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Abstract. The restarted primal-dual hybrid gradient method (rPDHG) has recently emerged as an important tool for solving
~ *
large-scale linear programs (LPs). For LPs with unique optima, we present an iteration bound of O (K(D -In (w)), where ¢ is the

target tolerance, « is the standard matrix condition number, ||w*|| is the norm of the optimal solution, and ® is a geometric condition
number of the LP sublevel sets. This iteration bound is “accessible” in the sense that computing it is no more difficult than computing
the optimal solution itself. Indeed, we present a closed-form and tractably computable expression for ®. This enables an analysis
of the “two-stage performance” of IPDHG: we show that the first staﬁe identifies the optimal basis in O (x®) iterations, and the

%) additional iterations, where A is the constraint matrix, B is
the optimal basis and ¢ is the smallest nonzero in the optimal solution. Furthermore, computational tests mostly confirm the tightness
of our iterations bounds. We also show a reciprocal relation between the iteration bound and three equivalent types of condition
measures: (i) stability under data perturbation, (ii) proximity to multiple optima, and (iii) the LP sharpness of the instance. Finally, we
analyze an “optimized” primal-dual reweighting which offers some intuition concerning the step-size heuristics used in practice.

Funding: This research was supported by AFOSR Grant No. FA9550-22-1-0356.
Key words: Linear optimization, First-order method, Convergence guarantees, Condition number

second stage computes an g-optimal solution in O (||B‘1 [IIA]l - In (

1. Introduction Linear Program (LP) has been a cornerstone of optimization since the 1950s, with
far-reaching applications across diverse fields, including economics (see, e.g., Greene [235]]), transportation
(see, e.g., Charnes and Cooper [13]), manufacturing (see, e.g., Bowman [11], Hanssmann and Hess [27]),
computer science (see, e.g., Cormen et al. [[15]), and medicine (see, e.g., Wagner et al. [54]) among many
others (see, e.g., Dantzig [16]). LP algorithms have also been extensively researched in the past several decades.
Almost all LP algorithms to date are based on either simplex/pivoting methods and/or interior-point methods
(IPMs). These classic methods form the foundation of modern solvers due to their reliability and robustness
in providing high-quality solutions. However, both of them require repeatedly solving linear equation systems
at each iteration using matrix factorizations, whose cost grows superlinearly in the size of the instance (as
measured in the dimensions of problem and/or the number of nonzeros in the data). Consequently, as problem
size increases, these methods become computationally impractical. Furthermore, matrix factorizations
cannot efficiently leverage modern computational architectures, such as parallel computing on graphics
processing units (GPUs). For these reasons, suitable first-order methods (FOMs) are emerging as attractive
solution algorithms because they are “matrix-free,” meaning they require no or perhaps only very few matrix
factorizations, while their primary computational cost lies just in computing matrix-vector products when
computing gradients and related quantities. Hence, FOMs are inherently more suitable for exploiting data
sparsity, and for parallel computing using GPUs, and their iteration cost typically scales just linearly in the
size of the instance.

The restarted primal-dual hybrid gradient method (rPDHG) has emerged as a particularly successful FOM
for solving LPs. It directly addresses the saddlepoint formulation of LP (see Applegate et al. [6]), automatically
detects infeasibility (see Applegate et al. [3]), and has natural extensions to conic linear programs in Xiong and
Freund [58]] and convex quadratic programs in Lu and Yang [39] and Huang et al. [30]). This algorithm has led
to various implementations on CPUs (PDLP by Applegate et al. [4]]) and GPUs (cuPDLP by Lu and Yang [38]
and cuPDLP-C by Lu et al. [43])), equipped with several effective heuristics. Notably, the performance of the
GPU implementations has surpassed classic algorithms (simplex methods and IPMs) on a significant number
of problem instances as shown by Lu and Yang [38] and Lu et al. [43]. The strong practical performance
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has also sparked considerable industrial interest from mathematical optimization software companies. To
date, rPDHG has been integrated into the state-of-art commercial solvers COPT 7.1 (see Ge et al. [24]]) and
Xpress 9.4 (see Biele and Gade [9]) as a new base algorithm for LP, complementing simplex methods and
IPMs. It has also been added to Google OR-Tools (see Applegate et al. [4]), HIGHS (see Ge et al. [24]), and
NVIDIA cuOpt (see Fender [21]). With rPDHG, many problems previously considered too large-scale for
classic algorithms are now solvable; for instance, it is reported by Mirrokni [45] that a distributed version
of rPDHG has been used to solve practical LP instances with more than 9.2 x 10'° nonzero components
in the constraint matrix, a scale far beyond the capabilities of traditional methods. Another example is a
representative large-scale benchmark instance called ziB03. This instance, which took 16.5 hours to solve
in 2021 as reported by Koch et al. [31], can now be solved in 15 minutes using rPDHG by Lu et al. [43]].
Furthermore, it has recently activated the potentials of large-scale linear programming in real applications,
including making targeted marketing policies by Lu et al. [36]], solving large-scale integer programming
instances by De Rosa and Khajavirad [[17]], and optimizing data center network traffic engineering by Lu and
Applegate [35], the latter of which has been deployed in Google’s production environment.

Despite the strong performance of rPDHG on many LP instances, certain aspects of its practical behavior
remain poorly understood. Indeed, rPDHG sometimes performs poorly, even for some very small LP instances.
Additionally, minor data perturbation of some easily solveable instances can lead to instances with substantially
increased computational cost. Also, it has been observed that rPDHG often exhibits a “two-stage performance”
phenomenon in which the second stage exhibits much faster local convergence, but this phenomenon has not
been adequately explained or otherwise addressed by suitable theory.

To better understand the underlying behavior of rPDHG, it is important to have theory that is in synch
with practical performance. However, many aspects of the existing theory cannot be adequately evaluated for
practical relevance due to the difficulty of actually computing the quantities in the theoretical computational
bounds. Applegate et al. [[6] establish the linear convergence rate of rPDHG using the global Hoffman constant
of the matrix K of the KKT system corresponding to the LP instance. Roughly speaking, the Hoffman
constant is equal to the reciprocal of the smallest nonzero singular values of the submatrices of K, of which
there are exponentially many (see Pena et al. [48]]). While intuition suggests that the Hoffman constant is
itself an overly conservative quantity in the computational complexity, we do not know this from experience
on any non-trivial LPs since the Hoffman constant is not computable in reasonable time. Xiong and Freund
[56] provide a tighter computational guarantee for lPDHG using two natural properties of the LP problem:
LP sharpness and the “limiting error ratio.” Furthermore, for LPs with extremely poor sharpness and the
broader family of conic LPs, Xiong and Freund [58]] provide computational guarantees for rPDHG based on
three geometric measures of the primal-dual (sub)level set geometry. In addition, Lu and Yang [40]] study the
vanilla primal-dual hybrid gradient method (PDHG) using a trajectory-based analysis approach, and shows
the two-stage performance of PDHG based on the Hoffman constant of a smaller linear system. However,
despite these studies, none provides an iteration bound that is reasonably easy to compute, and so we cannot
ascertain the extent to which any of these iteration bounds align with computational practice. To compute the
iteration bounds, all existing works require prohibitively expensive operations, such as directly computing
Hoffman constants (e.g., Applegate et al. [6], Lu and Yang [40]]), solving multiple additional optimization
problems (e.g., Lu and Yang [40], Xiong and Freund [56} 58])), or running a first-order method beforehand to
obtain the solution trajectory (e.g., Lu and Yang [40])).

Due to the absence of an iteration bound that can be practically evaluated, we do not know the extent
to which existing theoretical bounds align with computational practice. This makes it more difficult to do
mathematical analysis to possibly improve the practical behavior of rPDHG either. Furthermore, the lack of a
reasonably convenient expression of the iteration bound also hinders a deeper understanding of rPDHG’s
performance on specific families of LP instances, impedes theoretical validation of some effective practical
heuristics, and potentially hampers the development of further practical enhancements.

