
Burrell and Todd showed that, from such a representation, one can construct dual certificates for
any bound that holds for a linear function over the elliposid F.

We extend Burrell and Todd’s framework beyond the ellipsoid method. A further illustration
is given on the geometric rescaling algorithm, by showing how certified quadratic forms can be
maintained during execution of the algorithm. For volumetric cutting plane methods, there is no
additional overhead in maintaining the quadratic forms. We show that the final output of the
algorithm can be converted to a certified concave quadratic form.

Nemirovski, Onn, and Rothblum [30] extended the work of Burrell and Todd by giving a very
general certification procedure for the oracle model. Consider any convex minimization problem
given by oracle access, returning separators for infeasible points and subgradients of the objective
function for feasible points, and consider an algorithm (such as variants of cutting plane methods),
that can find a feasible solution with objective value within ¢ > 0 from the optimum value. Under
mild assumptions, they show that it is possible to construct a dual certificate of the approximate
optimality of the solution as an appropriate conic combination of the separators and subgradients
obtained during the algorithm. Any such certification procedure should be applicable to implement
APPROX-CONIC-DUAL.

1.2 Explicit linear programs and connections with circuit imbalance

Let us now consider the implications of our results on explicitly given LP, and compare the running
time achieved by our algorithm with the currently fastest algorithms for this setting. We consider
linear programs of the form

mine'z, Az =bz>0, (5)

where A € R™*" b e R™, ¢ € R™. The dual can be written as
maxb'y, A'y<ec. (6)

One can obtain an O(mn) time polyhedral separation oracle for this problem by computing the
vector A'y.

Using the JLSW algorithm [23] to implement the approximate oracle for @, Theorem yields
a complexity bound O (nm3 log(n/d ) + mSlog log(n/(SAT)) for the feasibility of (that is, the
dual of @), and O (nm3 log(n/6(aT ¢)+(0,1)) + m? log log(n/§(Ar’c)+(0’1))) for optimization.

We compare this with recent work on explicitly given linear programs [10, [I1I]. For the com-
parison, we need to introduce the following condition number. For a linear space W C R", the
set of elementary vectors E(W) is the set of support minimal nonzero vectors in W; the support
of elementary vectors corresponds to the set of circuits in the associated linear matroid. The cir-
cuit imbalance measure Ky is defined as the maximum ratio |g;/g;| over all g € £(W) and all
i,j € supp(g). For a matrix A € R™*" we let k4 denote Ky for W = ker(A). In particular,
k4 = 1 for totally unimodular matrices.

Dadush et al. [11], strengthening Tardos’s result [37] on combinatorial linear programs, gave an
algorithm with running time poly(n,m,log(ka + n)) for solving linear programs of the form .

The condition number & 4 is within a factor 1/n from the Dikin-Stewart-Todd condition number
X4 used in [43], see [I0, I1]. Hence, log(ka +n) = O(log(xa + n)).

The algorithm in [I1] is of a black-box nature: for linear optimization, it requires O(nm) calls to
an approximate linear programming solver with accuracy e = 1/(nk4)?™"). For the linear feasibility
problem Az = b, x > 0, O(m) calls suffice. Combined with the solver of van den Brand [41] the



running time is O (mn* log?(n) log(ka + n)), and combined with the solver of van den Brand et

al. [42], it is O ((nm2 + m*)10g® Y (n) log(k 4 + n) +m5 loglog(r.a + n))

The condition numbers 1/6 and x are reconciled in Section (8| In Lemma and Corollary
we show that for a matrix of the form A = (I,,|A’), log(n/ds7) = O(log(ka + n)). We can
therefore use our conic validity algorithm in Theorem to find a feasible solution to in
poly(n,m,log(ka + n)) time. In particular, using the JLSW algorithm [23] to implement the
approximate oracle gives us a running time of O(nm?log(n+#x4)+m?®loglog(n+r4)) for feasibility
of .

At a high level, the feasibility algorithm in [II] and our conic validity algorithm both use
approximate solutions to Az ~ b, x > 0 to reduce the problem size, and project out variables
with high x; values. The main difference is that [I1] requires a stronger approximate oracle that
enables a more efficient ‘pullback’ of a Farkas certicate in case of infeasibility. Our algorithm has
an additional term O(m? loglog(n + k4)) compared to O(min{m® mn“}loglog(ka + n)) in [11].
We note that our method cannot reproduce the main result of [I1] of a poly(n,m,log(ka + n))
algorithm for linear optimization: our running time depends on 647 cy4(0,1)- On the other hand,
[11] heavily uses that the system is explicitly given, while our method extends to the oracle setting.

Finally, in Section we also show that for an explicitly given matrix A € R™*™, one can find
a nonsingular 7' € R™*™ that approximately maximizes d(p4)7, based on the result of Dadush et
al. [10] on optimal column rescaling k% of k4.

1.3 Overview of techniques

Adaptive bound on §); In general, computing 6y may be difficult. Nevertheless, our algo-
rithms are all “oblivious” to the value of dp;: we do not need to know this parameter to terminate
within the claimed number of oracle calls. Let us start with the optimistic estimate 5=1 /n,
and run the algorithm with this value. The precision ¢ required from APPROX-CONIC-DUAL will
depend on our adaptive estimate of 5. The algorithm may succeed even if 6 > &y In case the
algorithm fails to deliver the required conclusions, it will be able “certify” such failure, by return-
ing a set of linearly independent rows {m; : i € J} along with coefficients \; € R’ such that
Y oicy Aim; < SmaXieJ Ai|lmg||, thus showing 5 > 8y. We can then update our guess to the bound
implied by these vectors or to 52, whichever is smaller, and simply restart the algorithm.

Hence, if our algorithm has not succeeded for the very first time, we will have the guarantee
that § > 82, for all subsequent trials. Assuming the running time of each trial is bounded as
poly(n,log(1/4)), the overall running time of all trials will be dominated by the running time of
the final, successful trial.

Strong conic feasibility Consider the strong conic feasibility algorithm for a cone K and
constraint m | x > 0. We call the subroutine APPROX-CONIC-FEASIBLE for the cone K; = KN{z €
R" : m{z > 0} and ¢ = §/O(n). The algorithm terminates if a feasible solution is found.
Otherwise, an e-approximate conic Farkas certificate A € R is returned.

Assume first that such vector \ satisfies M T\ = 0. The certificate shows that K C ker(My),
where J = supp(A). In particular, if A; > 0, then this shows that m{ z = 0 for all x € K, and the
algorithm stops. Otherwise, the algorithm recurses on the lower dimensional space ker(My). In
case M T\ # 0, we use a Carathéodory-style subroutine which either succeeds in finding another
nonzero A" € R, with linearly independent support such that M T\ =0, in which case we proceed
as above, or fails in finding such a vector, in which case it will output a certificate that our adaptive
estimate § was incorrect (that is, 6 > dp7).

Conic validity and conic minimum-ratio The algorithms for conic validity and conic
minimum-ratio are more involved, due to the fact that the number of iterations should only depend
on n and dy7, but not on ¢ and d. In particular, the simple strategy adopted for strong conic
validity does not work, as it would require a level of precision € dependent on ¢ and d.

We briefly outline the main idea for the conic validity algorithm; the conic-minimum ratio
algorithm is a further extension of this idea. The conic validity algorithm for the cone K and
vector ¢, calls the subroutine APPROX-CONIC-FEASIBLE for the cone K. = KN{z € R" : ¢'x > 0}
and € = 62/0(n?). We terminate in case a feasible solution is found. Otherwise, we consider the
e-approximate conic Farkas certificate (A, 7) € RT" x Ry returned, where 7 is the multiplier for the
inequality —c'z < 0. If 7 is sufficiently small, then we can recurse as in the feasibility algorithm.



If 7 is large, then—assuming 6 < 8p—the inequalities of Mz > 0 corresponding to suitably large
entries of A have to be satisfied at equality for every € K. We recurse on the lower dimensional
space and continue. At any step we will therefore have a set F C [m] with the guarantee that
K.Nker(Mp) # ), assuming 5 < . However, observe that, if our estimate 5 was actually not
correct, it is possible that we recursed on the wrong subspace, that is, K.Nker(Mp) = (). (This is in
contrast with the feasibility algorithm described above, where K7 C ker(MF) is always guaranteed
when recursing.) The algorithm recurses until it either finds « € K Nker(Mp) such that ¢"z > 0,
in which case we stop with the feasible solution z, or a dual certificate A of the fact that ¢'z < 0 for
all z € KNker(Mg). The main technical tool at this stage is an algorithm, described in Lemma
is a pullback subroutine. Starting from 5\, it either produces a dual certificate A € R’ such that
MTX = —c, in which case we stop, or detects a failure for 3, in which case we update our bound
dar and continue.

1.4 Further related results

In recent work, Jiang [22] improved the complexity bounds of minimizing convex functions over
integers.  This is achieved by a more direct application of lattice basis reduction than in [19].
However, this does not seem to lead to an improvement for rational polyhedra in the bounded facet
complexity model.

The Burrell-Todd representation [7] was also used recently by Lamperski, Freund, and Todd
[26] to developed an “oblivious ellipsoid algorithm” that terminates in finite time, assuming P is
explicitly given by inequalities, and that P is either full-dimensional or empty. In contrast, our
result is applicable also for degenerate systems. We also note that whereas [26] use a modification
of the standard ellipsoid method, our approach uses the standard method in a black-box manner.

Geometric rescaling is a more recent class of polynomial-time linear programming algorithms:
the common theme of such algorithms is to boost simple iterative algorithms by adaptively changing
the scalar product. The first such algorithms were given by Betke [3] and by Dunagan and Vempala
[15], and a number of papers have since appear on the subject. We refer the reader to [12] for an
overview of such results. Whereas most of these algorithms work only under the assumption that
the constraints defining the cone are explicitly given as part of the input, some variants, including
those described in [12] 2I], can be naturally extended to the oracle setting. We implement the
approximate conic oracle in Section [6.5 for these variants.

Theoremalso gives an answer to a question raised in [12] on finding a “primal-dual” geometric
rescaling algorithm for the conic maximum support problem that does not depend on a priori bounds
on the condition numbers. Such an algorithm was also recently obtained for explicitly given systems
by Pena and Soheili [32]. Their algorithm runs the rescaling algorithms in parallel on the primal
and dual problems, with increasing estimates on a certain condition number.

Organization of the paper Sections and [5| describe the algorithms for the strong conic
feasibility, conic validity, and minimum conic ratio problems, along with their analyses. Sections[6.1
and describe our general approach to finding approximate Farkas certificates from certified
quadratic forms. Sections describe different implementations of the oracle APPROX-CONIC-
DuAL, based on different methods (ellipsoid, volumetric cutting plane, and geometric rescaling).
Section [7] relates the results presented to the classical framework of rational polyhedra. Finally,
Section [§ shows the connection between the condition number § and the circuit imbalance measure.
Appendix [A] includes the proofs of the impossibility results of Propositions and

2 Preliminaries

For a natural number k < m, let [m] = {1,2,...,m}, [k,m] = {k,k+1,...,m}. For any number
a € R, we let a™ = max{a,0} and o~ = max{—a,0}. For a vector z € R", 1 and 2~ in R™ are
defined by (z%); = @i, (7); = 7, i € [i]. Thus, = 27 —2~. Let & denote the jth unit vector
in R™. For a set of vectors {v; : j € J} C R"™, we let span(v; : j € J) C R™ the linear subspace
they span; for a matrix B C R"*™  let span(B) C R™ denote the linear subspace spanned by the
columns of B.

For any matrix H € R*¥*™ and every J C [k], we denote by H; the submatrix of H defined
by the rows indexed by .J, and similarly, for v € R¥, v; defined the restriction of v to the entries
indexed by J.
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K CR"is a cone if K is convex and K is closed under positive scalings, that is, xt € K = Az €
K,V > 0. For a set of vectors vy, ...,v; € R"™, we let cone(vy,...,v) := {Zle AV T AL, o, A >
0} denote the closed cone generated by vy, ..., vg.

For a convex set C' C R”, we say that FF C C'is a face of C' if F' is convex and if for all z,y € C,
we have that Az + (1 — \)y € F, A € (0, 1), implies that z,y € F. The lineality space of C is the
largest linear subspace W such that C' + W = C'. We say that closed convex set C' is pointed if its
lineality space is W = {0}. For a closed pointed cone K, the set of 1-dimensional faces of K are
called the extreme rays of K. Slightly abusing notation, we will also say that v € K \ {0} is an
extreme ray of K if R v is a 1-dimensional face of K.

Given p € R™ and r > 0, we denote by B"(p,r) the ball of radius r in R™ centered at p.
We use the notation B™(r) for B™(0,r). We denote by S}, and S7 the sets of symmetric n x n
positive definite and positive semi-definite matrices, respectively. For P,Q € S?, we use P < @

if @Q— P eSh. For Q € S}, and a vector v € R”, we let |v[/q 4 /uTQu; this defines a norm
over R"™. We use || - ||; for the ¢;-norm and || - ||2 for the Euclidean norm. When there is no risk of
confusion we simply write || - || for || - ||2.

Except for Section [7] on rational polyhedra, weuse the real model of computation, allowing basic
arithmetic operations 4+, —, x, / and comparisons. We avoid using square roots exactly: instead
of unit norm vectors, we sometime assume that |[v| € [1,2] for certain vectors. The results can be
easily adapted to the Turing model; however, this requires rounding stepsfor the ellipsoid method
in Section [6.3] The black box algorithms in Sections only use simple linear algebra subroutines
that can be implemented in the Turing model without any modification.

The following simple claim will be needed for running time estimations when using an adaptive
bound on the condition number §,;.

Lemma 2.1. Let 1/n = 8§ > 62 > ... > §; and § > 0 be real numbers such that 6,11 < 51-2 for
i€t—1],8 >, andv > 1. Then,

S log” (n/61) = O(1) - log" (n/).

Separation oracle variants For a convex set K C R", a strong separation oracle takes as
input a point £ € R", and either either returns the answer & € K, or a nonzero vector a € R",
such that "z < a'Z for every 2 € K. This is the standard separation oracle model used for
the ellipsoid and other cutting plane methods. The notion of conic separation oracle required for
APPROX-CONIC-DUAL oracle is, as discussed in the Introduction, identical to the strong separation
oracle if the cone K it defines is non-empty.

Recall that our main results Theorem and Theorem make stronger oracle assumptions.
Namely, we assume that a polyhedron P, is defined by a polyhedral separation oracle: if T & P, the
oracle returns an inequality a "2 < 3 violated by Z, where the set of all inequalities returned by the
oracle for all possible choices of Z ¢ P is finite. We will often write that P = {z : Az < b} is defined
by a polyhedral separation oracle to mean that Az < b comprises all such possible inequalities,
with the understanding that Az < b is not explicitly given, but we have access to it via the oracle.

In Section |7| we show that for rational polyhedra satisfying assumption on bounded bit-
complexity, a strong separation oracle can be converted into a polyhedral separation oracle.

2.1 Reducing LP to the conic setting: proof of Theorem [1.3

We now give the proof of Theoremusing Theoremsand Consider a polyhedron P = {x €
R™ : Az < b} for some A € R™*™ b € R™ and its recession cone rec(P) = {x € R™ : —Ax > 0},
both of which are given by a polyhedral separation oracle.

We derive parts (i), (ii), (iii) of Theorem using the standard homogenization of P into
R™*!. Namely, we examine

K={(zx|t)eR"™ :tb— Az >0,t >0} :={(z | t) € R""' : M (x| t) >0}, (7)

where M € R(mTD* (1) g a5 in (). Note that (z | 0) € K < x € rec(P) and that (z | t) € K,t >
0« x/t € PP

3We cannot directly build a polyhedral conic separation oracle for K given our assumptions. In particular, for an
input (z,0) to the oracle, if (z,0) ¢ K, we would need to return (—a; | b;) such that —a; 2 < 0. Our polyhedral separator
for rec(P) would give us access to a; but not to b;, noting that the inequality (—a; | 0) T (x | ) > 0 is not necessarily valid
for K. We will be able to circumvent this issue however, as the problems we wish to solve will only require polyhedral

conic seperation oracles for sub-cones of K, that we will be able to build directly.
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(i) Primal feasibility We must compute a solution to Az < b or a Farkas certicate of infeasi-
bility ATA=0,bT X < 0,\ > 0. We reduce to solving strong conic feasibility using Theorem on
K as above with the constraint £ > 0 corresponding to m;. For this purpose, we require a polyhe-
dral separator for K7 := {(xz | t) € K : t > 0}, which can be derived directly from the polyhedral
separation oracle for P. Namely, given (2’ | t'), if ' < 0, we return the separator ¢ > 0, and if
t > 0, we call the separator for P on z'/t’. If 2/ /t’' violates a;x < b; for P, we return (—a; | b;) for
K'. From here, if Theorem returns (z | t) € Ky, we return x/t € P, and if it returns A\ € R
satisfying AT (—A,b) +1-(0,1) = 0, we return X as the Farkas certificate.

(ii) Dual feasibility We must compute a solution to ATA = ¢, A > 0, or find a solution to
Az <0, ¢z > 0. For this purpose, we reduce to the conic validity problem using Theorem on
the cone K = rec(P) := {& € R" : —Ax > 0} and the vector ¢ := —c. This requires a polyhedral
conic separation oracle for Kz = {x € R" : —Ax > 0,c¢'2 > 0}. This is direct to implement since
we have access to a polyhedral separation oracle for rec(P) and c is known to us. Since the conic
validity problem is a direct restatement of the dual feasibility, the correctness of the reduction is
evident.

(iii) Optimization Assuming both Az < band ATA = ¢, A > 0 are feasible, we must find an
optimal primal-dual pair x*, \* satisfying complementary slackness, namely (A\*)" (b — Az*) = 0.
We reduce this to the conic minimum-ratio problem on K given by min{—c"z/t: (z | t) € K,t > 0}
using Theorem Note that this problem can be rewritten as min{¢' (z | ¢)/d"(z | t) : (x| t) €
K,d"(z |t) >0}, where ¢ = (—c | 0) and d = (0 | 1).

For this purpose, we first require that d = (0 | 1) be given as a conic combination of the original
constraints of K, which trivially holds since (0 | 1) induces an original constraint itself; hence
I = {1}. We also require polyhedral separators for K_4 = {(z |t) € K :d'z >0} = {(z | t) €
K:t>0}and for Kfy = {(z |t) € K :d"2z =0} = {(z]0) € K} := (rec(P) | 0). As explained
in the previous paragraphs, these separators can be directly constructed from the corresponding
polyhedral separators for P and rec(P). Furthermore, we recall that feasibility of Az < b is
equivalent to K_4 # ) (i.e., d" (2 | t) = 0 is not valid for K) and feasibility of ATA = ¢, A > 0 is
equivalent to —c'x = ¢' (x| t) > 0 being a valid inequality for K.

Given the above, the conic minimum-ratio solve must output v* € R, (z* | t*) € Ky, \* €
R, 3* > 0 such that v* = —¢' (2" | ¢t*)/(d" (z* | t*)) = ¢'z/t and (\*)T(—=A4,b) + 5*(0,1) =
¢ +7*d" = (—c,v*). We claim that z* /t*, \* are the desired optimal primal-dual pair. To begin,
we note that the inclusion z*/t* € P is direct since ¢t* > 0. Furthermore, by the guarantees of the
output we have that

0= GE+7"d) T (@ | ) = (V)T (=4,b) + 550, 1)) (z* | ) = A) T (t°b— Az™) + f*t* > 040 = 0.

Since t* > 0, the above implies that 3* = 0 and that (A\*) T (t*b — Az*) = 0. Since 3* = 0, we see
that A\* is a valid dual solution. Finally, complementary slackness follows from (A\*)T(t*b — Az*)
after dividing by t*.

For all three problems above, the desired running times now follow directly by combining The-
orem with the corresponding part of Theorem

2.2 Properties of the )-measure

We start by showing that the d-measure introduced in Definition [1.2]is equivalent to the definition
of the “4-distance property” studied in [6l O] 6], and that it is positive if and only if V' is finite.

Lemma 2.2. For a set of vectors V.C R™, dy is the largest value such that, for every W CV and
every v € V' \ span(W), the Fuclidean distance between v and span(W) is at least oy ||v||. Further,
dv > 0 if and only if |{v/||v]] : v €V} is finite.

Proof. For the first part, let 6, be the quantity in the statement; we prove §{, = dyy. We can assume
0 ¢ V, and that |lv;]] = 1 for all j € V, noting that both quantities éy; and d7, are invariant under
rescaling vectors in V. We first show that dy > 61,. Let {v; : j € I} C V be a linearly independent
set of vectors; for any vector v; let z; be the projection of v; to span(v; : j € I\{i})*. By definition,
2]l = & ||lvi|l = 6}, It follows that, for every A € RY, ||S2, o Awvw|| = |Nilllzill > 61| As|. This
shows oy > 07,

For the direction 67, > dy, let W C V and v € V \ span(W). W.lo.g., we can assume that
the vectors in W are linearly independent, hence the vectors in W U {v} are linearly independent.
Denoting by z be the projection of v to span(W)*, it follows that there exist a unique vector
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X € RWI such that WA = v — 2. Since the vectors in W U {v} are linearly independent, it follows
from the definition of dy that ||z|| = [|[WX — v|| > dv||v], showing that &{, > v .

If |V| is finite, then 0{, is defined as the minimum of a finite number of positive numbers,
showing dy = 07, > 0. If |V| is infinite, then there exists a convergent sequence in V' (recalling that
all vectors are renormalized to 1 and thus V' C B™(0,1)); let vk, k € N be such a sequence. Thus,
for any € > 0, there exists v;,vx € V such that ||v; — vg|| < e. Setting I = {j,k}, \; =1, Ay = —1,
we have || .. Avi|| = [|[v; — vi|| < &; on the other hand, |A;| = [A\x| = 1. This shows that éy < e
for every € > 0. O

The following characterization can be shown with a similar argument.

Lemma 2.3 ([6, Lemma 5(i)]). Consider a matriz M € R™*"™ such that all rows m, have norm
one. For a matrizx B € R™*™ let v(B) denote the mazimum column norm of B. Then,

1
5o = max {7(N7"): N is an m x m submatriz of M}
M

We recall the classical Minkowski—Weyl theorem for polyhedral cones.

Theorem 2.4. Let K = {x € R"® : Mz > 0}, be a closed polyhedral cone with M € R™*™. Then,
the following holds:

o L =ker(M) = span(M )L is the lineality space of K, K N L* is a closed pointed cone and
K=L+(KNLY).

e KNL+ = cone(vy,...,v;), where vy, ..., vy are the extreme rays of KN L*. Furthermore, for
each i € [k], there exists S C [m], |S| = 1k(Ms) = dim(span(M ")) — 1, and j € [m]\ S, such
that v; = \II®m; for some X\ > 0 where II¥ denotes the orthogonal projection onto ker(Msg).

The following is the key property of dp; in the conic setting. Namely, it gives a lower bound in
terms of dps, on the angles extreme rays of Ma > 0 can form with constraints that they are not
incident to.

Lemma 2.5. Let K = {x € R" : Mz > 0} be a closed polyhedral cone with M € R™*™.
Then, for any extreme ray v of K Nspan(M ') and i € [m], we have that either m]v = 0 or
mf v > durllml| - vl Vi € [m].

Proof. Let v € K Nspan(M ")\ {0} be an extreme ray and let i € [m]. Then, by Minkowski-Weyl
(Theorem , there exists S C [m], |S| = rk(Ms) = dim(span(M ")) — 1 and j € [m] such that
v = AI%m;, A > 0, where II¥ is the orthogonal projection onto ker(Mg). Since IT1%(span(M ")) is

1-dimensional and v"m; > 0, we see that v m; = v II%m; = [jv|| - |[TT9m;|. If m; € span(Mg ),
then clearly IT9m; = 0 and thus v'm; = 0. If m; ¢ span(MJ ), then |[TT9m;|| > dar|/m;| follows
by Lemma [2:2] The statement thus follows. O

3 The strong conic feasibility algorithm

In this section, we prove the part of Theorem [I.7|for the strong conic feasiblity problem. We assume
a polyhedral conic separation oracle is available for

K ={z €R": Mz >0,m{z >0},

and that the subroutine APPROX-CONIC-DUAL for K is provided as in Section [[.1] requiring
To(n,€) oracle calls, T, (n,e) arithmetic operations, and returning an e-approximate conic Farkas
certificate of size at most 7(n).

The next lemma captures the key recursive step:

Lemma 3.1. Let K = {z € R"® : Mz > 0} for M € R™*", given by a conic separation oracle, and
let m{ be the first row. There exists an oracle polynomial-time algorithm using O(T,(n,drr/(2n)))
oracle calls and O(T,(n,0n/(2n)) + (n® + n1(n)?)loglog(1/dn)) that either finds an x € K with
m{x >0, o0r\€ R’ that is a minimal support solution to MTX=0.

In Section [3:1] we show how the strong conic feasibility algorithm can be obtained by at most
n calls to this subroutine. The proof of Lemma [3.1] relies on the decomposition stated in the
next lemma. This is essentially a careful reading of the proof of Carathéodory’s theorem. It is a
consequence of [I1, Lemma 4.1]; we include the proof for completeness.
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Lemma 3.2. There exists an O(n|J|> + n?|J|) time algorithm that, given vectors {v; : j € J},
A€ Ri, and ¢ € R? such that ¢\ > 0, outputs one of the following.

(i) A vector A € R such thaty ., \jv; = > ies Aivis e X > cT ), and the vectors {v; : \j > 0}
are linearly independent.

jeJ

(ii) A nonzero vector p € R which is a support-minimal solution to
that ¢y > 0.

jegbvj =0, and such

Proof. We initialize A = X, and maintain Y., \jv; = Y5 Ajvj, ¢'A > ¢' A > 0 throughout.
At every iteration, either supp(A\) becomes strictly smaller, or we find a vector y as in . If we
do not end with outcome at some iteration, then we terminate once {v; : \; > 0} are linearly
independent.

If the vectors in the support of \ are linearly dependent, then let 1 # 0 be a support-minimal
vector such that Y. ujv; = 0, supp(u) C supp(A). If > 0 and ¢ > 0or p <0and ¢"p <0,
then we we output p or —pu, respectively, and terminate with outcome . Otherwise, possibly by
replacing 1 by —u, we can assume that ¢'p > 0 and g has a negative component. Let o > 0 be
the largest number such that A + au > 0, and update A := X + au. Note that supp(\) decreases
by at least one, and by the choice of u, we have Zje] j\jvj = ZjeJ AjUj, c"A>clA

The running time bound is standard; it takes O(n?|J|) arithmetic operation to bring the system
> jes Uity = 0 (in the variables p;, j € J) in normal echelon form via Gaussian elimination.
At every iteration, if we reduce the support of A, we remove the vectors corresponding to zero
components of \, and it take O(n|.J|) operations per vector removed to bring the system back to
echelon normal form, for a total of O(n|J|?) operations. O

Proof of Lemma[3.J] We maintain an estimate & on &y, initializing §:=1 /m. A nonzero vector A €
R™ is a failure for & if {m; : j € supp()\)} are linearly independent and ¢ := M|/ (maxjepm Ajllmyll) <
5, proving 8y < . Whenever we detect a failure, we update § := min{é?, ¢}.
We call the subroutine APPROX-CONIC-DUAL for K for € := §/(2n). This requires T,(n,d/(2n))
oracle calls and T (n,8/(2n)) operations. Either we obtain an z € K with mJz > 0, or A € R7
such that 377" Aj[[m;|| > 1 and IMTX| < 6/(2n); let J = supp(A). If MTA = 0 then we can
readily return the vector .
If MTXA # 0, then we apply Lemma to A, the vectors {m; : j € J}, and to the vector
c € R™ defined by ¢; = ||m;|, j € [k]. Recall that |J| < 7(n), hence this step requires O(n?|J| +

n|J|?) = O(n® + n7(n)?) arithmetic operations. If outcome (i) occurs, then we obtain A € R’

with supp(A) C J, >t Ajllm;|| > 1 such that M "X = M T\, and the rows of M in the support
of X\ are linearly independent. We claim that X is a failure for 4. Suppose not. Then we obtain a
contradiction

IMTA = [|MTR| =6 max Afmi) =2, ®)
i€supp () n

Aj|lm;|l > 1 and supp(A) < n. In this case we update

- > |

2n
where the last inequality follows from jes
6 and ¢ accordingly, and call ¢ = §/(2n) for the new value of e. If outcome (ii) occurs, we obtain
a nonzero p € R, supp(p) € J such that MTp =0 and p is support minimal; we can return p
as the output. The running time bound follows using Lemma [2.1} using the choice of the estimates
J. O

3.1 The recursive algorithm

We now describe the overall strong conic feasibility algorithm, with the running time bound stated
in Theorem [I.7] This can be achieved by making at most n calls to the algorithm in Lemma [3.1}
We gradually identify a subset F' C [m] and find coefficients £ € R, such that supp(§) = F,
MT¢ =0, |F| < 2rk(Mg). This certifies that Mpz = 0 for all x € K.

This set is initialized as F' = (J; after the first call to Lemma [3.1, if the output is a support
minimal solution A > 0 to M "X > 0, then we select F' = supp()\). F will be extended in every
iteration; thus, the algorithm terminates by making at most n calls.

The following notation and subsequent Lemmas [3.3] and [3.4] will also be used in later sections,
and apply for any F' C [m] (that is, we do not require K C ker(Mp)). Given an index set F' C [m],
let II¥" € R™*™ be the orthogonal projection matrix onto ker(Mpg). Computing IT1¥ requires O(n?)
operations. For every vector v € R”, let

o =T 0.
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Let Tr = {i € [m] : I¥'m; # 0} and let M € RTF*" be the matrix with rows (mf") 7. Let

Kf={zeR": MF2z>0} and K{ ={zecR": M"z>0 (mi)"z>0}. (9)

Lemma 3.3. For any index set F C [m] and © € R", z € K if and only if 1¥z € K. In
particular, KI' = (K Nker(Mr)) + span(M}). Given a conic separation oracle for Ky, we can
implement a conic separation oracle for K&, requiring O(n?) time for each oracle call.

Proof. For the first part, note that z € K < M(I1¥'z) > 0 & 1"z € K. The second statement
follows directly from the fact that [1¥'z € {z € R : mz = 0,i € F}. For the separation oracle
for KI', if mf" = 0 then we have K{" = 0; for the rest of the proof, let us assume m! # 0. Take
any & € R”, and run the conic separation oracle for K for the orthogonal projection I1¥'z. If
¥z € Ky, we can return z € K{. If not, then we obtain an inequality m{ z > 0 or m, x > 0 for
i > 1 violated by ITI¥'z. In the first case this means m{ (II¥'z) < 0, meaning (m%) "z < 0. In the
second case, m; (II¥'z) < 0 for some i € Tr. Note that II¥m; # 0 and (m!)Tz = m (11F'z) < 0,
hence (mf’ )T2 > 0 is a violated inequality in the system defining K¥'. Computing 1"z and I1¥'m;

requires time O(n?). O
Lemma 3.4. For any F C [m], we have dyrr > .

Proof. Consider a set J C T such that {mf : j € J} are linearly independent. Consider A € R”.
There exists § € R such that {m; : i € supp(#)} is linearly independent, and

DI my | = 1> Agm; + Mg >5Mmax{max/\jmj||7max9z‘||mi||}>5Mmax)\j||Hij||
jeJ ies jeJ i€EF jed

where the first inequality follows from the definition of da, since the vectors in {IIm; : j € J} U
{m; : i € supp(#)} are linearly independent, and the second inequality follows from ||m;|| > ||TIm;||
for all j € J. O

Equipped with the above notation, the description of the algorithm follows. We initialize F' = ().
If at any iteration m{" = 0 then m ] z = 0 must hold for all z € K; thus, no strong feasible solution
exists. We can obtain an infeasibility certificate as follows. Let p € R™ with M T = 0 such that
supp(p) € F U {1} and gy = 1. Then, for sufficiently large o > 0, N’ = p + «of is a nonnegative
vector with M T\ = 0 such that \j = 1.

Each iteration calls the algorithm described in Lemma for MF and KT with the projected
separation oracle as in Lemma If the output is a point z € K with (mf)T2 > 0, then we
return the point IT¥'z € K with m, (IT¥'z) > 0, which is a solution to the strong feasibility problem.