This paper aims to make progress on the above issues by posing and trying to answer the following
questions:

* Is there an accessible iteration bound of rPDHG that is easily computable?, we will say that an iteration
bound is accessible if, roughly speaking, the quantities in the bound depend only on some intrinsic
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properties of the LP instance whose computation is not more costly than solving the LP instance itself.
(For example, the norm of the optimal solution is accessible, but the Hoffman constant is not accessible.)

» If we have an accessible iteration bound, can we use the bound to provide deeper insights into the
practical performance of rPDHG? — particularly regarding the two-stage performance phenomenon,
the sensitivity to minor data perturbations, and to possibly improve current heuristic components of
practical implementations?

This paper focuses on LP instances with unique optimal solutions (of the primal and dual) and hence
unique optimal bases, and proves an accessible iteration bound that is easily computable and indeed has
a closed-form expression. A similar unique optimum assumption is often made in studies of large-scale
LPs (e.g., Liu et al. [34] and Xiong and Freund [57]]) and other optimization problems, such as semidefinite
programs (e.g., Alizadeh et al. [1]]) and general convex optimization (e.g., Drusvyatskiy and Lewis [[19])). The
unique optimum assumption is actually looser than the nondegeneracy assumption, because once the primal
and dual optimal basic feasible solutions are nondegenerate, then the primal and dual solutions are unique and
nondegenerate, which means the LP instance has one unique optimal basis. This nondegeneracy assumption
is also used by almost all classic optimization textbooks, such as Bertsimas and Tsitsiklis [8], to simplify
analysis and convey insights. We acknowledge the unique optimum assumption does not hold for a very
large number of LP instances occurring in practice due to special problem structures (network substructure
in particular) in very many real applications. But the property of unique optima for LP is generic (i.e., it
holds almost surely) under most models of randomly generated LP instances. Here we use our accessible
new iteration bound to provide valuable insights into the performance of rPDHG and may potentially inspire
future research generalizing this work to the broader family of LP instances.

1.1. Outline and contributions In this paper, we consider the following standard form LPs:

i T L Ax = >0.
min  c'x st.Ax=b, x>0 (1.1)

where A € R™*" is the constraint matrix, b € R™ is the right-hand side vector, and ¢ € R" is the objective
vector. The corresponding dual problem is:

T T _
yeﬂéyie}sxew b'y stAy+s=c,s=0. (1.2)

We will assume the optimal basis is unique, denoted by B, and let x*, y* and s* denote the optimal solutions.
In Section 2] we revisit its saddlepoint formulation and its symmetric reformulation on the space of x and s.
We also review rPDHG for solving LPs.

Section [3] presents the main result of the paper: an accessible iteration bound of rPDHG that has a
closed-form expression. The bound takes the form

o0 (KCD -In (KCDM)) s

&

where ¢ is the target tolerance, « is the standard matrix condition number, and @ is a geometric condition
number of the LP sublevel sets that admits a closed-form expression. This new bound is actually proven
equivalent to a bound in Xiong and Freund [58]] (under the unique optimum assumption) but has a closed-form
expression. Furthermore, ® has an even simpler upper bound:

o< sl
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In Section [] using the established accessible iteration bound, we provide a mathematical analysis of
rPDHG’s “two-stage performance.” Specifically, we show that Stage I achieves finite-time optimal basis
identification in

O (k® - In (kD))
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iterations, and Stage II exhibits a faster local convergence rate and computes an g-optimal solution in

&

additional iterations. The iteration bound of Stage II is independent of @ and may thus be significantly lower
than that of Stage I. This provides at least a partial explanation for the “two-stage performance” in theory.
In Section [5] using the expression of the new iteration bound, we study the relation between the iteration
bound of rPDHG and three equivalent types of condition measures: (i) stability under data perturbations, (ii)
proximity to multiple optima, and (iii) the LP sharpness of the instance. Specifically, we show that

_ e+ lls* 1l

- min{gp’ {d} ’

where ), and {4 denote the stability measures for the primal and dual problems. This relationship yields a
new and tighter computational guarantee of rPDHG, and also quantifies the impact of tiny data perturbations
on the convergence rate.

In Section [6] since the new iteration bounds can now be easily computed, we confirm their tightness
via computational tests on LP instances. As predicted by the new iteration bounds, experiments show that
tiny perturbations may indeed significantly alter ®@ and the overall convergence rates. Additionally, the new
iterations bounds are also confirmed matching the practice as our experiments show «® and ||B~![|||A||
indeed play important roles in the global linear convergence rates and the two-stage performance. Since our
new iteration bounds are proven equivalent to a bound in Xiong and Freund [58]], the latter is also confirmed
to match the practical behavior by our experiments.

In Section [7] thanks to the accessible iteration bound expression, we demonstrate that the reweighting
that equalizes the £;-norms of the primal and dual optimal solutions can approximately minimize @ and
the overall iteration bound. This finding provides some intuition concerning the very effective heuristic of
balancing the “primal weights.”

1.2. Other related works In addition to the previously discussed papers, several other studies have
analyzed the performance of PDHG and its variants. Hinder [28] and Lu and Yang [41] present instance-
independent worst-case complexity bounds of rPDHG on totally-unimodular LPs and optimal transport
problems. Lu and Yang [37] show that the last iterate of the vanilla PDHG without restarts also exhibits a
linear convergence rate, dependent on the global Hoffman constant of the KKT system matrix. A recent
concurrent work Lu and Yang [42] propose a new restart scheme for PDHG by restarting from the Halpern
iterate instead of the average iterate. They prove an accelerated refined complexity bound compared to that of
the vanilla PDHG proven in Lu and Yang [40]. This new bound is still based on the Hoffman constant of the
reduced KKT system and employs a trajectory-based analysis approach.

There has been increasing interest in developing FOMs for LPs. Xiong and Freund [58]] propose to use
central-path Hessian-based rescaling to accelerate rPDHG, and Li et al. [32] design a learning-to-optimize
method to emulate PDHG for solving LPs. Beyond PDHG, several other FOMs have been studied recently.
Lin et al. [33]] and Deng et al. [18]] develop ABIP (and ABIP+), an ADMM-based interior-point method that
leverages the framework of the homogeneous self-dual interior-point method and employs ADMM to solve
the inner log-barrier problems. O’donoghue et al. [47]] and O’Donoghue [46] develop SCS, applying ADMM
directly to the homogeneous self-dual formulation for general CLP problems. Basu et al. [7] utilize accelerated
gradient descent to solve a smoothed dual form of LP. Wang et al. [S5]] use overparametrized neural networks
to solve entropically regularized LPs. Very recently, Hough and Vavasis [29] use a Frank-Wolfe method to
address the saddlepoint problem formulation, and Chen et al. [[14] implement a Halpern Peaceman-Rachford
method with semi-proximal terms to solve LPs.
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1.3. Notation In this paper, we use [n] as shorthand for {1,2,...,n}. For a matrix A € R"*"* Null(A) :=
{x e R": Ax =0} denotes the null space of A and Im(A) :={Ax : x € R"} denotes the image of A. For any
i€[m] and j € [n], A.; and A; . denote the corresponding i-th column and j-th row of A, respectively.
For any subset ® of [n], Ag denotes the submatrix of A formed by the columns indexed by ©. We use

|Allo,p to denote the operator norm, i.e., [|A||,p :=sup,.. ””fif””” Specifically, ||A||2.c0 = Max|<j<m HA,”

and [|A]l1,2 = max e[y HA J H We let || - ||as denote the inner product “norm” induced by M, namely,
l|zllar := VzT Mz. Unless otherwise specified, for a vector v, ||v|| denotes the Euclidean norm, and for a matrix
A, ||A]l denotes ||A]l2.2, the spectral norm of A. For any set X ¢ R, Px : R" — R" denotes the Euclidean
projection onto X, namely, Px(x) :=argmingey ||x — £||. For any x € R" and set X c R", the Euclidean
distance between x and X is denoted by Dist(x, X) := mingc x ||x — £|| and the M-norm distance between x
and X is denoted by Distps (x, X) :=mingex ||x —£[[ . For x € R", we use x* to denote the positive part of x.
For any affine subspace V, we use V to denote the associated linear subspace corresponding to V. For any
linear subspace S in R", we use S* to denote the corresponding complementary linear subspace of S. In this
paper, we use O (-) to hide factors of only absolute constants.