The other possible output is a nonzero vector A e RiF that is a support minimal solution
to (MF)TX = 0. It follows that M T\ is orthogonal to ker(Mp), so there exists a 6§ € R such
that MTX + M} 0 = 0. Such vector 6 can be computed in time O(n®) by Gaussian elimination,
recalling that |F| < 2n. If we extend X and 6 to vectors in R™ by setting to zero the entries
outside of their support, choose o > 0 such that 6; + a&; > 0 for all i € F. Let J = supp(;\),
and define F/ = FUJ and ¢ = A + 60 + af. We have that MT¢ = 0, supp(¢') = F/, € > 0.
Furthermore, rk(Mp) = rk(Mp) + k(M) and |J| < k(M) +1 since X is support minimal, hence
|F'| < 2rk(Mp+), so we can update F := F' £ :=¢'.

If none of the recursive calls finds a strongly feasible solution, within at most n iterations we
reach m{ = 0 and obtain an infeasibility certificate as above.

Running time analysis FEach call to the algorithm in Lemma needs O(7T,(n,dp/(2n)))
oracle calls and O(T,(n, dnr/(2n)) + (n® +n7(n)?)loglog(1/8xr)) arithmetic operations, and we call
this algorithm at most n times. By Lemma each oracle call for K¥' requires O(n?) arithmetic
operations. This gives a total number of operations of O(n37,(n, da1/(2n))) +O(nTa(n, dar/(2n)) +
(n* +n27(n)?)loglog(1/dxr)). Whenever we call such an algorithm, we need to update F and ¢,
which requires O(n?) arithmetic operations, as well as II¥", also in O(n?) arithmetic operations, for
a total of O(n*) operations.
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4 The conic validity algorithm

Next, we prove the part of Theorem on conic validity. Recall that in the conic validity problem,
the input is a cone K C R™ of the foorm K = {z € R" : Mz > 0} with M € R™*" given by a
conic separation oracle, and an objective vector ¢ € R", ¢ # 0. The goal is to either find y € R}
with M Ty = ¢, or an # € K with ¢'2 < 0. Here, we assume a polyhedral conic separation oracle
is available for
K.=Kn{zcR": c'z <0},

and that a subroutine APPROX-CONIC-DUAL for K. is provided with running time 7,(n, ) oracle
calls and T,(n,e) arithmetic operations, and returns an e-approximate conic Farkas certificate
comprised of at most 7(n) oracle separators. The next lemma formulates the main recursive step,
analogously to Lemma Note that here we use an arbitrary estimate § € (0,1) as opposed to
the true value §p;. Outcome provides a certificate that 5> .

Lemma 4.1. Let K = {z € R" : Mz > 0} for ]\Z{ € R™*" | given by a conic separation oracle, let
ceR™ c#£0, and let {(C be defined as above. Letd € (Q, 1). There exists an oracle polynomial-time
algorithm using To(n,0%/(8n?)) oracle calls and T,(n,6%/(8n?)) + O(n® + n7(n)?) operations that
returns one of the following:

(i) an x € K with ¢z < 0;

(ii) a nonzero vector A € R which is a support minimal solution to MTA=0;
(iii) a vector A\ € R such that {m; : j € supp(A)} are linearly independent, along with a

nonempty subset J C [m] such that for every j € J, Aj|m;| > [[MTX - cll/é.
(iv) a vector A € R such that {m; : j € supp(\)} are linearly independent and |[M| <

Smaxje[m] Ajllml-

Proof. Observe that outcome (i) corresponds to finding a point in K. Let us call the subroutine
APPROX-CoONIC-DUuAL for K, with ¢ = 52/(8712), using the separation oracle just described. This
will require 7, (n, 62/(8n2)) oracle calls and T, (n, §2/(8n?)) operations. Either we obtain an z € K
with ¢"# < 0, or an e-certificate consisting of oracle inequalities. If these are only original separating
inequalities m;, then we have A € R, such that Y."" Al|lm;|| > 1 and |[M"A|| < e. As in the
proof of Lemma we can obtain outcomes or using Lemma

Assume next the combination also includes —c: we get |[M A — 7c|| < e for (A, 7) € R x Ry
with Z;n:l Alm;|| + 7|l > 1. First, assume that 7|/¢|| < §/(4n). Then, |[MTA|| < &+ 7llc|| <
£+ 6/(4n) < 36/(8n). At the same time, Z;”Zl Mm |l > 1>1—7|c| > 3/4. For X :=4)/3, we
have |[MTA|| < 6/(2n) and Z;”:l Allm;|| > 1. As in the previous case, we can obtain outcomes
or ().

For the rest, assume that 7||c| > 6/(4n). We perform a Carathéodory reduction to find a vector
A € RT such that M "X\ = M"A\/7 and such that {m; : i € supp()\)} are linearly independent.
Similar to the proof of Lemma this requires O(n® + n7(n)?) time. We derive outcome by

showing that the set J := {j € [m] + Nlmy|| > [|MTA— c||/5} is nonempty. Note that

[MTX—¢|| _ [[MTA—7c| _ 4n|c| llell
4 = . < =

= = . 10
0 T 02 2n (10)
From the triangle inequality, (10), and the assumption 5 < 1, we obtain
S IMTA— €| [M X~

> Allmll = flell = IMTA = el| = (2n = §) T =—5—= >n - F—F—.

. 0

Jj€lm]
By the linear independence assumption, [supp(A)| < n and hence arg max;cp,,) A;l|m;|| € J. O

Lemma 4.2. In Lemma if outcome occurs and & < 0, then

Ke#0=K.N{z €eR" :mja=0,j€J}#0.
Proof. Let II denote the orthogonal projection onto ker(M). We examine two cases, Ilc # 0 or
e = 0. If e # 0, note that ¢ (~Ilc) = —||Tlc||? < 0 and m; (~Ie) = ([Im;) " (~Iec) = 0,

Vi € [m]. In particular, —Ilc € K. N{z € R™ : m;»rx =0, j € J}, and thus the desired conclusion
holds in this case.
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We may now examine the case Ilc = 0 <> ¢ € span(M ). If K. = (), there is nothing to prove,
so we may assume 3x € K. Let II' := I —II denote the orthogonal projection onto span(M ") and
let 2’ = II'z. Note that m] 2’ = m]x > 0,i € [m], and ¢"2’ = ¢"x < 0, since m;,c € span(M ")
by assumption. Thus, 2’ € K Nspan(M )N {x : ¢z < 0} C K.. By Minkowski-Weyl, we can
write 7/ = Zle v;, where v1, ..., v are extreme rays of K Nspan(M ).

Since ¢'z’ < 0, we may choose ¢ € [k] such that ¢'v, < 0. Let J and A € R7 as in
Lemma . We claim that m;rvg = 0, for j € J. This will prove the lemma, since then
v € K.N{x e R™: m;rac =0,j € J}. Since vy € K, applying the Cauchy—Schwartz inequality we
get that

0< —cTog+ Y Amfvg < [MTA=c| - [loell- (11)
jelm]
By the definition of J, «a := maxjer € [0,1). For j € J, we thus obtain ijw <

adlvel| - lme|l < adarllvel| - |mjll, ¥5 € J . Since vy is an extreme ray of K N span(MT), by
Lemma we have that ijw >0 = ijUg > Spllmyl| - |Jvell. We conclude that m;-rvg =0,
Vj € J, as needed.

4.1 The recursive algorithm

Similarly to Section the recursive calls restrict the problem to a subspace ker(Mp) for an
index set F' C [m] such that |F| < 2rk(MF). We use the same notation 1Y, v’ Tr, M¥ and
K¥. Similarly to Lemma we can implement the requlred oracle for (K F )e. We recall from
Lemma [3.4] that dpr > 5M Hence if we find a certificate & > dprr in a recursive call then this
also 1mp11es that 0 was a wrong estimate on §y;.

We initialize F' = (). If at any iteration we find a solution (¢f')Tz < 0 for some x € K¥' then
we obtain a solution II¥'z € K and ¢' (I1¥z) = (") Tz < 0 to the original system.

Claim 4.3. Let F C F' C [m] such that J:=F\F CTp, |J| <2tk(MF). Let v € R" and
y € R such that (MF )T " = of and supp(y’) < 2k(MF'). Then, in time O(n®) we can
compute y € RTF such that (MF) y = v, supp(y) € Tr U J, supp(y)| < 2rk(MF) and y; = 9!
forieTp:.

m¥" is the orthogonal projection of m¥ onto

Proof. Note that each row (mF )T of M| i € T,
ker(MZE), and similarly v F' is the orthogonal projection of v¥ onto ker(M ). Tt follows that there
exists a matrix Q € R+ %7 such that M¥ = Mz, +QMj . Thus, (Mg )Ty + (M7)T(QTy) =
vF. In particular, the system v — (MYEF,)Ty’ = (MF)Tu, u € RY, has a solution. For any such
i, the vector y; = yl,i € Tpr, yi = pi, @ € J, satisfies the requirements of the lemma noting
that 2(rk(MF) + rk(MTF")) = 2rk(MF) To compute p, we must first compute the left hand side
vf (MZE Ny =1Fv — HFMZT y" which requires O(n?) = O(n) time since |supp(y’)| < 2n (we
assume T, TT*" have already been computed). From here, the matrix (MF)T = IT¥ M requires
O(n*) to compute (noting that |J| < 2n), and finally solving for u also requires O(n®) time. O

As in the proof of Lemma we maintain an estimate 6 of &y, updated whenever we detect a
failure. We define a subroutine RECURSIVE-CONIC-VALIDITY (K, ¢, F, 0), which takes as arguments

F C[m], ce R™, and S (0,1). The output of this algorithm is one of the following:
(a) A vector y € RI” with [supp(y)| < 2rk(MF), such that (MF)Ty = cf', certifying that
(")Tx >0 for all x € KT
(b) A point 7 € K with ¢"Z < 0.
(¢) A certificate for 6 > dp,, namely, a vector A € R? with {m!" : j € supp(\)} linearly
independent and ¢ = [[MF\||/(max;crr Aj[m} ) < 0.
Our algorithm is the following: initialize § := 1/n, and call RECURSIVE-CONIC-VALIDITY (K, ¢, ), 3)
If outcomes (ED or (]E[) occur, then terminate with the desired solution. If outcome occurs, then
update ¢ := min{62, ¢} and restart the entire algorithm.
We now describe RECURSIVE-CONIC-VALIDITY on input K, ¢, F,d. If ¢/ = 0, we return the

trivial solution y = 0 to the system (MT)Ty = ¢, y > 0. If ¢ # 0, we run the subroutine in
Lemma for K¥', ¢ and ¢, and perform one of the following actions according to the outcome:
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(i)
(i)

(iii)

Lemma returns z € K with ()72 < 0; we return z := II¥'z and the algorithm
terminates.

Lemma [4.1] returns a nonzero A € R1” that is a support minimal solution to (M*)TX = 0.
Let J := supp()\); A provides a proof that (K¥). C K C {x : M¥z = 0}. We set
F’ := FUJ. Note that |J| < rk(M;) + 1, by the minimality of A, hence |F’| < 2rk(Mp-).
We call RECURSIVE-CONIC-VALIDITY (K, ¢, F”, S). If this recursive call outputs & € K with
¢"z < 0 (outcome (b)), we return z. If the recursive call outputs a failure (outcome (d)), we
return the corresponding ¢ and .

Finally, assume that the recursive call outputs y’ € R% " such that (MF)Ty’ = ¢F (outcome
() and [supp(y’)| < 2tk(MF"). By Claim we can compute a vector y € RTF with
supp(y) € Tp U J, |supp(y)| < 2rk(MF), such that (MF)Ty = ') and y; = y} for i € Trr.
However, y; < 0 is possible for i € J. Since M¥X = 0 and \; > 0, for sufficiently large o > 0,
we obtain § = y + a\ > 0 such that (M) "7 = cf'; we return the vector 7.

Lemma returns \ € R? such that {m!" : i € supp()\)} are linearly independent, along
with a nonempty J C supp(A) such that X;[|mf|| > [(MEYTX = cF||/6 for all j € J. If
(MF)TX = cF'| we can output this vector A as outcome @

By Lemma if & < 0pr < dpgr, then (KF). # 0 = (KF)en{z : MFz =0} # 0.
Therefore, we set F' = F U J and call RECURSIVE-CONIC-VALIDITY (K, ¢, F”, 5) Note that
|F'| < 2rk(Mp/) by the linear independence assumption on .

Note that, unlike in case (i¢) above, we do not have a proof that Myx > 0 can be set at
equality; indeed, if §>46 MF, then we may have set at equality an incorrect set of inequalities.
As we will now explain, the algorithm will either return a correct solution, or detect a failure,
in which case we will restart from F = () and an updated value of 5.

As in the previous case, if the output of RECURSIVE-CONIC-VALIDITY (K, ¢, F',8) is & € K
with ¢"Z < 0 (outcome @), we return Z, whereas if the output is a failure (outcome (c)), we
return the corresponding ¢ and A.

Assume the output is § € RZ* with [supp(g)| < 2rk(M*"), such that (M*")Tg = ¢/, By
Claim we can compute a vector 3 € RTF with supp(y’) € Tr: U J, [supp(y’)| < 2rk(MF)
such that (MF)Ty = ¢’ and y! = y; for i € Trr. In the case that y. < 0 for some i € J we
invoke the following lemma. The proof will be given in Section 4.1.1

Lemma 4.4. Let H € R¥*" et [k] = £, U Ly, and let § € (0,1). Consider y,y' € R* such
that y > 0, y’£2 >0 and

yilhill > |H" (' = y)lI/6, Vi€ Ly

In time O(k®n) we can find one of the following:
(i) A nonnegative vector g € R such that H'q = H "y’ and |supp(q)| < rk(H).

(ii) X € R*, such that {h; : i € supp(\)} are linearly independent and |H™X|| < Smaxie[k] [Aql-
17|

To remove the negative components of y’;, we apply the algorithm in Lemma with the
choice H = M¥ y= )\ L; =Jand Ly =Tr\ J. Observe that HT(y' —y) =cf' — (MF)T ),
hence y, y satisfy the assumptions of Lemma[£.4] If outcome (ii) of Lemmal4.4]occurs, then we
detected a fail since > § MF > 0y, and output the corresponding bound ¢ and combination
A. Otherwise, outcome (i) of Lemma occurs, we obtain g € R{_F with (M¥)Tq = ",
supp(g)| < rk(MF'), and we return g as outcome ().

Lemma returns a failure for 5, in which case we return outcome , along with the
corresponding bound ¢ and combination A.

Correctness. It is clear that, if the procedure terminates, it terminates with a correct output,
so we only need to argue termination. Note that, for every value of 5, each call to RECURSIVE-
CoNIC-VALIDITY (K, ¢, 0, 6) will make at most rk(M) < n recursive calls of the form RECURSIVE-
CONIC-VALIDITY (K, ¢, F, §). To see this, note that rk(M¥) decrease in cardinality by at least 1 at
every successive recursive call. Furthermore, once tk(M*) = 0 < TF = (), one of the following two
things will happen. Either ¢/ = 0, and we return the trivial combination y = 0, or ¢/ # 0, and
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then the call to Lemmaon K¥ cF, & must return a solution z € K,. To justify the latter, simply
note that T = @ and ||c'|| # 0 excludes all outcomes except outcome (i) (indeed, —cf" € K..).

Lastly, if < 6y, then RECURSIVE-CONIC-VALIDITY (K, ¢, 0, S) will not detect any failure, and
so it will terminate with one of the two desired outcomes.

Running time analysis  For each value of § set by the algorithm, we have at most n recursive
calls to RECURSIVE-CONIC-VALIDITY. Recall that each time we update § to a value which is less
than or equal to 42, and we terminate with & > 62,, for a maximum of O(loglog(dys)) updates. In
each recursive call to RECURSIVE-CONIC-VALIDITY we call to the algorithm in Lemma [£.1] which
requires 7,(n, 62/(8n2)) oracle calls and T, (n, §2/(8n2)) 4O (n3+n7(n)?) arithmetic operations. By
Lemma each oracle call for K¥' requires O(n?) arithmetic operations. By Lemma it follows
that the total time required by the calls to Lemma [4.1]is dominated by the time for the last value of
5, hence it requires O(n7T,(n, d2,/0(n))) oracle calls and O(n3T,(n,§2,;/O0(n)) +nT,(nd3,/O(n)))+
O(n* + n%7(n)?)loglog(1/8yr)) arithmetic operations.

At each recursive call, we need to compute the projection matrix II¥', which requires O(n?)
arithmetic operations. In case (ii) of the recursion, the running time is dominated by the application
of Claim which requires O(n*) operations (since |F| < 2n). In case (iii) of the recursion, the
running time is dominated by the application of Lemma which requires O(n*) operations
(observe that this is because, when we apply the lemma to H = M, we can limit ourselves to the
rows of H corresponding to supp(y) U supp(y’), and by construction |supp(y)|, |[supp(y’)| = O(n)).
Since we have n recursive call per value of 5, and 4 is updated at most loglog(dys) times, it follows
that the running time of all these operations is bounded by O(n®loglog(1/d)).

4.1.1 The proof of Lemma (4.4
In this section, we prove Lemma which is a slight adaptation of [IT, Lemma 4.3].

Lemma 4.5 ([II, Lemma 4.3]). Let B € R™" with row vectors b} , £ € (RU {—oc})!, u €
(RU{o0})t, and let z € ker(B"), £ < z < u. Then, in O(t3n) time, we can compute r,v € ker(BT),
along with a set S C [t] such that:

o L<r <, rllo < loflo
e SO{iet]:li=w} andr; =v; ={ —u; foralli€S.
o the vectors in {b; : i € supp(v) \ S} are linearly independent.

In [I1l Lemma 4.3], the only difference is that we express r = Z?Zl Ajv?, where A > 0 is
a convex combination, and v!,...,v¥ € ker(BT) satisfy the last two bullets. In the above, we
simply take v := v/* where j, := argmax ey |v7]| 00, Which clearly satisfies the first bullet since r
is a convex combination of v',...,v7. The role of the vector v above is to serve as an “algebraic
witness” that the norm of r is controlled by the “difficult” bound constraints induced by I™ and
u~ (i.e., those that cut off 0 as a solution).

This lemma was previously used in the following context; recall the definition of the circuit
imbalance measure %4 from the Introduction. According to [II, Theorem 3.1}, whenever the system
Az =0, £ < z < uis feasible, there exists a feasible solution z with ||z]/s < kal|fT+u"]|. Note that
the right hand side is 0 if and only if £ < 0 < u, in which case we can select = 0. Algorithmically,
given a feasible solution Az =0, ¢ < z < u, Lemma enables one to find another feasible Ar =0
with ||7|lec < kal[fT 4+ ™| in strongly polynomial time. See Section [§] for further discussion of the

circuit imbalance measure.

Proof of Lemma[{.4} The statement is invariant under renormalizing the rows of H, so let us
assume ;|| = 1 for all i € [k]. Let 7 = |H"(y — y)||, and define BT = (H",LH"(y —y/)) €
R™*(k+1): that is, we add to B the row (y —¢') " H normalized to 1. Let z € RF! = (y/ — y;7);
clearly, z € ker(BT).

Define £, u € R¥*! as follows. For i € £;, we set {; = —o0, u; = 0o. For i € Lo, we set £; = —y;
and u; = 00, and let 11 = ug11 = 7. Note that £ < z < u holds due to the assumptions on y and
y'. Using Lemma we obtain r,v € ker(B") and S C [k + 1], such that k + 1 € S, £ < r < u,
[7]lc0 < ||0]loos 7i = v; = (¢ —u; ) for all i € S, and the vectors in {h; : i € supp(v)\S} are linearly
independent. By our assumptions, note that (¢ —u~); =0 for 7 € [k] and that ((T —u™ )11 = 7.
Let 7 := 7 and © := vy be the vectors in R* obtained by dropping the (k + 1)’st coordinate 7.
Since 7,v € ker(BT), we see that H'# = H' v = H' (y — y).
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Note that, since v; = 0 for i € SN [k], we have supp(v) C [k] \ S, hence {h; : i € supp(?)}
are linearly independent. If ||H T9|| < 0]/7 s, then we output A = v and stop with outcome (ii).
Assume that ||H 9| > 0]|7)c. We next observe that

[7]lo0 < 7/9. (12)

Indeed, [|9l|os < [|H T3] /6 = [HT(y' —y)|| /6 = 7/5, hence |Fllos < [Irlloc < [[v]co = max{]|7]co, T} <
/6, since § < 1.

We claim that the vector q := y + 7 satisfies H ¢ = H"y’, ¢ > 0. Recalling that H'7 =
H"(y —y),wehave H g=H'y. Fori € Ly, ¢; =y; +7; >y; +£; =0. Fori € Ly,

_ _ T
qi=yi+n~Zyi—llrllooZyi—EZO,

where the last inequality follows by and the assumptions y; || hi| > /6, ||hi]| = 1.
Finally, in time O(k?*n + n2k) we can turn ¢ into a basic solution of H'q = H'y', ¢ >
ensuring |supp(q)| < rk(H). O

=

5 The conic minimum-ratio algorithm

Recall the conic minimum-ratio problem: the input is a cone K C R™ of the form K = {x € R™ :
Mz > 0} with M € R™*" given via a conic separation oracle, and vectors ¢,d € R, y@D e R7?
such that M Ty(® =4, T = supp(y(d)), |I| < n. The goal is to find the minimum value v* € R
such that (¢ +~*d) "z > 0 for all # € K, or conclude that the problem is infeasible or unbounded.
We assume polyhedral separation oracles are available for the cones

K g={zcR":Mz>0,d 2>0} and Kj={zeR":Mz>0,Mz=0},

Further, provide certificates as described in Section For an index set F' C [m], we will use the
same notation I, vf', Tp, MT, and KT as in Sections and

Detecting infeasibility and unboundedness First, let us decide if problem is infea-
sible, i.e. if d"z = 0 for all z € K. The combination 3® already certifies that d' 2 > 0 for all
x € K. Let us run the conic validity algorithm for the cost vector —d, using the oracle for K_ .
Then, we either find € K such that d"z > 0, or a certificate y € R’ such that MTy=—d.

Next, let us check if problem is unbounded. We need to verify if there exists an z € K with
¢z <0and d"x = 0. According to the combination y(® € R7, MTyd =d, 1= Supp(y(d)), we
have d"x = 0 if and only if # € K;. We thus run the conic validity algorithm for K7 and the
projection ¢!. (The required oracle for (K7 ). can be implemented using the oracle assumed for
K7 and checking the additional inequality (¢!)Tx < 0.) If the original problem is unbounded, then
we find an 2 € K; with (¢f') Tz < 0. If we establish that ¢"2 > 0 for all # € KT then we conclude
that is not unbounded.

The optimal set and the main subroutine After the above preprocessing, from now on
we assume that
K g#0and c'z >0 for all z € KT . (13)

Hence, a finite optimal 7* exists, in which case (¢ +v*d) "z > 0 is valid for K and there exists an
r* € K with (c+~*d)T2* =0, d"2* > 0. Let

Ko={z: Mz>0,(c+~*d) z=0,d z>0}

denote the set of optimal solutions. By the above assumptions, Kg # (). Note that if ¢ = —vd for
some v € R, then ¢'x/d"x = — for every x € K_4. Hence, Ky = K_4 in this case.

The purpose of the next lemma, which is an analogue of Lemma [{.1]for the set K, is to identify
inequalities of Mz > 0 that can be set at equality for Kj.

Lemma 5.1. Let K = {z € R® : Mz > 0} for M € R™*", given by a conic separation oracle,
and let c,d € R™ such that holds, and c and d are linearly independent. Furthermore, let
yd e R’ such that MTyD =d. Let be (0,1). There exists an oracle polynomial-time algorithm
using To(n, 62/(8n2)) oracle calls and T, (n,6%/(8n2)) + O(n® +n7(n)?) operations that returns one
of the following:
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(i) a nonzero vector A € RY' that is a minimum support solution to MTA=0;
1) a vector A € R such that {m, : j € supp(A)} are linearly independent, a point * € K, such
+ J

that d"z > 0, along with a nonempty subset J C [m] such that, for v = —c'z/d' Z, every
j € J satisfies Nj|m;|| > |MTX = (c+~d)||/d;

iii) a certificate of 6 > Op, namely, a vector A € R such that {m; : j € supp(\)} are linearly

+ J

independent and ¢ = || MA||/ max;cm) Aj|m; | < 5.

Proof. Let K be the cone implicitly defined by the following conic separation oracle. We can obtain
the following separation oracle based on the one provided for K_,4. For every z € R™, the oracle
returns one of the following:

(i) If & ¢ K_g4, then return a violated inequality m,z >0 or d"z > 0.
(i) If 7 € K_g4, then set ¥ = —c' Z/d' 7, and return the inequality (c +7d) 'z < 0.

Observe that, by definition of the oracle, K =0, since every point in R" is separated. By the
assumption that ¢ and d are linearly independent, ¢ + 7d # 0. For every inequality returned in
case (i), we have ¥ < v*, since (c+7d)'Z2 =0 < (c+~*d)"Z, and d"Z > 0.

We call the subroutine APPROX-CONIC-DUAL with & = §2/(8n2) using the above separation
oracle. Since K = (), APPROX-CONIC-DUAL always terminates with a e-certificate consisting of
inequalities returned by the oracle. The combination may include vectors corresponding to the
inequalities of Mz > 0, d"x > 0, and inequalities —(c 4+ v:d) "z > 0, t € S, for different values of
7¢. The certificate is a vector of the form (A, 7, i) € R x R x Ry such that

HMT)\ — Zﬂ(c + yid) + fid
tesS

<e, Y Nlmyll+ > mlle+yidll + alld] > 1.
j=1 tes

Recall that d = M Ty(® for a given vector y(¥) e R’j_. Let us define (A, 7) € R x R, as follows.
If S =0, then we let A= X+ y¥ and 7 = 0. If S # (), let v = max,cg ;. Define

A=A+ <N+ZTt(7_'Yt)> y @ and T:Zi—t.

tesS tesS

In both cases, M A — 7(c+vd) = M"A =3, ¢ 7t(c+ 1d) + iid. Furthermore,

Do Nlmgll +rlle+ydl = D Al + Y Tille +ved| + Ald] > 1
j=1

j=1 tesS

by the triangle inequality. Note that during the algorithm the inequality —(c + vd) 'z > 0 was
returned to separate a point Z € K such that d'z > 0 and v = —c' z/(d " ). The rest of the proof
is now identical to the proof of Lemma [4.1] applied for the vector ¢ + vd in place of c. O

Lemma 5.2. In Lemma if outcome occurs and 6 < 8y, then
0 # Ky C{zxeR": m?sz,jEJ}.

Proof. Let & € K, v, J and A € RT as in Lemma [.1|fiii). Recall that Ko # @ by assumption
. Let K’ be the face of K defined by the valid inequality (¢ + v*d) 2 > 0, so that Ky =
{r € K" : d"z > 0}. We will show that K’ C {z € R* : m/z = 0,j € J}, which clearly
suffices. By Minkowski-Weyl, K’ = ker(M) + cone(v,...,v,), where v1,...,v, are the extreme
rays of K’ Nspan(M ). To verify the desired containment, it clearly suffices to show that m;vi =
0,Vi € [q],j € J. Since K’ Nspan(M ") is a face of K Nspan(M "), we note that vy,...,v, are also
extreme rays of K Nspan(M ). Therefore, by Lemma for j € J,i € [q], ijvi >0= m}rvi >
Satllm i)
On the other hand, for any 2z € K’, by the Cauchy—Schwartz inequality we get that

0< —(c+yd) 2+ D Am] 2z < |[MTA—= (c+yd)| - ||2]|.
J€[m]

IMA—(ctrd)] ¢ [0,1). For j € J, we thus obtain m] z <
y 53, Ty | )
adllz|| - |m;|| < adarl|z] - ||m;| for every z € K’ . Applying the above to z = v;, i € [g], it follows

that m;'—vi =0,Vjeld. O

By the definition of J, a := maxjcy
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The recursive algorithm The algorithm follows the same lines as those in Section for
strong conic feasibility and in Section for conic validity. ~ We assume that holds. For
F C [m] we use the same notation M, TI¥, Tr, K¥ and cf'; further, let d¥" = I1¥d.

As in the previous algorithms, we will maintain a set of inequalities F' C [m], |F| < 2rk(MF) and
an estimate § € (0,1) of dp;. We will defined an algorithm RECURSIVE-MIN-RATIO(K, ¢, d, F, §)
which outputs either of the following:

(a) A point z* € K such that d"2* > 0 along with the value v* := —c'2*/d"2* and a certificate
ye RTFF with |supp(y)| = O(n) such that (M) Ty = & +4*dF.

(b) Claim a failure for 4.

Our algorithm is the following: initialize § := 1/n and call RECURSIVE-MIN-RATIO(K, ¢, d, 0, 5)
If outcome (ED occurs, then v* is the optimal value, * and optimal solution, and y € R™ a dual
certificate of optimality. If outcome (]ED occurs, then update §:=6% and repeat. ( For simplicity, in
the description we give below, we do not compute an explicit combination of linearly independent
rows of M certifying a failure, as we had done in the previous sections. Hence, we do not have
an explicit upper bound d); < ¢ < §. This does not make a difference in term of the worst-case
running time.)

We now describe RECURSIVE-MIN-RATIO(K, ¢, d, F, 5) If d¥ = 0, then we declare a failure,
i.e., outcome (]E[) This is because according to , Ko #0,and d"z > 0 for all x € K,. Thus,
Ko C K¥ is not possible, since it would imply d'x = (df') "2 = 0 for all x € K.

If dF # 0, but ¢ = —vd¥ for some v € R, then we run the conic validity problem for K*
and —d¥ (Section . If this returns a feasible solution Z, then we return outcome @ with Z, 7,
and the trivial dual certificate y = 0. If this returns infeasibility, then we again declare the failure
outcome (b)) as above.

Finally, if d¥ # 0 and ¢ and d¥ are linearly independent, then we call the subroutine in
Lemmafor the lower dimensional problem K, ¢f', and d¥', and consider the possible outcomes:

(i) From Lemma we obtain a nonzero A\ € R? that is a minimal support solution to
(MF)TX =0. Let J = supp(A) and F/ = FUJ, and call RECURSIVE-MIN-RATIO(K, ¢, d, F”. §).
If this call returns z* € K such that d'2* > 0, v* = ¢'2*/d " z*, and y € R™*" such that
(MFYTy = eF' 44*dF" (outcome (@), then we compute y' € R™F as in Claim 4.3] and return
x* and ¥ := ¢’ + aX > 0, for some « large enough, satisfying (M) Ty = ' + y*dF'. If the
recursive call returns a failure (outcome (b)), then we return a failure.

(ii) From Lemma|5.1{we obtain A € R%" such that {m; : j € supp()\)} are linearly independent,
z € K with (d")T2 >0, v = —(c")Tz/(d") "z, and a nonempty J C supp(A) such that
AlmE | > [(MF)TX = (5 + ~vd™)||/oas for all j € J. If (MF)TX = ¢ + ~vd", then return
outcome @, along 2* = 11"z € K, v* = v, and y = A. Otherwise, we set F/ = F U J, and
call RECURSIVE-MIN-RATIO(K, ¢, d, F”, 5) Indeed, recall that, if & < &5/, then by Lemma
0 # Ko C ker(Mp/). It this call returns a failure (outcome (b)), then we return a failure.
Consider the case where RECURSIVE-MIN-RATIO(K, ¢, d, F’,$) returns z* € K such that
dTz* > 0,7 = —c'2*/d"z*, and § € RIF' with [supp(7)| = O(n) such that (MF)Ty =
ct’ —l—v*dF/ (outcome @) If v > ~*, then we return a failure. Assume v* > 7. By Claim
we can compute y’ € RL¥ such that (M) Ty = ¢ +~4*d¥; supp(y’) € T U J and y] = §;
for all ¢ € Tr/, where possibly y; < 0 for some ¢ € J.