2. Preliminaries and Background Throughout this paper, we consider the primal problem (I.1I) and
its dual problem (I.2)). For simplicity of analysis, we consistently assume that the rows of A are linearly
independent and that (I.I)) has at least one optimal solution. A primal-dual solution pair x and (y, s) is
optimal if and only if they are feasible and the duality gap is zero, i.e.,

Gap(x,y):=c'x-b'y=0. 2.1
Furthermore, (I.1)) and (I.2) are equivalent to the following saddlepoint problem:

min max L(x,y):=c'x+b"y—(Ax)"y. (2.2)
x€eR} yeR™

The optimal solutions x* and (y*, s*) of (I.I) and (1.2)), are also the saddle point of (2.2), and vice versa.

2.1. Symmetric formulation of LP  Given that (1.2) includes the constralnt ATy+s=c, it follows that
for any feasible (y,s), y=(AAT)'A(c—ys). Letus deﬁne g:=AT (AAT)"! b; then the objective function of
y is equivalent to an objective function of s, i.e., bTy=¢g" (¢ —s), and (1.2) is thus equivalent to the following
(dual) problem on s :

max ¢ T(c—s) stsec+Im(AT),s>0. (2.3)
=S n

We denote the duality gap for the pair (x, s) as Gap(x, s) :=c"x —¢q " (c — s), which is equivalent to Gap(x, y)
when ATy +s=c.

Note that the feasible set of the primal problem (I.1) is the intersection of the affine subspace V), :=
g +Null(A) and the nonnegative orthant. Similarly, the feasible set of (2.3) is the intersection of V, :=
c+Im (A7) and the nonnegative orthant. We can thus rewrite the primal and dual problems in the following
symmetric form:

. T _
min ¢ x max ¢ T(c—y¥) 0
st.xeF, =V,NR] st.s€Fq:=VaNRY]

Let X7p and V,; denote the linear subspaces associated with the affine subspaces V), and V,, respectively.
These subspaces are orthogonal complements. We then use X* and S* to denote the optimal solutions for
the primal and the dual problem, respectively. Notably, any change in ¢ within the space of ‘7[, does not affect
X*, 8%, V,, Vyq, Fp, or F4. Without loss of generality, we may sometimes assume that c is in Null(A), which
can be achieved by replacing ¢ with Py, (c) beforehand. This leads to the following symmetric properties for
(L.I) and (2.3).

FacT 2.1. Suppose that Ac =0. Then V,; is the orthogonal complement of V. ie. Vd V. Furthermore,
q'" ¢ =0, and the objective function of @I) isequal to —¢ ' s, and Gap(x, s) is equal to ¢ " x +q1ps Additionally,
cE V and ¢ =argmin,cy, ||v||, and g € Vd and g =argmin, ey, ||v].
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This re-formulation of the dual was, to the best of our knowledge, first introduced in Todd and Ye [52]]. We
will use the notation “W* to denote the primal-dual pairs, i.e.,

W* ;:X*xS*:{(x*,s*):x*EX*,s*ES*} . (2.5)

Our focus is on computing e-optimal solutions, which are essentially solutions sufficiently close to “W™*, as
defined below.
DEFINITION 2.1 (¢-OPTIMAL SOLUTION). A solution w is said to be e-optimal if the Euclidean distance
between w and ‘W™ is less than ¢, i.e.,
Dist(w, W*) <& .

2.2. Restarted Primal-dual hybrid gradient method (rPDHG) The vanilla primal-dual hybrid gradient
method (abbreviated as PDHG) was introduced by Esser et al. [20], Pock et al. [49] to solve general
convex-concave saddlepoint problems, of which is a specific subclass. For LP problems, let z denote
the primal-dual pair (x, y), and then iteration of PDHG, denoted by zX*! = (x**!, yk*1) «— ONEPDHG(z*), is

defined as follows: N

okl (xk —r (c—ATyk))

yk+1 — yk +0 (b —A (zxk+l _xk))
where 7 and o are the primal and dual step-sizes, respectively.

Algorithm [I] presents the general restart scheme for PDHG. We refer to this algorithm as “rPDHG,” short
for restarted-PDHG.

(2.6)

Algorithm 1: rPDHG: restarted-PDHG

1 Input: Initial iterate %0 := (x%°, y%:0) = (0,0), n « 0, step-size 7,0, and S € (0,1) ;
2 repeat

3 initialize the inner loop: inner loop counter k « 0 ;

4 repeat

5 conduct one step of PDHG: 7%*! «— ONEPDHG(7"¥) ;

6 compute the average iterate in the inner loop. 7-*! L &4l zni

7 k—k+1;
8 until satisfying the B-restart condition;
9

— Zn,k

restart the outer loop: z"*!-0 ,ne—n+1;

10 until Either 70 is a saddlepoint or z"° satisfies some other convergence condition ;
11 Output: 0 (= (x0,y™0))

Line [5] of Algorithm [I] is an iteration of the vanilla PDHG as described in (2.6). For each iterate
7K = (xK, yK) | we define s™* :=c — ATy™* and 5% := ¢ — AT§"-K. The double superscript indexes the
outer iteration counter followed by the inner iteration counter, so that Z»k is the k-th inner iteration of the
n-th outer loop. Line §|of Algorithm|[I]specifies an easily verifiable restart condition proposed by Applegate
et al. [6] and also used by Xiong and Freund [56,, 58] and the practical implementation by Applegate et al.
[4]. We will discuss it in more detail when using them.

The primary computational effort of Algorithm [I]is the ONEPDHG in Line [5] which involves two
matrix-vector products. In contrast to traditional methods such as simplex and interior-point methods, rPDHG
does not require any matrix factorizations. It is worth noting that the step-sizes 7 and o~ need to be sufficiently
1, -AT
-A L1,
Pock [12] prove rPDHG’s iterates will converge to a saddlepoint of (2.2)). The above requirement can be
equivalently expressed as:

small to ensure convergence. In particular, if M := is positive semi-definite, then Chambolle and

1
1Al2

7>0,0>0, and 10 < 2.7
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Furthermore, the matrix M turns out to be particularly useful in analyzing the convergence of rPDHG
through its induced inner product norm defined as ||z||as := VzT Mz. This norm will be extensively employed
throughout the remainder of this paper.

2.3. LPs with unique optima This paper focuses particularly on LPs with unique optima, the problems
satisfying the following assumption:

ASSUMPTION 2.1.  The linear optimization problem (1.1)) has a unique optimal solution x*, and the dual
problem (1.2) has a unique optimal solution (y*,s*), i.e., X* ={x*}, Y* ={y*} and S* = {s*}.

When S* is a singleton, actually Y™ is a singleton if and only if the rows of the constraint matrix A are linearly
independent. This assumption is equivalent to having a unique optimal basis, and is also equivalent to the
case that the primal and dual optimal basic feasible solutions are nondegenerate. Actually, in theory “almost
all” LP instances have unique optima, as randomly generated instances are known to be nondegenerate almost
surely (see Borgwardt [[10]). The unique optimum assumption and the stronger nondegeneracy assumption are
often used in large-scale linear programming (see, e.g., Liu et al. [34)], Xiong and Freund [57]), semidefinite
programs (see, e.g., Alizadeh et al. [1]]), and general convex optimization (see, e.g., Drusvyatskiy and Lewis
[19]). But in practice, due to special structures of real problems, this assumption does not always hold.