Recall that the input included a vector y(® e Ri such that M Ty(? = d; observe that the
restriction § = ygfi; satisfies (MT)T§ = d¥. Define y = A + (y* — v)j. Observe that, by
construction, (M) Ty — (¥ + v*d™) = (MF)TA — (¢ + ~vdT') and y > \. It follows that
we can apply Lemma to H = MY, y and y/. The outcome will be either a failure for s,
in which case we return a failure, or a vector ¢ € R?_F such that (M¥)Tq = " +4*d¥'. We

output x*, v*, and the certificate q € RKF.

(iii) From Lemma we obtain a failure for 8, in which case we return a failure.

Correctness. It is clear that, if the procedure terminates, it terminates with a correct output,
so we only need to argue termination. Note that, for every value of 57 each call to RECURSIVE-
MIN-RATIO(K, ¢, d, (), 5) will make at most rk(M) < n recursive calls of the form RECURSIVE-MIN-
RaTIO(K, ¢,d, F, 3). Furthermore, if 6 < &y, then RECURSIVE-MIN-RATIO(K, ¢, d,(Z),g) will not
detect any failure, and so it will terminate with one of the two desired outcomes.
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Running time analysis The running time analysis is identical to the one in Section SO
we omit it.

Remark 5.3. The above recursive algorithm can be modified to explicitly compute a “certified
failure” for the current 3, instead of simply declaring that 6 > &pr. There are three places in the
above recursive procedure where a failure is detected. One is when d¥" = 0, the second when d*" and
cf' are linearly independent, and the third when v < v* in outcome (ii). In the first two cases, we
proceed as in the conic-validity algorithm to repeatedly apply Lemma [£.4] to pull-back certificates
of the form (M*)TX\ = dF, A > 0. Since we cannot recover a certificate M T\ = d, A > 0, at some
point Lemma must compute a failure. If v < 4* in outcome (ii), then we proceed as in the
above algorithm to repeatedly apply Lemma to pull-back the certificate (M*¥ /)ng =t +*dF '
to a certificate M Ty = ¢ +~v*d, y > 0. Since such a certificate does not exist, because v* is not

optimal, it follows that at some point Lemma [4.4] must compute a failure.

6 Computing approximate dual certificates

Our goal in this section is to exhibit a general technique for implementing the APPROX-CONIC-
DuAL oracle using various methods. We define a more general notion of dual certificates also
applicable for the non-conic setting.

Definition 6.1. Given a conver set K C R™ and r,e > 0, an e-approximate Farkas certificate
for KN B"™(r) is given by a system Az < u of valid inequalities for K, A € R™*" u € R™, and
multipliers \ € RJJF+

Autrl|ATA <e, > Aflall > 1.
=1

If K C R™ is a cone given by a conic separation oracle, then we can assume u; = 0 for all oracle
inequalities a; < 0. Setting 7 = 1, an e-approzimate Farkas certificate for K NB"(1) using oracle
inequalities coincides with the notion of an e-approximate conic Farkas certificate for K as required
in APPROX-CONIC-DUAL.

The Lee, Sidford, and Wong’s cutting plane method [28] (LSW algorithm) explicitly provides
dual certificates; the proof follows easily using Theorem 31 in the paper.

Theorem 6.2. Let K be a convex set given by a strong separation oracle, v > 0, and e € (0,2r).
Then, in expected O(nlog(nr/e)) calls to the separation oracle, and expected O(n3log®™M (nr/e))
arithmetic operations, the LSW algorithm either returns a point x € K, or an e-approrimate Farkas
certificate for K N B™(r) comprising only oracle inequalities.

The rest of this section is dedicated to showing that e-Farkas certificates can be recovered from a
broad class of algorithms, including seemingly ‘primal-only’ methods such as the ellipsoid method.
For any R € S | and p € R", we define the ellipsoid

E(R,p) = {z€R?: |z—p|lr <1}
Given a compact set K C R™ and a vector v € R", we define the width of K along v as
. def T . T
widthg (v) = max{v'z : z € K} —min{v 'z : z € K}. (14)

We say that v is an e-thin direction for K if widthg(v) < e. The width of an ellipsoid can be
characterized as follows. Recall that for every v € R* min{v'z : z € E(R,p)} = v'p — ||v||z-1,
achieved by z* = p — R™'v/||v| g-1.

Lemma 6.3. Given R € S}, and p € R", let E := E(R,p). For any v € R?, widthg(v) =
2||v||g-1. In particular, for K = E(R,p), v is an e-thin direction if and only if ||v||zr-1 < &/2.

Consider the feasibility problem for a polyhedron P C R"™ given by a strong separation oracle.
The algorithms discussed in this section—the ellipsoid method, Vaidya’s cutting plane methods [40],
as well as the geometric rescaling algorithms [12, 2T]—proceed by maintaining a containing ellipsoid
E(R,p) 2 PNB"(r). In every iteration, they either terminate with a feasible solution, or modify
the containing ellipsoid; the main progress measure is decrease in the volume of the ellipsoid.

In particular, all these methods maintain the matrix R in the form R =y, + > i, viaza, for
coefficients v € R™*! and vectors a; returned by the oracle calls. The next lemma shows that if
the volume of E(R, p) is small, or equivalently the determinant of R is large, then P must be thin
in one of the directions a; returned by the oracle. We include the simple proof for completeness.
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Lemma 6.4 ([12, Lemma 4.11]). Let R € S be defined by
R= ’YOIn + Z ’Yiaia;ra
i=1

where ay,...,a,m € R™, and vo,...,Ym = 0, with v9 < 1. Then, for every i € [t], 'yi||aiH§z,1 <1
holds, and Zle Yillail|%-1 < n. Further, if det(R) > 1, then there exists k € [t] such that

|a |2
a < —
el < @ =1

Proof. Let @ = R™". The bound 7;l|a;|[3, < 1 follows by

m
lail3 = @:QRQa; = a:Q | vl + Y _ viaja; | Qai > villaillgy .
j=1

For 37" villaill3) < n, we see that

Z%’H%‘HQQ = Z%’ (a; Qa;) = tr <QZ%’GM¢T> (15)
=1 =1 ]
= tr(Q(R —10ln)) = tr(In) —70tr(Q) <n.

In the final inequality we used that tr(Q) > 0, since @ is positive definite.

For the third claim, we see that tr(R) = yon + Y.ivy vllai||3 since [la;|ls < 2. Noting that
Y0 <1, 37 villaill3 > tr(R) —n > n(det(R)Y/™ — 1), using the well-known inequality det(R)/™ <
tr(R)/n for positive semidefinite matrices. Let k = argmin, ey (|lasl|q/|lakl|2). Using the bound
Yoty yillail|g < n, we see that

”akHé n - 1
laxl3 = S0 villaxl3 ~ det(R)V/m =1

O

Thus, we can identify a thin direction aj. Our goal in this section is to provide a dual certificate
of thinness of P N B"(r), using the oracle inequalities a; * < wu; and the initial ball constraint
lzll2 < r. For a conic set P, this will imply e-approximate conic Farkas certificate from the
algorithms mentioned.

Our certification scheme builds on the work of Burrell and Todd [7] on the ellipsoid method.
The key idea is to use an alternative representation of the strictly concave quadratic form g(x) =
—(z — p) " R(z — p) corresponding to the ellipsoid E(R,p). In Section we introduce certified
concave quadratic forms, and show how this representation can be used to construct dual certificates
for valid inequalities. These ingredients are combined to derive the Farkas certificate in Section [6.2
The remaining three subsections demonstrate the use of certified concave quadratic forms for the
ellipsoid method (Section [6.3), volumetric cutting plane methods (Section , and for geometric
rescaling methods (Section [6.5]).

6.1 Dual certificates from certified quadratic forms
Duality theory provides the following variant of Farkas’ lemma.

Lemma 6.5. Given A € R™*" u € R™, r > 0, the system Az < u has no solution in B"(r) if
and only if there exists A € R such that

r|ATA| < =ATw. (16)

Further, given v € R", the inequality v’z > v is valid for {x € R™ : Az < u} NB"(r) if and only
if there exists X € R such that

r|ATA+ ol +v < AT, (17)
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Consider a polyhedron P = {z € R" : Az < u}, where A € R"*™ and u € R™. Let a;, i € [m]
be the rows of A. We will refer to A € R satisfying as a dual certificate of validity of v'x > v
for PNB"(r).

Definition 6.6. Let P = {z : Az < u} for Ac R™" w e R™, andr >0. Let ¢ : R" - R be a
concave quadratic form given as

q(x) == v0(r? — ||z||?) +Z% wi—a; x)(a] x—0;)+d 'z — B (18)

for v € RTH, LeR™ deR" g eR. We say that P is a certified concave quadratic form for
PNB"(r) if we are also given n¥ € RT, i € [m], ¥ € R such that

o 7|ATuD +ay|| + 4 < —uTp® (certifying a] x > £; for PNB"(r))

o 7||[ATY +d| + B < —9Tu (certifying d"x > B for PNB"(r))
We will also say that the quadratic form is certified by ), i € [m], and V.

The certificates u(*), i € [m], and ¥ guarantee that P NB"(r) C {z : ¢(x) > 0}. We will show
in Lemma that any inequality vz > v that is valid for {z : ¢(z) > 0} admits a closed-form
dual certificate of its validity for PNB"(r) that can be derived from the representation of ¢(z). As
the first step, we need the following technical lemma.

Lemma 6.7. Let q be a strictly concave quadratic form q for A,u,r,¢,~,d,3 as in Definition[6.0
In particular, assume we are also give 9 € R certifyingd' z > B for POB™(r) asr|AT9+d||+ <
—9Tu. Let p € R™ be a mazimizer of q(z). Define X € R™ by \; = v;({; + u; — 2a/ p), i € [m].
Then

AT\ = 9)|| < max gz) + €A —uTAT —uTo.

Proof. Since q is a strictly concave quadratic form, it achieves a maximum p € R", which must

satisfy Vq(p) = 0. We use the notation £ := Ap — ¢ and @ := u — Ap. The following equation states
that Vg(p) = 0, and the next one computes the value of ¢(p), expressed with @; and ¢;:

Z% w; —l)ai+d = 2yp (19)

0lr? = )+ 3 +dp =5 = (). 2
i=1

Note that \; = v;(u; — ¢;) for all i € [m]. Hence, can be written as ATA 4+ d = 2ygp. Let
P:={ic[m]: A\ >0} and N :=[m]\ P. The proof is completed by

72)\6 +Z>\UZ+Z>\CL p—u'

At —uT A —uw

i€eP 1€EN
(by ) = _Z'Yi Us e +Z'Yz Uy U1,+2’70||p||2 _uTﬁ
ieP ieN
= = yiwli Y vl + Y ity + 2llpl* —dTp—u'Y
i=1 ieP ieN
(by @) = —alp) +0(r*+p|*) — 5 —u"v
(by the definition of ¥) > —q(p) + 2ryollp|| + r||AT9 + a|
(by ([19)) = q(p)+rHAT)\+aH+r|\AT19+aH
> —qp) +r[ATA =) .

O

The next lemma shows that, if P is a polyhedron and ¢ is a strictly concave quadratic form
certified for P N B, (r), then we can compute a dual certificate for P N B, (r) for the inequality
v’z > v where v = min{v'z : ¢(x) > 0}. This is a variant of [7, Proposition 3.1 and Theorem
3.2]. Recall that if ¢ is a strictly concave quadratic form, then there exist R € S, such that
q(x) = —(x —p) " R(z — p) + q(p), where p is the unique maximizer of ¢. In particular, if ¢(p) > 0
then {z € R" : ¢(z) > 0} = \/q(p) E(R, p).
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Lemma 6.8. Let P = {z € R" : Az < u}, where A € R™*" and u € R™. Let v > 0, and let
q: R™ = R be a strictly concave quadratic form as in , certified for P NB"(r) by p® € R7?,
i € [m] and 9 € R'. Assume that maxyern q(x) > 0, and let p := argmaxq(x), o := \/q(p).
Define R = oI, + Y1 via;a;

Given v € R", let v :=v" p— a||v]|g-1 and z* = p — aR w/||v||g-1. Define \, X € R™ by

[vl[r-1
2

i (4 i —2a; 2* ' A= A u® 4\~ 7”1}”1%_119.
1ol i — 20T a%) Vi€ m], S + a4 Lol

i=1

i =

Then, X is a dual certificate for v’z > v for P NB"(r), that is, AT + ol + v < =ATw.
Furthermore, \ can be computed in time O(n?m + n®).

Proof. Note that #* = argmin{v'z : 2 € E(R,p)} and v'2* = v. Define o := ”1)!71;’1 and
; = oy; for i = 0,...,m. Consider the polyhedron P = {z : Az < u,v'x < v}, and the

quadratic form defined by §(z) = oq(z) —v'x + v. Observe that -
q(z) = Fo(r* — [l]?) +Z% ui —aj @) (af @ — ;) + (0d —v) @ — (0B —v),

hence § is certified for PNB™(r) by A i € [m], and by || AT (69)+v+(od—v)|+08—v < =00 Tu—v.
Since §(x) = o(a® — (x — p)"R(x — p)) + v — v'x, we have that g is strictly concave and
V§(z) = —20R(x — p) — v. This implies that z* is the unique maximizer of ¢ since Vg(z*) = 0.
Furthermore, one can compute that ¢(z*) = 0. Applying Lemma to ¢, and observing that
i = Fi(u; + 4; — 2a] %), i € [m], we obtain
(AT —u™ X" —u' (o0) —v > G(a*) +r HAT()\ —ol) —v||=r HAT(/\ —od) — | (21)
We need to show that 7| ATA 4+ v|| + v < =ATu. From ([21), we have

v < AT —uT(A 4009) -7 HAT()\ —o?) —v||

< i)\j (—uTu(i) —r HAT,u(i) + aZ" ) —u' (AT 4 ad) —r HAT()\ —ov) — |
i=1

(triangle inequality) < —u' (Z PRITIOIED St 019) —r Z AF (AT,u(i) + ai) —ATA—0aV¥) +v

i=1

= —u' <Z PRITICINED St aﬂ)

i=1

= Xu—r]|ATA+].

—r|AT (ZAM(“ + AT +m9> +v

i=1

To compute A, we need to compute R, which can be done in time O(n?m), as well as x* and p.
The time to compute these two points is dominated by the computation of R~!, which can be
performed in time O(n*). Computing A and A requires time O(nm). O

The above lemma will be used to compute e-approximate Farkas certificates from the ellipsoid
method (Section [6.3), from volumetric cutting plane methods [23, 28, 40] (Section [6.4), and from
the geometric rescaling algorithms [12 21] (Section [6.5). For all three, we will need to show that
we can find an appropriate certified quadratic form for the polyhedron defined by the current
set of oracle inequalities. For the ellipsoid method and the geometric rescaling algorithms, such
quadratic form will need to be maintained explicitly at every iteration. For the volumetric cutting
plane algorithms, we will instead show that, once the algorithm has achieved the required level
of accuracy, we can a-posteriori compute a suitable certified quadratic form directly from the
information that is maintained by the algorithm.

Throughout, these algorithms maintain a set of oracle inequalities Ax < u along with a strictly
feasible point with respect to these inequalities. The main technical ingredient will be the following
lemma. This is only needed for Section and readers interested in the other algorithms only may
skip it.

Lemma 6.9. Let P = {z € R" : Az < u} be a polytope, where A € R™*"™ and u € R™. Let z be
a point in the interior of P, and v € R, . Define

Ro— Z %aza = wziL‘“T (22)

—GZ Z,=1ui—aiz
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Let p = ||w||g-1 and ¢ := max;cpy) ||al|p-1/(ui — a 2). Assume that ¢p < 1/2. Let £ € R™
and the quadratic form q be defined by

i —ajz)(a] T — 1)

ti= a2 = 3¢l (us - o 2), Z% e (23)

The following hold.
(i) In O(n®) time, we can find coefficients p®) € R, such that ATp® = —ay, uTp® < —f,
for k € [m], i.e. a dual certificate of validity of a) x > {) for P.
(1) q 1is strictly concave, maxzere q(x) < (3¢||v||1)?, proving that P C 3¢||v|1E(R,p) for p =
arg max q(x).