Under Assumption 2.1} the primal-dual pair of optimal solutions, x* and (y*, s*), are optimal basic feasible
solutions, corresponding to the optimal basis ® := {i € [n] : x* > 0}. Let © denote the complement of @, i.e.,
® :=[n] \ ©. Due to strict complementary slackness, ® = {i € [n] : s* > 0}. As x* is an optimal basic feasible
solution, there are exactly m components in ® and 7 — m components in ©.

Since the algorithm is invariant under permutation of the variables, for simplicity of notations in this paper
we assume that the optimal basis is {1,2,...,m} and use B and N to denote the submatrices Ag and Ag,
respectively. In other words,

0=[m]={1,2,...,m}, ©=[n]\[m]={m+1,m+2,...,n} and A=(BN) . (2.8)

With the above ® and ©, the indices of the nonzero components of x* are exactly [m], and the indices of the
nonzero components of s* are exactly [n] \ [m].
Later in the paper we will frequently use the following quantities of the matrix A:

P
Amax := 0 (A), Amin =07 (A), k1= —= (2.9)

min /lmln

where o}, (A) and o} (A) denote the largest and the smallest nonzero singular values of A, respectively.
And « is often referred to as the matrix condition number of A.

3. Closed-form Complexity Bound of rPDHG This section presents the main result of the paper: an
iteration bound of the global linear convergence that has a closed-form expression. First of all, we define the
following quantity ®:

VB +1 VB +1
max " , max <

mtj 1<i<m xl.

@ := ([lc* I+ lls™ (1) - max (3.1

1<j<n-m N

Notably, it leads to the following iteration bound of rPDHG.

THEOREM 3.1.  Suppose Assumption|2.1| holds and Ac =0. When running Algorithm|[I|(rPDHG) with
T= ﬁ o= m and B :=1/e to solve the LP, the total number of ONEPDHG iterations required to
compute an g-optimal solution is at most

(0] (K(I)-ln (K(I)- ”W*H)) . (3.2)

&
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This new computational guarantee for rPDHG is an accessible iteration bound, as it has a closed-form
expression that can be easily computed once the optimal solution has been identified. Examining the definition
of ® in (3.1)), B~!N is essentially the tabular of the tabular simplex method at the optimal basis B. Overall, ®
is in closed form of the optimal solution/basis, making it very amenable to computation. Given the optimal
basis, the matrix B~!N can also be easily computed via one matrix factorization followed by one matrix
multiplication. Overall, computing ® is almost as easy as solving the LP itself. In addition, x can be computed
by one singular value decomposition of A. Consequently, the bound (3.2) in Theorem [3.1]is accessible
because computing it does not require solving any additional optimization problems beyond the original LP.

Among « and @, « is a standard definition and easy to compute and analyze. It is solely determined by the
matrix A and is independent of the problem’s geometry. Conversely, although @ is defined in terms of the
matrix A and the optimal solutions, it is equivalent to an intrinsic measure of the geometry detailed later in
Section [3.1] Indeed, ® is not affected by any parameters of Algorithm[I} In addition, replacing the constraint
Ax = b with any preconditioned constraint D Ax = Db does not change ® either.

Furthermore, ® has the following simplified upper bound:

ProPoOSITION 3.1.  The following inequality holds for ®:

[l + 5™l

D <

; 1B~ Al .
ming<;<p {xl* + sl*}

Due to complementary slackness, all components of x* +s* are strictly positive, and minj <;<, {x} +s*}
represents the minimum nonzero component of x* and s*. This upper bound is the product of two factors:

*1h

(i) mm”x#, the ratio between the £;-norm and the smallest nonzero of the optimal solution, and (ii)
1<i<n i

IB~1Al|», the s;;ectral norm of B~! A. For readers familiar with simplex methods, B~' A is the simplex tabular
at the optimal basis B. Its proof directly computes the relaxation of ®; we defer it to Appendix [A]
It should be noted that @ is also relevant to condition numbers of other methods, beyond its connection to

. . L * . % . ™| . .
the tableau in simplex methods. Firstly, min|<;<, {xl. +57 } and the ratio ST g v} appear in classic

complexity analyses of interior-point methods, including the convergence behavior (e.g., Giiler and Ye
[26]), finite convergence to optimal solutions (e.g., Ye [60]), and identification of the optimal face (e.g,
Mehrotra and Ye [44]). Additionally, Lu and Yang [40] demonstrate that PDHG (without restarts) exhibits
faster local linear convergence within a neighborhood whose size relates to min; <;<, {xl* + sl*} Furthermore,

min”W—{XH*H*} also appears in finite termination analysis of interior-point methods by Anstreicher et al.
1<i<n i T

[3], Potra [50], in the form that is multiplied by certain norms of B~!N. Later in Section El, we will show that
@ also plays an important role in rPDHG’s finite time identification of the optimal basis. Notably, while these
condition numbers typically appear inside logarithmic terms in the complexity of interior-point methods,
rPDHG’s complexity is linear with respect to ®. This suggests that ® has more profound implications for
the complexity and practical convergence rates of rPDHG compared to interior-point methods. Beyond
interior-point methods, the upper bound minll‘j:lnll = also plays a crucial role in the complexity analysis of
simplex and policy-iteration methods for discounted Markov decision problems (see Ye [62]]).

The rest of this section presents the proof of Theorem 3.1 Section [3.1]recalls the sublevel set condition
numbers defined by Xiong and Freund [58] and their roles in rPDHG. Furthermore, Section [3.T|shows a key
lemma of the equivalence relationship between ® and the sublevel set condition numbers, which helps prove
Theorem[3.1] After that, Section [3.2] proves the key lemma of the equivalence relationship.

3.1. Sublevel-set condition numbers and the proof of Theorem [3.1] Recall that 7, =V, N R}
and ¥4 = V4 NRY denote the feasible sets of the primal and dual problems, respectively. Let ¥ := ¥, X ¥4
represent the primal-dual feasible set of the solution pair (x, s). The optimal solution can then be characterized
as

W* :=F n{w=(x,5) e R¥: Gap(w) =0} ,

the set of feasible solutions with zero duality gap. The 6-sublevel set is similarly characterized as the feasible
solutions whose duality gap is less than or equal to ¢, formally defined as follows:
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DEFINITION 3.1 (6-SUBLEVEL SET ‘W;). For 6 > 0, the d-sublevel set W is defined as:
Wy :=F n{w = (x,5) e R* : Gap(w) < 6} . (3.3)

Based on W;, Xiong and Freund [58] introduce the following two geometric condition numbers: the diameter
D s and the conic radius r 5.
DerFiNITION 3.2 (CONDITION NUMBERS OF ‘Ws).  For § > 0, the diameter of ‘W is defined as

Ds:= max |u—v|. (3.4)

u,veWs

And the conic radius of W is the optimal objective value of the optimization problem

rs = max r  s.t. {W w=-wl < r} c Ri" , (3.5
weWs,r>0

which is also equal to (max,,eqy, Dist(w, dR3")) and (max,y e, minje[2.] Wi)-
These condition numbers play a crucial role in the iteration bound of rPDHG as follows:

LEMMA 3.1.  Under the same settings of the LP instance and Algorithm[Ijwith Theorem[3.1] the total number
of ONEPDHG iterations T required to obtain the first outer iteration N such that wN-0 = (x>0, ¢ — ATy™0) is
e-optimal is bounded above by

D D *
T <380k (lim inf —5) [m (38()/< (lim inf _6)) +1n(||w II)
S\O0 s S\O T's s

(3.6)

This lemma is a sir@)le extension of Theorem 3.5 of Xiong and Freund [58]], and its complete proof is

deferred to Appendix |Al For simplicity of notations, the rest of the paper uses ® to denote (liminf 50 ?—:):
R D
& :=lim inf =2 . (3.7)
S\O0 rs

Lemma|3.1|implies that the linear convergence rate is mostly determined by «, a condition number of the
constraint matrix, and ®, a condition number of the sublevel set. When ‘W* is a singleton, the sublevel set
‘W is always inside the tangent cone to ¥ at w*. Although looking similar, @ is not equivalent to the “width”
of the tangent cone at w* (see a formal definition in Freund and Vera [23]]). The latter is an inherent property
of the tangent cone, but the former is also influenced by the direction of (c, q).

Actually, we have the following critical lemma, which states the equivalence between ® and &:

LEMMA 3.2.  The geometric condition number ® and ® are equivalent up to a constant factor of 2, i.e.,
P<P<20. 3.8)

Because of Lemma all previous discussions for ® also apply to ®. In addition, we can now directly
prove Theorem [3.1]

Proof of Theorem[3.1]  Directly applying Lemma [3.2]in the iteration bound of Lemma [3.1] yields the
desired iteration bound (3.2). O

Furthermore, since ® is actually equivalent to & up to a constant, the new accessible iteration bound of
Theorem [3.1]is also equivalent to the iteration bound of Lemma [3.1] (an iteration bound of Xiong and Freund
[S8]) up to a constant. Xiong and Freund [58]] point out that proper central path based Hessian rescaling can
improve ® to at most 2n, so Lemma indicates that this rescaling can also improve ® to at most 2n.

We now prove Lemma|[3.2)in Section[3.2]
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3.2. Proof of the equivalence between ® and & The sublevel set can be equivalently regarded as the
“primal sublevel set” for an artificial LP problem whose variables contain both the primal and dual variables.
Section extends the definitions of the sublevel set to the primal space only and demonstrates how to
compute its condition numbers approximately. Subsequently, Section [3.2.2]illustrates how to approximate the
sublevel-set condition numbers by treating them as primal sublevel-set condition numbers of an artificial
problem, thereby proving Lemma|[3.2]

3.2.1. Condition numbers of the primal sublevel set Recall that the primal feasible set is 7, :=
V, NRY, the intersection of the nonnegative orthant R} and the affine subspace of the linear equality
constraints. We define the objective error of x as Egbj (x) :=c"x— f*, where f* is the optimal objective ¢ " x*
for an optimal x* of (I.1I)). The optimal primal solution is the feasible solution with zero objective error. The
primal ¢-sublevel set is then defined as:

Xs ::ﬁ,ﬂ{xeR":Egbj(x) :=CTx—f*S<5} , (3.9

the sets of feasible primal solutions whose objective error does not exceed . Analogous to Definition [3.2] we
define the diameter and conic radius of X as

D? = - d 2= Dist(x,R") . 3.10
o uflvlg(éllu vl and ry max ist(x, RY) (3.10)

Now we show the representation of X5 and how to compute Dg and r’g .

Convex hull representation of the primal sublevel set X 5. Under Assumption[2.1] the optimal primal and
dual solutions are unique and nondegenerate, corresponding to a unique optimal basis. Each edge emanating
from X* = {x*} connects to a basic feasible solution of an adjacent basis. There are exactly n — m entering
basic variables. Let the corresponding directions of these edges be given by the vectors u!,u?, ..., u" " e R
Since ® = [m] and ® = [n] \ [m], these vectors can be computed as follows:

w = —B_lN.,j, w =1, and u{; :=0forallk¢[m]and k #m+ j (3.11)

[m] m+j

for each j € [n —m]. Therefore, the n — m edges are as follows:
& ={x*+0-u/:0>0, x*+60-u’ € F,} foreachje[n—m]. (3.12)

If u/ > 0, then &/ is an extreme ray. Otherwise, &/ connects to an adjacent basic feasible solution of x*.
Based on these edges, when ¢ is sufficiently small so that it is no larger than the extreme points’ best nonzero
objective error 6, (which is always strictly positive for LP) defined by

5 o {min{Egbj(x) :x €EPg \X*}  if EPg \X*#0 (3.13)

P oo ifEP'}-p \X* =0

then X5 can be represented as the convex hull of these edges. Here we use EP#, to denote the set of extreme
points of F,.

LEMMA 3.3.  Suppose that Assumptionholds and § € (0, 00) lies in (0,5,]. Then Xs is represented by
the following convex hull formulation:

X5 =Conv ({x*}U{x/:j € [n-m]}) (3.14)

where

x)=x*+

-u’ foreach je[n—m]. (3.15)

*
m+j
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Proof. Because § € (0,6,], the halfspace {x: c"x < f*+§} contains no other basic feasible solutions
of ¥, and intersect no other edges except the n — m edges emanating from X*, namely &!,&2,...,8"™.
Therefore, in addition to x*, the other extreme points of X are the intersection points of the hyperplane {x :
cTx=f*+6} and the edges &', &2, ...,E" ™. These intersection points all exist because ¢ € (0, p1N(0,00).
Moreover, they are precisely the {xf J € [n—m]} defined in (3.13), as the objectlve errors E‘D (xf) all

equal & (which is because Ep (xf) =(x/)Ts* —xjmﬂs’:nﬂ = % ufnﬂ i = 5”m+] =9). Therefore Xs is
m+j

indeed the convex hull of the n—m+1pointsin {x*} and {x/ : je [n—-m]}. O

Computing the diameter and conic radius of X 5. We now provide an approximation of Dg for sufficiently
small ¢.

LEMMA 3.4. Suppose that Assumption holds and 6§ € (0,5 ,]. Then we have

NS 5N e
6+ max - <D <26- max — ) (3.16)
1<j<n-m Sm+J 1<j<n-m Sm+j

Proof. The diameter of a polyhedron is the maximum distance between any two extreme points
of the polyhedr_on. Thus, D’g < max; jefp-m] ¥ = x*[| + [|lx/ = x*|| <2 - max|<j<ppm X/ = x*[| =26 -
max|<;j<n—m Llf I , where the last equality uses Lemma|3.3| Conversely, DI; > maxi<j<p-m ||/ —x*||, which

m+j

equals & - Max, < <,—m Ef l (by Lemma . Finally, note from (3.17)) that ||u/|| = \/” 1N.,j||2 +1 so the

proof is completed. O "

Next, we show how to exactly compute rs when ¢ is sufficiently small. Specifically, we study ¢ small
enough so that for {x/ : 1 < j <n—m} defined in B.13):

min xi >
1<k<m

x),, forall j €[n-m]. (3.17)
In other words, ¢ is small enough such that xfn + is one of the smallest nonzeros of x/ for all j € [n—m].
Note that x/ is continuous with respect to the value of ¢, and when ¢ = 0, all the n — m inequalities of (3.17))
hold strictly. Therefore, there must exist a nonempty neighborhood of 0 in which all values of ¢ satisfy (3.17).

LEMMA 3.5. Suppose that Assumption holds and & is sufficiently small so that 6 < §,, and (3.17)
holds. Then we have:
p_ O

ri = .
o Is*lh

(3.18)

Proof. By definition, rg =maxyey, Dist(x,dR]}) = maxxe,\f5 minj<j<y, X;. Since § < 6p, using the

convex hull formulation of X5 presented in Lemma r can be equivalently written as:

n—-m
p — . . — . * . ]
rs ,16%1'?)5%1 lmlmn x(d); inwhich x(1):=A,_pe1 X"+ Z; Aj-xt . (3.19)
Zn m+|/l}_1 J=

Due to the above definition of x(1) and the definition of x/ in (3:13)), for each m + j in ® = [n] \ [m], the
component x(A),,; is given by A; 'xin .
We now claim that a smallest component of x(A) is of an index in [n] \ [m]. On the one hand,

n-m n-m

(EBE) .
min x(4); = Ap—mer- min x’+ » A;- min x! >0+ A;-x!
1<i<m 1<i<m — 1<i<m ! — m+
Ji= Jj=

;- (3.20)
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where the last inequality uses (3.17)) because ¢ is sufficiently small. On the other hand, because x(4)+; =

/1 xm+_]

n—-m . n—-m
Z; Ajoxl, = Z; Xy 2| min K Doms; - (3.21)
J= J=

Overall, for this small ¢, (3.20) and (3.21)) ensure that a smallest component of x (1) is of an index in [n] \ [m].
Consequently, when computing rf; we only need to consider the components in [n] \ [m].