Proof. Define a; = a;/(u; — a; z) for i € [m] With this notation, R = Y ;" v;a,a, and w =
> Yi@i. Observe that P = {m €R" : @ (x—2) <1, i€ [m]}. For part (a), for any k € [m], let
us define 7(®) by

B i e @0 - TR~ TR ), =1 1)

Observe that i) > 0 because |a;R™'w| < ||@i||p-1|w||z-1 < pp < 1/2 and |a;R™'ay| <
@i || p-1lax|| r—1 < ©?, by definition of ¢ and p.
Next, observe that

m m
3 it =2 (S a= vl ) =Sl -t =
=1 i=1

and

m

ST = 20%( anl—zmﬂ w) ZmR ar =20 (|7l —p*)—w" ax < 26°(17l1+ep < 3671711,
=1 =1 i=1

where the last inequality follows from p < ¢[|v||1, because p? = 37" v'a] R™1w < Y7 vipp.
It follows that the vector u*) e R’ defined by

(k) _ Uk — Qg2 (k)

S e
U —a; z

satisfies AT ) = —ay,, u' pu® < —£;, since

and

m m

ulp® =3 (wima P+ al 2 = (wi—af2) Y P a2 < (w—ag 236 7l —af 2 = L.
i=1 i=1 i=1

For part (), note that ¢ is strictly concave because P is a polytope, hence rk(A) = n. Consider
any z € R" and let y = x — z. We have

q(z) = Q(y+2):Z%(l*&?y)(ﬁ?y+3wzllvlh)

- (Z%az )y— (143¢° 7] Z%a y+ 3021y Z%

i=1 =1
= —y Ry— (1430 |7ll)w y + 30%]3.

If we define p = z — (1/2)(1 + 3¢?||v[l1) R~ 'w, we have that

(@=p) Rx—p) = (r—2)"Rlx—2)+2(x—p) R(z—p)+ (2 —p) Rz —p)
= (z—2)"R(z—2)+ (1 +3%W)w’ (z = 2) + (1/9 (1 +3¢%|ly[1)*p
y Ry + (1430 [yll)w "y + (1/4)(1 +3¢%(|y[11)*p” -
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It follows that

q(z) = —(z —p) " R(z — p) + 30 |VIIT + (1/49) (1 + 3% ||1]1)%p”.

In particular, p is the unique maximizer of ¢, and
max ¢(z) = 3217 + (1/4) (1 +3¢°l111)%p* < Bellvlh)?,

where the last inequality follows from (14 3¢2||v[11)p < ¢llvlli + (3/2)¢llv]1, because p < p|v]l1
and pp < 1/2. O

6.2 Finding approximate Farkas certificates

The following theorem is the main technical tool for finding an e-approximate Farkas certificate.
The theorem shows that, given a convex set K, if we have a strictly concave certified quadratic form
q(z) for K NB"(r), and if we have a direction v, |[v|| > 1, such that the ellipsoid {z : ¢(z) > 0}
has small width in the direction of v, then we can compute an e-approximate Farkas certificate for
K NB"(r). All methods we consider start from some initial simple set containing K NB"(r). For
the ellipsoid method and the geometric rescaling algorithm, the initial relaxation is simply B"(r),
whereas for the volumetric cutting plane algorithms, the initial relaxation is [—r, 7]™. In particular,
for the ellipsoid method and the geometric rescaling algorithms, the certified quadratic form
has 7o > 0 (this corresponds to the initial quadratic form 72 — ||z||?> > 0), whereas for Vaidya’s
algorithm we will always have vy = 0, but some of the inequalities a;'—m < u; may be the initial
box-constraints x; < r or —z; < r. Note that, in both cases, the e-approximate Farkas certificate
computed using the theorem below will always be purely in terms of the oracle inequalities for K.

Theorem 6.10. Let K C R™ be a convexr set, r > 0, and ¢ € (0,2r). Assume we are given
inequalities Az < u valid for K, A € R™™, v € R™, and let Az < @, A € R¥*", a € RF,
k > m, be a system comprising all inequalities in Ax < u and some of the “box constraints”
zj <1 or—x; <1, j€ [n]. Assume we are also given £ € R* and ¥ € R, i € [k] such that
r|ATA®D +q]| + 6, < —a"p@, and d € R", B € R, ¥ € RE such that ||AY +d|| + 8 < —u' 9. Let
v € Rﬁ_H, and assume that the quadratic form

k
a(z) = 70(r? — lal|*) + D vilwi — al 2)(af « — L) +d Tz — 5.
i=1

is strictly concave. Let E = {x : q(x) > 0}. If we are given v € R™ such that ||v| > 1 and
widthg (v) < /3, then in time O(n*m + n“) we can compute an e-approxvimate Farkas certificate
for K NB"(r) in terms of the inequalities Ax < u, that is, A € R such that A +r HAT)\H <€,
Dty Adllaq] > 1.

Proof. Recall that E is an ellipsoid centered at p := arg max,cg~ ¢(z). Since widthg(v) < ¢e/3, it
follows that E C {x € R" : —¢/6 <v'z —v'p<e/6}.

It will be convenient to assume ||a;|| € [1,2] for ¢ € [m], which is without loss of generality.
By Lemma in time O(n?m + n*) we can compute dual certificates for {z : Az < a} NB"(r)
of both inequalities —v'ax > —v'p — g/6 and vl > vlp — e/6. To distinguish the roles of
the constraints in Ax < wu from the box constraints, we express these certificates by two vectors
(Nop), (N, 1) € R x R™, where (u/)F, (1) define the multipliers for the inequalities x; < 7,
and (u')~, (1)~ define the multipliers for the inequalities —z; < r. Hence (X, p') and (X, u”)
satisfy

AT 4 ol =0T p—2/6 < —uTX —rll s, rIATN 4 ol 4o p—e/6 < —uT N —r|lu 1.
Note that, since ||p/|| < ||¢/]l1 and ||| < ||”||1, the triangle inequality implies

r|ATN —v|| —v Tp—e/6 < —u" N, r|ATN +ol|+vp—e/6< —u N (25)

In what follows, we show that A = (X + X")/||N + X||1 is a e-approximate Farkas certificate.

By definition, [|A[l1 =1, hence ;" A;[|la;|| > 1 by our assumption that ||| € [1,2].
Adding up the two inequalities in we obtain

>ut N+ N)+r|ATN — ol + 7| ATN + o

w| ™
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From the triangle inequality, we have
a:=[[ATN = ol +[|ATN +of| = ATV + X)) = 0.

If « > £, then the two equations above give u' (X + \”) + r|[AT(X + \”)|| < 0, proving
uT A+ ||ATA|| < 0, and we are done.

Assume therefore that a < 357 Note that

9

= >4 AT

hence it suffices to show that [|N + X'[|x = | N |l + |A|l. > 1/3.
From the triangle inequality, using that |la;|| € [1,2] for all i € [m], we obtain

1< ol < [JATX| + ATX — o] < 200 + 47X o

and a similar inequality holds for A”. Adding up the two bounds and using the definition of «, we
get
o+ HAT()\’ + /\”)H = HAT)\' — v|| + HAT)\” — vH > 2 = 2(||N]l1 + [IN]1) -

Using the assumption o < ¢/(3r) and the upper bounds ||a;||2 < 2,
5
37 T 20N A+ 1N = 2 = 201X R+ A7 1)-
Since e < 2r, the above implies ||X'[|1 + [[\/[|1 > § as required. O

6.3 Approximate Farkas certificates from the ellipsoid method

In this section we describe an algorithm, which we will call the Certified Ellipsoid Method and prove
the following.

Theorem 6.11. Let K be a convex set given by a strong separation oracle, r > 0, and € € (0,2r).
Then, the Certified Ellipsoid Method runs in oracle-polynomial time and, by making O(n?log(nr/¢))
calls to the strong separation oracle, either returns a point x € K, or an e-approrimate Farkas
certificate for K NB™(r) comprising only oracle inequalities.

As previously noted, this yields a subroutine APPROX-CONIC-DUAL with T (n,¢) = O(n?log(1/¢))
oracle calls.

Remark 6.12. In the remainder of the section, we will assume r = 1. Indeed, if we define
K' = K/r, and € = ¢/r, observe that an inequality a'x < (3 is valid for K if and only if
ra'x < B is valid for K'. Hence, given a system rAx < u of m valid inequalities for K', an €’'-
approzimate Farkas certificate for K'N\B"(1) is of the form X' € R such that |[rAT N ||+u" N < &',
S Nirllag|| > 1, hence A =X is an e-approzimate Farkas certificate for K NB"(r).

We give a self-contained exposition of the ellipsoid method and the certification procedure that
may provide new insights into the classical algorithm. Section describes the Basic Ellipsoid
Method in a slightly stronger form. Section introduces the Certified Ellipsoid Method, where
we modify the original framework to show how the containing ellipsoid can always be maintained
in terms of certified quadratic forms, which will imply Theorem

6.3.1 The Basic Ellipsoid Method

Theorem 6.13. Let K be a convex set given by a strong separation oracle, and € > 0. Then,
there exists an oracle-polynomial time algorithm that, by making O(n?log(n/¢€)) calls to the strong
separation oracle, either returns a point © € K, or returns a vector a € R™ with |lall2 € [1,2]
such that widthgngn1)(a) < €. Moreover, the vector a will be one of the vectors returned by the
separation oracle during the algorithm.

The statement differs from the usual form in the case when no feasible solution is found. For
this case, the usual outcome as in [I9, Theorem 3.2.1] is a small volume ellipsoid containing K.
Given such an ellipsoid E, one can show that E (and thus K) is thin in the direction in one of the
principal axes of F (see e.g. the proof of [I9, Lemma 6.4.2]). Instead, using Lemma we observe
that a small volume ellipsoid is thin in one of the directions returned by the oracle.
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At the t-th iteration, the algorithm maintains positive definite matrices Ry, Q; € S’} , such that
Q: = Rt_l, and a vector p; € R™. We let F; = E(R;,p:). Throughout, we maintain

KNB"*(1) C E;. (26)

We initialize Ey = B"(1) = E(I,,,0). At iteration t = 1,2,..., the strong separation oracle is called
to check if p;_1 € K. If the answer is yes, the algorithm terminates. Otherwise, the oracle returns
a direction a; such that a/ p;_; > a/ z for any z € K. In this case, the matrices are updated as
follows:

n?—1 2n+2  aa)

Ri=—5— Ri1+ :
n? n? o ladlf,

(27)

_ Qeay
, QtZRl, Pt =DPt—1 — 77— -
! (n+ 1arllq,

We note that computing @); does not require a matrix inversion, but can be computed via a simple
rank-1 update formula from @;_1, similarly to R;.

The following lemma is the key in showing the progress in the volumetric potential. In Sec-
tion we present a new proof using quadratic forms.

Lemma 6.14. If KNB"(1) C F;_y, then KNB™(1) C E; also holds, and det(R;) > /™ det(R;_1).
The next lemma is immediate from the construction sequence.

Lemma 6.15. At iterationt > 1 of the Basic Ellipsoid Method, there exist coefficients 0 < %()t) <1,
and 4" > 0 fori € [t] such that

K2

¢
R, = fy(()t)ln + Z’yi(t)aia;. (28)

i=1
The next lemma completes the proof of Theorem [6.13

Lemma 6.16. If the Basic Ellipsoid Method does not terminate in T = O(n?log(n/e)) iterations,
then width grpn(1)(at) < e for some t € [T7].

Proof. Initially, det(Rg) = 1. Using Lemma [6.14) we see that after t = O(n?log(n/¢)) iterations,
det(R;)'/™ > 1/? + 1. The claim follows using Lemmas and O

6.3.2 The certified ellipsoid method

Let us denote by g;(x) the strictly concave quadratic form defined as
q(z) :=1—(x—p)) " Re(x — py), (29)

so that By = {z € R" : ¢(z) > 0}. Note that initially go(z) = 1 — ||2||?. The Certified Ellipsoid
Method will maintain a ¢; as a certified quadratic form as in Definition [6.6] Combined with
Theorems and this will imply Theorem [6.11

Assume that for the current ellipsoid E; = E(Ry,p:), the separation oracle returned a; such
that a, p;_1 > a/ 2z for all z € K. If we let

T
U = Ay Pr—1

then the inequality a, x < uy is the inequality returned by the oracle, and it is valid for K. Further,
if we let
b= a) pr1 = llalla,

then the fact that K NB"(1) C E;_; ensures that a/ x > ¢, is also valid for K N B"(1).
The following lemma shows that the ellipsoid update corresponds to the following update
of the quadratic form, for some values «, 5 > 0.

@(r) = agi—1(z) (ue —af @)(af @ — ), (30)

+ -
lacll3,

Lemma 6.17. For some «, 3 > 0, consider the expression q:(x) as in with u; = a:pt,l and
b =alpi—1 — |lat]lg,_,, and let p; be the unique mazimizer of qi(x). There exists Ry € S} such
that q;(x) = 1 — (z — py) " Re(z — pt) if and only if

1—2y

e

2 1
2 for some 0 <y < =. (31)

ST 2
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Furthermore, for any such o, 3, and v,

T
QA Gy Qi—1a¢

Ri=aRi 1+ Br—5—, Pt=pi—1+7 .
||at||Qt71 Hat”Qt—l

(32)

Finally, the choice of v that minimizes the volume of E; (or, equivalently, mazimizes det(Ry)) is
v* :=1/(n+ 1), for which choice det(R;)/det(R;_1) > e'/™.

Proof. Denote ¢, := ¢, a := a/||atl|Q, 1, P :=Di—1, P =D, R:=Ri_1, Q := Qi—1, and R' = R,.
If there exists a positive definite matrix R’ and p’ such that ¢(z) = 1 — (z — p') T R'(x — p') then
q(p') = 1. Since p’ is the unique maximizer of ¢(z), we have Vq(p') = 0. Using that
Vq(z) = —2aR(z —p) — B(1 +2a" (z — p))a, (33)
from Vq(p') = 0 we see that p’ = p — yQa, where v € R satisfies
2ay — B(1 = 27) = 0. (34)

The condition ¢(p’) = 1 implies

a(l—7*)+By(l—v) =1 (35)

Solving the linear system given by , for @ and $ in terms of the parameter v, we obtain
, and o, > 0 if only if 0 < v < 1/2.

Let us now fix a value of 0 < v < 1/2 and compute « and 3 as above. Let us set R’ = aR+Baa’.
We show that ¢(z) = ¢'(z) for ¢(x) = g(2) as defined in (30), and for ¢(z) = 1—(z—p) "R/ (z—p’).
This is a consequence of the following simple claim.

Claim 6.18. Two strictly concave quadratic functions are identical if and only if the following are
the same for the two functions: (i) the quadratic terms; (ii) the unique mazimizers; and (iii) the
mazimum values.

The quadratic term in both q(z) and ¢'(z) is —z ' (aR + Baa')r. The maximizer of both
functions is p’, and the maximum value is 1 in both cases. This completes the proof of .

Finally, we need to determine the choice of v in order to minimize the volume of E;. This is
equivalent to maximizing det(R’). Note that

det(R') = ™ det <Rl/2 (I + 5Q1/2aaTQ1/2) R1/2> = det(R)a™ (1 + i)

«

=det(R)a" M a+B) = det(R)w : o
(1=m)*
This is maximized for v = 1/(n + 1), for which choice
det(R;) _ (n - 1)"1 <n+ 1)”*1 o/n
det(Ri—1) n n -
0

Observe that the above lemma immediately implies Lemma [6.14] hence this provides an alter-
native exposition of the standard volumetric argument for the ellipsoid method.

Corollary 6.19. At the t-th iteration of the Basic Ellipsoid Method, we can maintain g;(x) in the

form
t

t t
ar(@) = 5" (1= llel?) + 1" (s — o] 2)(a] @ £2), (37)
i=1
where ’y(()t) = o, and for each i € [t], a; is the vector returned by the separation oracle at the i-th
iteration, u; = a; pi—1, b = u; — ||aillq,_,, and 'yz-(t) = Bt~ /||aill3),, where o, B are defined as in

for v =1/(n+1). Furthermore, for every k € [t], we can compute a certificate p®) € R, for
the validity of akT:cZk, that is

t
+ 00 < 3 APy, (38)

i=1

t
Z pDa; + ay,

i=1
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Proof. The first statement follows by construction and by Lemma For the last statement, we
observe that u*) e R, k € [t] can be computed throughout the execution of the ellipsoid method.
Indeed, suppose that up to iteration ¢ — 1 we have computed g;_1 in the form ( ., along with
pM o u®Y, Since the inequality af @ > £ is valid for By = {x : ¢ _1(z) > 0}, it follows
from Lemma that we can compute u® satisfying . O

Maintaining a compact representation So far, we kept adding a new term a;a, to R; in
every iteration, and thus R; will be the weighted sum of the identity and ¢ rank-1 matrices a;a, .
This would lead to O(n?log(n/e)) terms in R when running the Basic Ellipsoid Method to obtain
a e-thin direction, according to Lemma |6 Thus, the space complexity of the algorlthm is large,
albeit polynomial. Furthermore, we must malntaln certificates p() for each inequality a = > ¢,
i € [t]. In what follows, we observe that one can maintain each quadratic form ¢; in terms of only
O(n?) terms of the form (u; — a, )(a] z — ¢;), and that one needs to only keep O(n?) vectors a;
to certify the inequalities a; x > ¢;.
Indeed, one can readily verify from the expression that

o) = =i ().