GI19 . .
rg = max  min x(4);= max min  x(1);= max min  x(A); (3.22)
/IER" m+l  1<[<n /lERf*m” m+l1<i<n /lERiL—mH m+l1<i<n
n m+l n-m+l 3y _ A =0
L= =1 i A=l i S

where the last equahty follows from x[ N\m =0, which implies that 4,,_,,+1 in an optimal A for rf; must be 0.

The value of 7% in (3:22) is then equal to the optimal objective of

max min  A; - x! - max min  A;- e
AER™M 1<j<n-m J AER-M |<j<n-m - S
= (3.23)
st > 4;=1,220 st > A;=1,420
I<j<n-m 1<j<n-m

where the equality uses xm e o - according to (3.15) and (3.TT). Finally, the optimal solution 2* of (3.23)
Sm+j — V*Vl+j

is given by /l* ST ISl for each j, and the optimal objective is equal to T
k=1 “m+ .
(3.18) and completes the i)roof o

Itis noteworthy that if we similarly define the dual sublevel set Ss and then Freund [22] Theorem 3.2.]

2
lls*1l1°

. This establishes

?*II

shows ¢ < r -maxses; |51 < 26. A direct application of this result yields T hm(;_,o <

S*II

However, Lemman provides a slightly stronger result by precisely computing rp

3.2.2. Proof of Lemma(3.2] In this subsection, we prove Lemma[3.2] We begin by demonstrating that
the sublevel set W;s can be regarded as a primal sublevel set of an artificial problem. Using the results of
Section [3.2.1] we then show how to approximate D s and compute r s, which subsequently allows us to
approximate ® and prove Lemma

Problem (2.3)) can be transformed into the subsequent standard-form problem

max g (c=s) st.Qs=Qc, 5s>0 (3.24)
seR?

for any Q € R("~™*" whose rows are linearly independent and orthogonal to the rows of A so that
Null(Q) =Im(AT). This equivalence holds because Im(A ™) + ¢ in (2.3) is identical to {s : Os = Qc} in (3.24).
For problem (3.24)), the optimal basis is ® = [n] \ [m], the complement of ®. Although multiple choices of Q
exist, the matrix Q(f)l Qe is always equal to —(B~!N)T.

LEMMA 3.6.  Suppose that Assumption holds. The matrix QE)IQ@ is equal to —(B~'N)T.
Proof. Given that Null(Q) =Im(AT), we have QAT =0, i.e.,

AT
OZQAT:(QG) Qé)(Ag):QGA(B-FQ(:)A%—):Q@BT*—Q@NT .

Since the optimal bases B and Qg are of full rank, we obtain QélQ@ =-NT (BN '=—(B"'N)T. O
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Overall, the primal problem (I.1)) and the dual problem (3.24)) can be combined and reformulated as an
equivalent standard-form LP problem in the product space of x and s:

.
. c A0 b
W:(E;?ERM (q) w  s.t (O Q) w= (Qc) , w>0. (3.25)

The above (3.23) is also in standard form, and satisfies Assumption[2.1] Furthermore, the duality gap Gap(x, s)
of any (x, s) is the same as the objective error for (3.25)) because

Gap(x,s)=c'x—q ' (c—s)= (;)Tw -q'c= (;)T (w—w™) (3.26)

where the last equality follows from 0 = Gap(w*) = ¢Tx* — ¢" (¢ —s*) = () ' w* — ¢"c. The right-hand
side of (3.20)) is the objective error Eqpj(w) of w, defined by Eqpj(w) := (ZI')T (w —w™*). Consequently, (3.26))
implies that the 5-sublevel set ‘W is identical to the primal §-sublevel set of (3.25)). Therefore, utilizing
the results in Section (3.2.1)), we can directly approximately compute D s and rs, by treating them as the
condition numbers of the primal sublevel set of (3.25).

LEMMA 3.7.  Suppose that Assumption holds. There exists a positive § such that for any 0 < 6 < 8, it

holds that 5
DA5SD5S2DA5 and rs=———"7—, (3.27)
x> {11+ |ls* |1
where
1 -1 2
: N e
Ds =0 -max max < (3.28)
lstn—m Sm+l 1<i£m X;

Proof. Let H denote the constraint matrix of (3.24) for simplicity of notations. We use Q to represent the
indices of the optimal basis of (3.24)), which is ® U (n+ ®). Here n +© denotes {n+ j : j € ©}. Similarly, the
complementary set is Q=0U (n+0). We use Q(i) to denote the i-th smallest index component of Q and
use Q( ) to denote the j-th smallest mdex component of Q. Both Q and Q contain exactly n components,
and the optimal basis Hg is given by ( ) or equlvalently ). By an approach similar to that used in
Section [2.1] for deriving the dual problem tﬁe dual problem of @ is symmetric with (3.25)) and also has a
unique optimal solution w* equal to (s*,x*).

We now prove the first half of (3.27) using Lemma The term ||B‘1N.,j||2+1 in (3.16) is

2
\/HHg_z]Huf!(j) H + 1 for problem (3.25). And s in (3.16) is Wg, in problem (3.25). Therefore, Lemma

implies

2
-1 _
HHQ H,’Q(j)H +1

Ds<Ds<2Ds, whereDs:=6-max;e[n (3.29)

wa)
To compute the value of D(;, we consider two cases based on the structure of Q =@ U (n+®). When
- 1A 5
Q(j) € ©, we have WQ( )= Q( ;) and Hg, 'H ;) =Hg' ( ”8(")) = (B *?)9 ) When Q(j) e n+0, we
0 0
have wg . =x3 . .and Ho'H. o)) = Hg (Q-,fz(j)—n) - (Q(;'Q,(z(j)—n) - (‘((B_IN)T)A,%)—n )’ where the

Q). TQ>j)-n
last inequality uses Lemma @ Therefore,

\/H > A Qm +1 \/H ((B 1N)T) 2()- n)

Ds=6-max{ max_ ,
Q(j)ed Q(]) Q(])€n+@

Q(J) n

S R R [ e s

23)

J - max

]<]<n m Sm+j 1<t<m Xl-
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Finally, substituting D s = ﬁa back to (3.29) proves the first half of (3.27).
As for the second half of (3:27), note that w* = (s*,x*), so by Lemma[3.5] when ¢ is sufficiently small we
have rs = iy = oS O

Finally, we are ready to prove Lemma
Proof of Lemma@ Lemman estabhshes that Ds <Ds<2Ds for sufficiently small §, so we can

deduce 11m5\0 r—é < 11m5\0 r_5 <2 llmg\() V_a" Note that ® = 11m5\0 ? as defined in (3.7). Substituting
the values of D s and r in Lemmainto (B.1) yields ® =lims o If—;. Therefore, ® < ® <2®. O

4. Finite-Time Optimal Basis Identification and Fast Local Convergence In this section, we
investigate the two-stage performance of rPDHG. It is frequently observed in practice that the behavior of
rPDHG transitions to faster local linear convergence in a neighborhood of the optimal solution, in which
the support sets of all iterates keep consistent. Lu and Yang [40] study this phenomenon for vanilla PDHG.
In the first stage, PDHG converges in a sublinear rate until identifying the active set of the converging
solution. In the second stage, PDHG turns to faster local linear convergence. Recently, Lu and Yang [42]
propose the restarted Halpern PDHG (rHPDHG), a variant of rPDHG, and prove its two-stage performance
behavior. However, the iteration bounds of the two stages proven above (for both PDHG and rHPDHG) are
not accessible because they both depend on the Hoffman constant of a linear system that is determined by
the converging solution. The Hoffman constant is hard to analyze, challenging to compute, and may be too
conservative. And computing the trajectory of the algorithm may also be difficult.

Based on the new iteration bounds obtained in Section [3|for LPs with unique optima, this section will show
an accessible refined convergence guarantee of rPDHG that avoids Hoffman constants entirely. Although
using the additional assumption of unique optimum, the new iteration bounds for the two stages both have
closed-form expressions and are thus straightforward to analyze and compute:

* In Stage I, rPDHG identifies the optimal basis within at most O («® - In(«®)) iterations.

* In Stage II, having identified the optimal basis ®, the behavior of rPDHG transitions to faster local
linear convergence that is no longer related to ®. In this stage, components of index in ® are sufficiently
bounded away from 0, while all other components equal 0.

The following theorem summarizes the iteration bounds of the two stages:

THEOREM 4.1. Suppose Assumption and Ac = 0. Let Algorithm|l|(rPDHG) run with T = % o=
1 and B :=1/e to solve the LP. Let Ty be the total number of ONEPDHG iterations required to obtain

2/lmax/lmin

Nj such that for all N > N the positive components of x™V-* exactly correspond to the optimal basis. Then,
Ti < Tpusis »  inwhich Tpusis := O (k® - 1In (kD)) . 4.1)

Furthermore, let Ty be the total number of ONEPDHG iterations required to obtain the first N, for which

w20 g e-optimal. Then,
minlsiSn {x:‘+s:‘})}) . (42)

Ty < Tpasis + Tiocar,  in which Tipeqr :=0 c

1B~ [IA]l - max {O, In

Theorem[ﬂ] demonstrates that it takes at most Tp45;s iterations for iPDHG to identify the optimal basis
(independent of &), after which it requires at most additional 7j,; iterations to achieve g-optimality. Both
Tpasis and Tj,c41 are accessible, because they do not contain any Hoffman constant and are easy to compute
and analyze if the optimal solution is known. Furthermore, 7j,.4; is independent of ®, which is frequently
considerably larger. This provides a partial explanation for why rPDHG often becomes significantly faster in
Stage II compared to Stage 1.

The first-stage iteration bound 7T ,s;s exhibits a linear relationship with @ (in the expression of @),
where we use ¢ to denote the smallest nonzero of x* and s*, written as follows:

&:= min {x +5; } . 4.3)

1<i<n
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The first-stage iteration bounds of the vanilla PDHG (without restarts) and the restarted Halpern PDHG
proven by Lu and Yang [40, 42] also depend on @ (in a different norm), but they are further multiplied by

: *
a Hoffman constant of a linear system. A similar dependence on "I and certain norms of B~'A is also

observed in the complexity analysis of finite-termination results for IPMs, such as Anstreicher et al. [3]], Potra
[50]. In those cases of IPMs, this dependence appears only within logarithmic terms, but it comes with higher
per-iteration cost.

Once the optimal basis is identified, the method’s behavior automatically transitions into the second stage
without changing the algorithm or additional “crossover” operations. Notably, the coefficient ||[B~!||||A|| of
the linear convergence is independent of w* and is solely determined by the optimal basis and the constraint
matrix. In other words, it can also be upper bounded by a constant that is only determined by the constraint
matrix. Similar results also hold for IPMs, proven by Vavasis and Ye [53]]. One can observe that a small £ may
slightly decrease Tj,; but simultaneously significantly increase Tp ;s because Tpqyis 1S linear in =l

The significance of k® and ||B~'||||A|| in the two-stage performance will be empirically confirmed in
Section[f] The remainder of this section will prove Theorem . 1] The key of the proof is to utilize the adaptive
restart condition (B-restart condition in Line [§] of Algorithm [I) and show that the number of inner-loop
iterations of Stage II becomes different than Stage I. To this end, Section [4.1|recalls the adaptive restart
condition and Section[d.2] proves Theorem [4.1]

4.1. Adaptive restart condition The B-restart condition is built on a metric of stationarity, called the
“normalized duality gap,” proposed by Applegate et al. [6].

DEFINITION 4.1 (NORMALIZED DUALITY GAP, APPLEGATE ET AL. [6]). For any z = (x,y) € R™*" and a cer-
tain r > 0, the normalized duality gap of the saddlepoint problem (2.2)) is then defined as

p(ri) =~ sup [L(x.9)~L(%y)] (4.4)

I 2eB(ri2)

in which B(r;z) := {2 =(%,9):xeRtand ||Z-z||m < r}.
The normalized duality gap p(r;z) is also a valid measure of the optimality and feasibility errors of z, and
it can be efficiently computed or approximated in strongly polynomial time as shown by Applegate et al.
[6]. Furthermore, let the k-th iterate of PDHG be denoted as z¥, and let the average of the first k iterates
be z¥ := % Zle z'. The normalized duality gap p(||z° — z¥||as; Z%) of the average iterate z* converges to 0
sublinearly. See Applegate et al. [6], Xiong and Freund [56]] for more details.

Then the B-restart condition is hold when n=0and k =1, or

pUIZ"F = 2"lla; 25 < B p (120 = 2710 e 20) (4.5)

for a chosen value of B € (0, 1). This criterion is nearly identical to the condition used by Applegate et al. [6]].
It essentially stipulates that the normalized duality gap diminishes by a factor of 8 between outer loop iterates
210 and 70,
For LP problems, it can be shown that there exists a constant £ > 0 such that the following condition holds
foralln > 1:
Distar (2%, Z*) < p(ll2"* = 2" Ollags2"0) - L . (4.6)
This condition indicates the M-distance to the optimal solutions is upper bounded by the normalized duality
gap multiplied by the fixed constant L. Applegate et al. [6] refer to this as the “sharpness” property of the
normalized duality gap. Under this condition, each inner loop requires at most [%ﬁ iterations to achieve
sufficient decrease in the normalized duality gap of Applegate et al. [6, Theorem 2] (see Appendix [A]for a
formal statement and proof). Therefore, n outer loops contain at most O (%) On~EPDHG iterations, while

reducing the normalized duality gap to a 8" fraction of its initial value. This leads to a linear convergence
rate dependent on L; see Applegate et al. [6, Theorem 2] or a more general version in Xiong and Freund [58|
Theorem 3.5]. Indeed, Lemma 3.13 of Xiong and Freund [58] demonstrates that (4.6)) always holds with
£ =0(x®), which then leads to the global convergence rate in Lemma
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4.2. Technical lemmas of Theorem The linear convergence of rPDHG relies on the condition
(@.6). If (4.6) holds for all n > 1 with a constant £ > 0, then the global linear convergence is established
by showing the number of iterations required for each inner loop does not exceed O(%). We will now
demonstrate the existence of a close neighborhood of the optimal solution z* within which (4.6) holds with a
potentially much smaller £ than the global £, so rPDHG requires a significantly smaller number of iterations
for the inner loops and therefore have a much faster local linear convergence rate in this neighborhood. Our
analysis will proceed in two steps with two lemmas, followed by their proofs.

In the first step, we demonstrate that the condition (4.6) indeed holds with an alternative £ for the iterates
Z=(x,y) if (i) each component of kg is sufficiently bounded away from O and (ii) each component of Xg
equals zero. For simplicity, we still assume that the optimal basis is {1,2,...,m} for simplicity. We will use
the following step-size dependent constant:

1 1
Cr.o max{\/E 7 \/?} . “4.7)

When 7 = % and o = (the step-sizes used by Theorem , we have ¢, o = V2«.

Zﬂmax/lm n
LEMMA 4.1.  Under Assumption 2.1} for any 7 = (X,¥) and r > 0 such that

(i) % >rvtforie[m], and (ii) Xmyj=0for j€[n—m], 4.8)

it holds that

A .
13- llr = Vaer ol Iy 2+ A oy “9)

When the step-sizes are carefully chosen, (4.9) in Lemma@ can be further simplified:
REMARK 4.1.  With the choice of step-size 7 = 5- and o = 57—, (@9) becomes

12— 2"l < 4B~ ANl - p(r32) - (4.10)

In the second step, we show that the two conditions in Lemma [4.1] are automatically satisfied by all
average iterations zV-k = (xV-k §N-k) = T Z zN+ once a previous outer loop iteration 7" (with n < N) is
sufficiently close to the optlmal solutlon z* under the M-norm distance.