—T

where the vector (%t), e ,’yt(t)) is a feasible solution to the following system of (”;rl) equations in

the nonnegative variables v1, ...,V

liu, ‘ a;r(& +u)/2 \ 0
Z% ( (i + u) /2 ] a;a; = H = Tosr-
If we choose 7 € R, to be a basic solution and let I; C [t] be its support, it follows that [I;| < ("37)

and
q(x) = —[l2l*) + > vilui — o) ) (a] x — &),
i€l

Furthermore, for every k € I, given u(®) € R satisfying (3 , we can compute a basic solution
%) € RY to the system St aWa; =0 pl )az with 320, iy < 3°F | My, hence obtaining
a certificate for a] x > £} of support size at most n. If we denote by C the support of (%), then
we only need to maintain the vectors a;, i € I* U Uielt C;, along with the certificates %) € Ri‘.
By induction, we will guarantee that we obtain p(*) as in of support size O(n?). This can
be reduced to an O(n) size basic solution in time O(n®). This amounts to a substantial running
time overhead: whereas an update takes O(n?) time for the Basic Ellipsoid Method maintaining a
small I amounts to O(n*) per update, and maintaining the certificates to O(n E| The increased
complexity bound is however still much lower than the algorithm for finding a dual optimal solution
in [I9, Lemma 6.5.15] that would amount to running the Ellipsoid Method for a second time with
O(n%log(n/e)) variables (for an appropriate € in the context of rational polyhedra).

6.4 Approximate Farkas certificates from volumetric cutting plane meth-
ods

We now show how to derive Farkas certificates from volumetric cutting plane methods. This
method was introduced by Vaidya [40]; similar cutting plane methods with improved arithmetic
complexity were given by Lee, Sidford, and Wong [28] and by Jiang, Lee, Song, and Wong [23]. For
simplicity, we present the implementation for Vaidya’s original algorithm, but the same framework
is applicable for the subsequent variants as well. As previously noted, [28] also includes an explicit
statement on dual certificates.

In contrast to the ellipsoid method, we do not maintain the certified concave quadratic form
during the algorithm, but construct it at termination using Lemma

Given a polyhedron P = {x € R" : Ax < u}, A € R™*" u € R™, the log-barrier function is
defined over the interior of P by f(z) = — > /", log(u; — a; ), and its Hessian is

m

aiaT
V@ =) e

i=1

41t is possible to improve the complexity of maintaining a small I to O(nB), by only approximately maintaining g(z).
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Let F be the function defined over the interior of P by F(z) = log(det(V2f(z))).
The function F is strictly convex [40], and the minimizer @ of F' is called the volumetric center
of P. The gradient of F is

af (V2f(2))""a;

ZCTZ —a x, where O'Z(x) = W, 1€ [m}

Observe that > i, 0;(z) =n and o;(z) < 1 for i € [m]. Finally, let us define

oT
Z oi(w) (4 —aj )2
The o;(x) values are the leverage scores of the subspace
span(diag((u; —a] )71, ..., (um — a, 2))A).

Since o;(x) < 1, i € [m], V2f(z) = Q(z). Let u(x) be the largest number ji such that Q(z) =
AV? f(x), and note that p(z) > min;ep,) oi(x).

Let K defined by a strong separation oracle, € > 0, and assume we want to find a point in K or
an e-approximate Farkas certificate for K N B"(1); as in Remark we can assume r = 1. Let
§ <1074, ¢ < 10735. At every iteration, Vaidya’s algorithm maintains a set of inequalities Az < w,
where a] z < wu; is either an inequality returned by the oracle, or one of the bound inequalities
xz; <1or —z; < 1. The algorithm also maintains a point z € R"™ satisfying Az < u such that

F(2) = F(@) < ¢'u(@). (39)

The system is initialized to —1 < z; <1, j € [n], and z = @ = 0. At any given iteration, if 0;(2) < ¢
for some i € [m], the inequality a; x < u; is removed from the system. If min;ep,) 0i(2) > ¢, the
separation oracle is queried for z; if z € K then the algorithm stops, else the oracle returns a
vector a; € R™ such that a; z < a; 2z, and the algorithm adds the inequality a] z < wu; to the
system, for some appropriately chosen value u; > a; z. In both cases (whether an inequality has
been added or removed), the algorithm performs a fixed number of Newton steps to compute a new
point z satisfying with respect to the new system. Each iteration requires O(n%) arithmetic
operations; the algorithms [23], 28] improve on the arithmetic complexity.

Let us denote by p* the value of F/(©) at the kth iteration. Note that at the beginning V2 f(z) =
I,,, hence p" = log(det(I,,)) = 0. Vaidya [40] shows

pr > (40)

ck
5
Theorem 6.20. Let K be a convex set given by a strong separation oracle, v > 0, and € € (0, 2r).
Then, in O(nlog(nr/e€)) calls to the strong separation oracle and O(n“*log(nr/e)) arithmetic
operations, Vaidya’s algorithm either returns a point x € K, or an e-approximate Farkas certificate
for KNB™(r) comprising only oracle inequalities.  The support of the certificate has cardinality

O(n).

Proof. As previously noted, we may assume r = 1. Observe that, since > ., 0;(z) = n, then
at every iteration m < n/c, since otherwise min;e[,) 0i(2) < ¢, and an inequality is removed
from the system. By (40), after O(nlog(n/c)) iterations we have det(VQf(z)) > =157 (20n /g)?n.
Furthermore, continuing Vaidya’s algorithm by removing constraints as long as min, ¢}, 0:(2) < ¢,
which requires at most m < n/c further iterations, we can also guarantee that o;(z) > ¢ for all
i € [m]. In particular, it follows that det(Q(z)) > ¢” det(sz( )) > 0*”/2(2071/5)2”.

Vaidya (Lemma 10 in [40]) shows that, if F'(z) ) < (5\/ ), then VF(z Q( )_1VF( )
(F(z) — F(©))/0.14. Since we maintain a point z satlsfylng [39). and since ctu(@) < §/p(@), it
follows that VF(2)TQ(2)"'VF(z) < c¢*u(@)/0.14.

Vaidya (Claim 4 in [40]) also shows that aTQ( ) 1a1/(uz —aj 2)2<1/\/p(z) <c € [m].

Let us now define v € R, by v; := 0i(x), i € [m], R Q(z), w = VF( ) Observe that
7, z, R, and w satisfy (22). By the above discussion, we have p = ||lw|]|g-1 < \/c*u(@)/0.14 and
@ 1= maX;eim |aill g-1/(u; — aj z) < c=/% Note that pp < 1/2, hence ~ satisfies the assumptions
of Lemma [6.9) which shows that the quadratic form defined in is certified for Az < u, and
that the ellipsoid £ = {x € R™ : ¢(z) > 0} satisfies E = aE(R,p), p being the center of F
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and o < 3¢||v]l1 < 3nc= /%, It now follows from Lemmas that there exists k € [m] such that
llakl|l -1/ |laklle < (det(R)l/” —1)7Y2 and from Lemma |6.3] we have that, for v = a/||ax||2,

widthg (v) = 2aljv]|g-1 < 6ne™ Y4 (det(R)Y™ —1)71/2 < 6ne™ Y4 (c71/2(20m/e)? —1)71/2 < ¢/3.

It follows from Theorem that we can compute an e-approximate Farkas certificate for K NB™(1)
comprising only oracle inequalities. O

6.5 Approximate conic certificates from geometric rescaling methods

We consider a particular variant of the geometric rescaling algorithms introduced by Dadush et
al. [12], 13] and by Hoberg and Rothvofl [2I]. Similar certification should be applicable for other
variants as well. The algorithm discussed here takes as input a cone K C R™ defined by a conic
separation oracle, along with ¢ > 0, and returns either a point x € K or determines a “thin
direction”, that is, a vector v € R™, |lv|| = 1, such that K C {z € R* : |[vT2| < ¢}. Here we
briefly describe the algorithm and the analysis, to show that in the second case we can compute an
e-approximate conic Farkas certificate for K.

The algorithm will maintain, at each iteration ¢, a matrix R; € S’ , such that K NB"(1) C
E(Ry,0) and such that det(R;) increases at each iteration. Throughout we denote Q; = R; .
Initially Rg := I,,. The algorithm sets a threshold 8 :=1/(11n). At iteration ¢t + 1, the algorithm
applies von Neumann’s algorithm (first described by Dantzig in [I4]) to compute a set of vectors
{m; : i € J;} returned by the conic separation oracle and ((*) € Rf, @)1 = 1, such that the

vector
Z

2 m an,

either satisfies that Q,y € K (in which case we stop), or ||y||g, < 8. In the latter case, we update

R+ P, C(t)

, where P; := m;m, . 41
T+ 2 e

Ripq =

We have det(Ryy1) > (16/9) det(R;) [I2, Lemma 11].
Next we observe that the quadratic form ¢;(z) := 1 — 27 Ry can be maintained as a certified
quadratic form for K NB™(1). Inductively, assume that

au(@) = 70(1 = llz)*) + Y yim{ a(ui —mz) + v —vTa, (42)
icl,

where we have maintained dual certificates of validity over K NB"(1) for the inequalities m, x < u;,
i € I;, and vl <w.

Note that, for all i € J;, by Cauchy-Schwartz the inequality m, < ||m;||q, is valid for KNB™(1),
because ||z||gr, < 1 for all x € K NB"(1) C E(R:,0). Since E(R:,0) = {z : ¢(x) > 0} and ¢
is a certified strictly concave quadratic form, by Lemma we can compute dual certificates of
validity for m, z < ||m;||q over K NB"(1). Similarly, we have that y'z < |ly|lg, < 8 is valid for
K NB™(1), and we can compute a dual certificate of validity for it. Hence the quadratic form

Z||

|2 m; x(HmZHQt _m;rx) +ﬁ _yTx7
i€ J¢

m; |

is certified for K NB"(1). It follows from the definition of y and P; that r(z) = 8 — 2" P,z, hence
qir1(z) = (14 B)"Hqi(w) + r¢(z)). Since ¢ and r; are both certified, also g1 is certified, as
can be seen by observing that inequality (v 4 y) "2 < v + 3, corresponding to the linear-term in
qi11(z), can be certified as follows. If ¥ and 9’ certify the validity of v'2 < v and y "2 < B for
KNB"(1), then 9+’ certifies the validity of (v+y) Tz < v+ 83, since || >ier, Wit 9)mi+v+y| <
| S ser, i + ol + | Xy, i +yll < v+ 5.

Note that, exactly as explained in Section we can apply Caratheodory to maintain the
expression Y., vim, x(u; —m; x) in so that |I;| € O(n?).

Theorem 6.21. Let K C R™ be a conver cone given by a conic separation oracle, and € > 0.
Then, in O(n3log(n/e)) calls to the separation oracle, and O(n’log(n/e)) arithmetic operations,
the geometric rescaling algorithm either returns a point x € K, or an e-approximate conic Farkas
certificate.
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Proof. Since det(Ri+1) > (16/9) det(Ry), after T € O(nlog(n/e)) iterations, there exists k € I
such that ||mg|lg, < €llmgll2. Since the quadratic form ¢r(zx) is certified, we can compute a
certificate of validity A € R" for the inequality (my/|mkl2) @ < e, that is, | Y,c;, Aimi +
my/||mgl|2]] < e. This gives a e-approximate conic Farkas certificate. For the running time, each
von Neumann call requires [1/8%2] = O(n?) calls to the separation oracle and O(n?®) arithmetic
operations [12, Lemma 8], so in particular |J;| € O(n?) at each iteration ¢. Hence the total number
of oracle calls is O(n3log(n/¢)). Computing the new matrix R; for ¢t = 1,...,T requires time
O(n?|J;]) € O(n*), which gives O(n®log(n/e)) arithmetic operations overall. O

7 Rational polyhedra

In this section, we consider rational polyhedra in the bit complexity model as in [I9], and show
some implications of our algorithms in this model. We denote by () the binary encoding length
of a rational number a, and (D) denote the encoding length of a matrix D, defined as follows: for
an integer n # 0, (n) := [log, |n|+ 1]; for a rational number oo = p/q given as the ratio of co-prime
integers with ¢ > 0, (a) := (p) + (¢); and for a matrix D € Q"*", (D) is the sum of the encoding
length of all entries. Let us recall the definitions of facet and vertex complexity; see [19, Definition
(6.2.2)].

Definition 7.1. Let P C R" be a polyhedron.

(i) We say that P has facet-complexity at most ¢, if P can be defined by a system of linear
inequalities with rational coefficients such that each inequality has encoding length at most .
If P =R"™, we require ¢ > n+ 1. The triple (P;n, ) is called a well-described polyhedron.

(ii) We say that P has vertex-complexity at most v, if there exist finite sets of vectors Vp,Dp €
Q" such that P = conv(Vp) + cone(Dp), and all vectors in Vp U Dp have encoding length at
most at most v. If P = (), then we require v > n.

Dual solutions in the oracle model The results in [19] appear to be the only known
methods in the literature for obtaining dual certificates of infeasibility and optimality in the oracle
model. In this context, it is important to clarify which inequalities can be involved in the dual
solution. In this respect, [I9] considers two different concepts: optimal standard dual solutions and
optimal dual solutions with oracle inequalities.

The former concept means that the dual solution assigns non-zero multipliers only to facet-
defining inequalities for P, in some standard representation of P. Since there is typically no
guarantee that the separation oracle returns facet-defining inequalities, it is not conceivable to be
able to derive such certificates directly from the execution of the method, and indeed getting an
optimal standard dual solution requires repeated applications of the ellipsoid method and the use
of polarity (Theorem 6.5.14 in [19]).

The second concept, instead, requires that the nonzero entries of the dual solution correspond to
inequalities that have been output by the oracle during the application of the method. Grotschel,
Lovész, and Schrijver [19] point out that this is not possible in general. Assumption on bounded
encoding length of the oracle inequalities plays a key role in this context: under this assumption,
one can obtain a dual certificate as follows (cf. Lemma 6.5.15 in [19]). We first run the (primal)
ellipsoid method, obtaining a set F of oracle inequalities. Next, we “tighten” each inequality in F,
by another run of the ellipsoid per inequality. Finally, we apply the ellipsoid method to the dual
LP, with the variable set corresponding to F. Note that the dimension of this latter problem will
be very large (albeit still polynomially bounded).

It has to be noted that, while assumption is natural and applies widely in combinatorial
optimization, it is not without loss of generality. A notable exception to assumption (4)) is optimizing
over the ¥-body [19, Chapter 9]. In Section we sketch how our method can be adapted to
settings that do not satisfy assumption .

Bounding § by ¢ The next lemma shows bounds on our condition number § in terms of the
bit-complexity.

Lemmaa 7.2. If every row of a matrix M € R™*"™ has bit-complexity at most ¢, then dpy >
1/2000°0)  Let P = {x € R™ : Ax < b} such that for all inequalities a; © < b;, the vector (a; ,b;)
has bit-complexity at most ¢. Then, 04,04 ,b)+(0,1) = 1/20(%¢)
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Proof. The second part follows by the first by recalling that §(4 5)1(0,1) = das for the matrix M as
in (). Let us now show the first part; let m, be the i-th row of M. Consider a set {m; : i € J}
of linearly independent vectors and nonzero coefficients A € R”; let v = D iy Aim.

Let B € Q"*™ be a matrix whose first |J| columns are the vectors m;, i € J, with arbitrary
further n—|.J| unit vectors added such that B is non-singular. Then, for z = B~1v, we have z; = \;
for i € J and x; = 0 otherwise. We have (B) = O(ng), and consequently, (B~') < 4n? (B) =
O(ny) (see [19, Exercise 1.3.5(d)]). In particular, the norm of every row in B~! is bounded
by 20(n°?)and consequently, |z;| < 200°@)||v|. We also have |[m;]| < 2°(9); consequently,
max;cs |Ai|[|maillz < 200°9)||v||, showing the bound on &y;. O

Together with Theorem we yield the following.

Corollary 7.3. Let P = {x € R™ : Az < b}, and assume we are given polyhedral separation oracles
for both P as well as the recession cone rec(P) = {x € R"™ : Az < 0}. Further, assume for every
inequality a] x < b; in the system, (a; ,b;) has bit-complexity at most ¢. Then, there exists oracle
polynomial algorithms for linear feasibility and linear optimization, also returning dual certificates,
using O(n5p) oracle calls.

Remark 7.4. In order to obtain a polynomial algorithm in the bit-complexity model using an
implementation of APPROXIMATE-CONIC-DUAL as in Section [2] one needs to provide an imple-
mentation of the subroutine that maintains rational numbers of bounded encoding length. This can
be done by suitably rounding the coefficients encountered by the algorithms described in Section [6]
but we do not elaborate the details here as the main focus of this paper is on the real model of
computation.

7.1 Strong separation oracles with bounded bit complexity

The algorithms in [T9] can return dual certificates with oracle inequalities under assumption .
Recall that this assumption requires that the we have a strong separation oracle returning vectors
whose encoding size is polynomially bounded by the facet complexity ¢. However, in Corollary
we use a seemingly stronger polyhedral separation oracle model, where we require the oracle to
return inequalities a; z < b; such that (a;,b;) has encoding size polynomially bounded by .
Furthermore, Corollary also requires such separation oracle also for the recession cone.

In this section, we show that a strong separation oracle satisfying assumption can be turned
into polyhedral separation oracles of bounded bit-complexity. Assume that for the well-described
polyhedron (P;n,¢) with vertex complexity at most v, and we have a strong separation oracle that
for each € Q", returns a vector a € Q", such that max{a'z : z € P} < a'Z with (a) = O(yp).
This oracle returns the inequality a2 < a'Z, that is, the right hand side a'Z depends on the
point = queried, and a priori there could be an infinite number of potential inequalities returned.

Regarding the recession cone, [19, Lemma (6.4.8)] shows that the strong separation oracle of P
implies a strong separation oracle for rec(P), returning inequalities a 'z < 0, where a'x < a7 is
an inequality that can be returned by the separation oracle for P. Hence, we obtain a polyhedral
separation oracle fo rec(P), with the inequalities of encoding length .

Next, we show that a polyhedral separation oracle can be implemented for P by rounding the
inequalities "z < a'Z to a'x < b such that b has bit-complexity O(p + v). Thus, there exists a
finite description Az < b of P such that every inequality has encoding length O(p + v). Together
with the rounding procedure, we can map the strong separation oracle to a polyhedral separation
oracle with respect to this system, and therefore, Corollary [7.3]is applicable.

Let us note the following bounds relating facet- and vertex-complexity.

Lemma 7.5 ([19, (6.2.4)]). Let P CR"™ be a polyhedron.
(i) If P has facet-complexity at most @, then P has vertez-complexity at most 4n’e.

(ii) If P has vertez-complexity at most v, then P has facet-complexity at most 3n?v.

Rounding using the continued fractions method The key tool is the continued fractions
method, an efficient algorithm for the following existential result by Legendre. We do not describe
the method but summarize its properties in the next theorem, see [33, Section 6.1]

Theorem 7.6. For given real number o« > 0 and integer N > 0, there exists at most one pair

(p,q) of nonnegative integers such that ‘a — %’ < =+ and ¢ < N. There exists an algorithm that,

INZ
in O(log N) arithmetic operations, either finds such a pair (p,q), or concludes that no such pair
exists. Further, if a is rational, then the space complexity of the algorithm is poly({«) ,log N).
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Lemma 7.7. For given rational number o > 0 and integer o > 0, in O(o) iterations the continued
fraction method finds the largest rational number ¢ < « such that (q¢) < o. If « is rational, then
the space complexity of the algorithm is poly({a) , o).

Proof. This follows as in the proof of [19, Theorem (5.1.9)]. The continued fractions method
constructs a sequence of iterates S = gi/hi such that hy grows exponentially. Further, B, < o <
Bok+1. Thus, there are O(co) iterates of size at most o; the largest such Box provides the required
answer. U

Consider now the well-described polyhedron (P;n, @) with vertex complexity at most v, and a
valid inequality a "z < u such that (a) < ¢. Let b be the largest rational number b < u such that
(b) < ¢+ v. Such a value b can be computed in polynomial time in (u) and ¢ + v via continued
fractions, as in Lemma We claim that a"z < b is a valid inequality for P. This follows since
the linear function a ' z is bounded on P, and thus takes its maximum value on an extreme solution
that has encoding length < v. Hence, the value max{a'z : = € P} has encoding length < ¢ + v.

Remark 7.8. Finally, let us remark that it is not necessary to apply the rounding procedure to
every inequality returned by the oracle. We can postpone the roundings to the inequalities that
participate in the e-approrimate Farkas certificates.

7.2 Removing the assumption on the complexity of oracle inequalities

Let us now briefly sketch how one can (inefficiently) recover the [19] result without the simplifying
assumption within the polyhedral separation oracle model. In this context, one assumes that
the bit-complexity of the facets of the polyhedron P have bit-size at most ¢, but one only makes
the assumption that the complexity of the output of the separation oracle grows polynomially as
a function of the bit-size of the query point (i.e., it is not bounded by a fixed function of ¢). To
convert any such oracle to a polyhedral one with lower bounded §, one may simply post-process
each inequality outputted by the oracle using Diophantine approximation. Using the iterated
Diophantine approximation method of Frank and Tardos [I7], one can convert any valid inequality
a'z < bfor Ptoa “nearby” valid inequality @' = < bfor P, where @, b have bit-size poly(n, ¢). More
precisely, the closeness of ax < b to ax < b is formalized by saying that for any low-complexity point
T € Q", i.e., with bit-size poly(n, @), satisfies sign(b —a'x) = sign(E —a'x). In particular, if we
maintain that we only query the oracle with inputs of bit-size at most poly(n, ), which is relatively
straightforward to achieve in most settings, the “post-processed” oracle behaves analoguously to a
polyhedral separation oracle with lower-bounded §. In particular, log1/§ will be polynomial in ¢
and n, using standard bit-complexity arguments.

One can make the above reduction more efficient by only lazily post-processing the “important”
oracle inequalities, which would reduce to number of Diophantine approximations to O(n), similar
o [19]. As the details are technical and somewhat orthogonal to our main contributions, we defer
a thorough presentation of this reduction to the full version of the paper.

8 Relating the circuit imbalance and ¢

In this section, we investigate the relation between the condition number § and the circuit imbalance
measure k. Lemma shows bounds between these numbers; Corollary [8.3] shows that if A is in
the form A = (I|A’), then §4+ is comparable to k4. Using this, Theorem adapts our conic
validity algorithm to solving linear feasibility systems with x4 dependence. Finally, in Section |8.1
we study optimal rescalings of 6. We use the following result on self-duality of Ky .

Lemma 8.1 ([10]). For every linear subspace W C R™ and the dual subspace W, Ky = Ky .
The relation between ¢ and & is as follows.

Lemma 8.2. Let A € R™*" be a matriz with full row rank and m < n with ||a;|| = 1 for all
columns i € [n]. Let omin(AT) be the minimum singular value of AT (that equals the minimum
nonzero singular value of A). Then,

Omin (AT )
N

1
SKAS e
AT
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Proof. Let us start with the upper bound on k4. Let g € E(ker(A4)) be an elementary vector.
Select an arbitrary ¢ € supp(g), and let J = supp(g) \ {¢}. Then, the columns {g; : j € J} are
linearly independent, and —g;a; = ZjeJ g;jaj. Thus,

lg:l - llaill = || gja4|| = 0.7 max|g| - as|l,
jeJ 7€

and using that all columns have unit norm, we get |g;/g;| < 1/d47 for all j € J. This shows that
RA < 1/6AT .

We now turn to the lower bound on k4. According to Lemma there exists an index set
B C [n], |B| = m, and an index k € B, such that Apg is non-singular, and 1/ 4+ equals the norm of
the k-th row of Agl. This row of Agl is the unique solution z € R™ to the system (Ag)'z = e,
where e is the k-th unique vector in R™.

Let us now consider the vector y = ATz € R"; this is a vector in im(AT), and we claim that it
is an elementary vector. Indeed, suppose a nonzero vector 3’ € im(A") exists with strictly smaller
support. We have y; = 0 for all i € B\ {k}. If y;, = 0, then the nonsingularity of Ap implies
that ¢’ = 0. If y;, # 0, then we can normalize to y;, = 1; but now yz = yp, and again by the
nonsingularity of Ag, we must have 3’ = v.

Let us use duality of xy (Lemma [8.1)) for W = ker(A) and W+ = im(AT). Since yp = 1, we
obtain ||y|leo < ks = kw. We thus get

7o) — (AT < 14721 = Iyl < Vil < ViR
O
Corollary 8.3. Let A € R™*" be of the form A = (I,,|A"). Then,
%% < Vnmed .
Proof. For any column a; of A, i € [m + 1,n], we have a circuit g in ker(A) defined as g; = —ay;

for j € [m], g; = 1, and g; = 0 otherwise. Hence, all nonzero entries of A are between 1/k4 and
k4, and therefore all column norms are between 1/k4 and /m#r4.

Let A be the matrix arising by normalizing all columns of A so that all columns have norm 1, and
let us apply Lemmato A. Note that, since A contains an identity matrix, Jmin(fl—'—) > 1. Hence,
1/6 4+ < y/nkj. Renormalization may increase the ratio between two entries of an elementary
vector by at most \/ﬁmi; thus, the claim follows. O

Theorem 8.4. Let A € R™*"™ b€ R™, and consider the linear feasibility problem Ax =b, x > 0;
assume tk(A) = m. There exists an O(nm?>log(n + ka) + m®loglog(n + k4)) time algorithm that
either finds a feasible solution, or a Farkas certificate ATy >0, bTy < 0.

Proof. First, we can use Gaussian elimination to bring A to the basic form A5'A in O(nm?) time.
To simplify the notation, we henceforth replace A by AE,lA and b by Aglb. Consider the conic
validity problem for the vector b and the cone K = {y € R™ : ATy > 0}. The output is either a
primal feasible solution or a Farkas certificate to our problem.

We obtain the claimed running time from Theorem with the oracle as in Theorem
implementing the JLSW algorithm [22], and noting that every oracle call takes nm time by checking
each inequality a; y. Finally, note that by Corollary log(n/da) = O(log(n + ka)). O

8.1 Optimizing the measure §

Consider a full-row rank matrix A € R™*". As we have already observed, the measures k4 and § 47
are invariant under different rescalings: for any positive diagonal matrix D € R"*", § apyT = d 47,
but xKap might be different from k4. On the other hand, for any nonsingular 7' € R™*™  the
opposite holds: k74 = k4, but §(pay7 and 647 may be different. One can naturally ask for the
following quantities.

k% = inf {HAD : D € R™" positive diagonal}

AT = sup {6(TA)T : T e RMX™ nonsingular}
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Lemma 8.5. Given a matriz A € R™ ", §%+ < 1/k}.

Proof. Let D be the diagonal matrix with ith diagonal entry equal to 1/||a;||, so that all columns
of AD have unit norm. For any nonsingular T € R™*™ Lemma implies

! 1

§ T=90 T < = < —.
(T4) (TAD) KTAD  KAD ~ K}

O

The quantity % was studied in [I0]; they gave a min-max characterization, as well as the
following algorithmic result:

Theorem 8.6 ([10]). Given a matriz A € R™ "™, in O(n*m? + n3) time one can find a positive
diagonal matriz D such that kap < (k%)3.

As a consequence, all results with running time dependence on log(k4 +n) can be strengthened
to dependence on log(x* + n). Note that the approximability result is in surprising contrast with
that of Tuncel [39] who showed that ¥4 (and consequently, £ 4) cannot be approximated within a
factor 2poW (™),

Combined with Corollary @ we obtain the following result on &% .

Corollary 8.7. For a matriv A € R™ " in O(n?*m? + m3) time we can find a nonsingular
T € R™*™ such that

S 5(TA)T .

Proof. Let us compute the near optimal rescaling D such that kap < (k%)? as in Theorem
Compute any non-singular m x m matrix B of AD, and return T = B~!. We show that 7T satisfies
the statement. Indeed, TAD contains an m X m identity matrix, therefore, by Corollary we
get

) =46 > L = L > L > (%37)°"
(TA)T = UTAD)T = vam(srap)®  Vnm(kap)® ~ vnm(s%)? T nm
where the last inequality follows from Lemma [8.5 O

Note that we are only able to use the above renormalization for an explicitly given matrix A,
but not in the oracle model.

A Impossibility results

We now turn to the proofs of Proposition and showing the impossibility of strongly poly-
nomial algorithms in the oracle model.

Proof of Proposition[I.1 Let P, denote the set of polytopes P C R? of the form

P{(ﬂﬂl,f@)eRzi lermSl,iG[m]a(xl,ﬁw)ZO} ) (43)
b 4ai

for some numbers p; > p2 > ... > Py > 0,0 < 1 < ¢2 < ... < ¢n. For any such choice of

parameters, these define a full-dimensional polytope with m + 2 facets. Let P,, denote the class of

all polytopes of this form.

Consider the problem max x1, x € P for such a polytope P € P,,. Clearly, the optimal solution
is (pm,0). We claim that an adversary can answer oracle queries such that, for any prescribed
m* € N, any algorithm will require at least m* queries to compute an optimal solution. This
proves the claim, since m* can be chosen independently from n = 2.

The adversary strategy is as follows. At the current iteration, say iteration m, they maintain
two polytopes Py, € P, and Q,, € P,,, starting with m =0, Py = R2, Qo = {0}. For m > 1, the
polyhedron P, is given in the form withpy >po>...>pp>0and 0< q1 < g2 < ... < @m.
For m = 1 we let z = (0,q1), and for m > 1 we let z = (21, 22) be the point corresponding to
the intersection of the last two separators x1/pm—1 + ©2/¢m—1 = 1 and x1/pm + 22/¢m = 1. For
1 <m<m* welet Qn =P, N{(r1,72) €ER?: 27 < 2}

In each iteration, if the algorithm queries a point x € R? that is in Q,,, the oracle responds that
the point is feasible. If x ¢ P,,, then we return one of the facet defining inequalities of P, that
separates x. Finally, if x € P, \ @, then we return a new inequality 1 /pm+1+ T2/@m+1 < 1 with
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0 < Pm+1 < Pm and @1 > Gm; it is easy to see that such an inequality can always be added. We
obtain P, 41 from P, by adding this new inequality, update @,,+1, and increase m by one. Once
we reach m = m™, we set Q,, = Pp,.

Note that this oracle strategy maintains P,,+1 C Py Q1 D Qm, and all facets of P, are also
facets of P,,+1. Thus, all previous separators returned by the oracle are valid to P,,41. Moreover,
m gives a lower bound on the total number of oracle queries. O

Proof of Proposition[I-j} The proof is similar to the previous one, but even simpler, in 1-dimension.
Consider b € R™ with values by > by > ... > b, € R. Let A € R™*! be a matrix with all entries 1.
Let P = {x; € R : Azy < b}; thus, P = (—o0, b,,]. Consider the problem of max x; for z; € P;
the optimal solution is ] = b,,. However, m oracle queries are necessary: Similarly to the previous
proof, the adversary answering the oracle queries can always maintain P in this form such that the
first k oracle queries are z1 < b;, @ € [k].

Note that all rows of the matrix A are identical, hence, any condition number 64 unchanged
by duplicating copies must be the same as for the 1 x 1 matrix A’ = (1). Therefore, f(n,64)
is the same for all instances in this form, showing that no algorithm may terminate in f(n,04)
queries. O
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