LEMMA 4.2. Under Assumption suppose that Algorithm[I|(rPDHG) has any B-restart condition, and
let the step-sizes satisfy (2.7) strictly. If there exists n such that

 Jiovealal (1
||Z"’O—Z*||Mngzf'mm{ﬁ’\/_} (lrglgn {xf +s*}) 4.11)

then for any N > n and k > 1, the following conditions hold:

(i) xN k> \/_H'N ok _ N’OHM forie[m], and (i) ¥V =0forje[n—-m]. 4.12)

m+]

Moreover, the positive components of X% correspond exactly to the optimal basis.

Lemmas [4.1|and 4.2 provide the foundation for a refined complexity analysis of rPDHG. In Stage I, PDHG
converges to a neighborhood of the optimal solution such that condition (#.TT) of Lemma4.2]is satisfied. The
number of iterations in this stage is determined by the linear convergence rate established in Lemma [3.1] In
Stage II, rPDHG converges to the optimal solution with accelerated local linear convergence, owing to the
potentially smaller £ provided by Lemma.1] The proof of Theorem [4.T|then uses Theorem 3.5 of Xiong
and Freund [58]] on both stages with condition (4.6) with different £ values. The complete proof is deferred
to Appendix
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Proofs of Lemmas 4.1 and First of all, we defined the M-norm

1 1 ~ 11,
IGeWllyr =[x+ —yIP where 47 := (7", ). (“.13)
T o o Im

When 7 and o are sufficiently small, the M-norm and M-norm are equivalent up to well-specified constants
related to 7 and o (Proposition 2.8 of Xiong and Freund [56]]). For any point z := (x,y) € R*™" and
w:=(x,c—ATy), it holds that

1= V7o Amax - lzllig < Nzl < V2- 1zl < V2er.0 - ]l - (4.14)
For example, if 7 = 5- and o = Mmale then (#.14) becomes \/TEHZHM < llzllar < V2lIzll 7 < 2+/k||wl|. This

result will be extensively used later.
Proof of Lemma Lets=c— ATy and w = (%, 5). From the definition of p(r;-) we have:

L(x,y) = L(x,y) <rp(r;z) forany z=(x,y) € B(r;z) (4.15)

where recall that B(r; 7) is defined in Definition
Firstly, we prove that

B—l
lx —x*|| < 151 -p(r;2) . (4.16)
As the optimal basis is unique, x* is represented by its basic and nonbasic parts: xf'm] =B~ 'band x’[*n]\[m] =0.
Consequently, due to (@4.8)),
“f[m] =X || = |[%im1 = B0 < 1B - [[BEpm) - b]| and ||f[n1\[m] =X\ ] || =0. 4.17)

Let u = b — BX[,,) and define y := j ++/or - u/|lul|. Let z := (X, y), and then z € B(r; Z). Thus, from @.I3) we
obtain

rp(r;2) > L(X,y) = L(%,5) = (b— AX) T (y = §) = (b — BXjn) " (y = §) = Vorllull, (4.18)

implying |[u|| = ||b — BX[n]l < ’% Substituting this result back into yields (4.16).
Secondly, we prove that

-1
-y < B 7). “.19)
‘/? P

Given that the optimal basis is [m], we have BTy* = ¢[,,, and y* = (BT) ! ¢[,,,1. Consequently,
15 =y*=l5- B erml < [BDT-[|1BT5 = coml| =B~ - [BT5 = et . 4.20)

Let v =c[,;) — BTy and define x as follows: x[,,] :=X[m] — \Tr- ”TV” and x[,]\[m] := 0. Note that due to the
condition X; > r+/7 for all i € [m] in @.8), x remains in R”. Now, let z := (x, y), and then z € B(r;Z). Thus,

from {.15)), we derive:
rp(r;2) 2 L(%,5) = L(x,5) = (¢ = A"5) (T =x) = (¢[n) = B'9) " (Fpm) = X[m)) =Vrrlvll, (421

implying [[v]| = [|BT5 = ¢[m1ll < p“f;j). Substituting this result back into @20) yields @-19).
Finally, we can assert that

B—l 2 B—l 2 A 2
F@’S@P IBZ17 I8~ I7lAl

(on T

Due to @14), |1z - z*|lasr < V2¢r.0 - ||W — w*||. Applying it on the left-hand side of @#22)) proves ([@.9). Thus,
the proof is complete. O

[l = w* I = 1% =[P+ 115 = s* 1 < 12 = 2* 12+ AT - 3™ p(r;2)* (4.22)
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Before proving Lemma[.2] we recall the nonexpansive property of rPDHG proven by Applegate et al. [6].
We use the more convenient format presented by Xiong and Freund [38]].

LEMMA 4.3 (Lemma 2.2 of Xiong and Freund [58]). For for any n, k > 0, it holds that ||7"* — z*||as <

||z”’0 - z*”M. For any n1,ny so that ny > ny > 0, it holds that ||72° — z2%||ar < 1120 — 2% || m.

Proof of Lemma The proof contains two steps. In the first step, we prove that when
V1 —+7o||Al|
70—, < ———— g, 4.23
| s =7 ¢ (4.23)

then for any N > n and k > 1, item (i) of (4.12) holds.
We begin by establishing a lower bound for minj ;< m)ElN ok , the left-hand side of item (i):

. -N,k . x| [Nk % _lgN.k _ %
B, 2(12}2" x,.) bt == €= bt |- 29

The second term on the right-hand side of (4.24)) can be bounded as follows:

=N,k _ _* n,0 _
1B et -, B Yy e Ve

1-vra|Al 1-vra|Al
(4.25)

for any n < N. In addition, due to the nonexpansive property, the right-hand side of item (i) is upper bounded
by:

”fgﬁ —xf‘m]H < ||)EN’k —x*

2= = 2l

=N,k _ _N,0 < =N,k _ % +|* = N,0 <2|lz* - n,0 < (4.26)
e =0y < 6 =Xy ™ = MMy < 2l ="l < 7= =
where the last inequality holds because /1 — 7o ||A|| < 1. Finally, we have
n,0 _ %
( min xlNk) _\/;“ZN,k _ZN,OHM @é@f— M—\E”ZM’{—ZN’OHM
== =Tl Al ws

V|| 2] 3vr [l - 2|
> &- M _ovr|l2* =Y, 2 é- M

1 —+/7o||All V1=+7a|A]
in which the last term is nonnegative when (#-23) holds. This show that when ||z — z*|| 4 18 small enough
and satisfies (4.23)), the left-hand side of is nonnegative, and item (i) of (#.12)) holds. This completes

the first step of the proof.
In the second step, we prove that when

"0 =]l <

(4.28)

VIV VTTIAL
: ,

then for any N > n and k > 1 item (ii) of {#.12)) holds.
Let a denote (minls j<n-m,k>0 sN-k ), then according to (2.6) (in Line|5|of Algorithm ,

m+j

N.k Nk-1 _ _ N.k-1\" Nk-1 _ _\*
x[n]\[m]‘(x[n]\[m] i )S(xm\[m] m)

and applying this inequality recursively as k decreases to 0 yields

N.k N, k-1 + N,k-2 + N0 +
X\ [m] < (x[n]\[m] —Toz) < (x[n]\[m] —27'61/) <0 <L (x[n]\[m] - kTa) . 4.29)
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Therefore, if @ > 0 and

N0 ) N.k
(1<?]<%1X—mxm+-i) =T (1<J <T1rr:z k>0sm+f) ’ (4.30)
then xﬁfl ]’i[ =0 for all k > 1 and thus va ]’i[ =z Z [n \[ | = =0 for all k£ > 1. Intuitively, since
Assumption holds, and x"V-? and sN°k converge to the optimal solution, x[ ]\[ ! should converge
to 0 and s should stay away from 0. In the rest of the proof we will establish a lower bound of

[n]\[m]

(m1n1<J <n-m,k>0 SZJ;) and an upper bound of (max1§j§n_me’O

m+j )
Similar to the first step, for the dual iteration y™¥-* (and s™¥-* = ¢ — ATy -¥), we have

. k . k

(1<,~Hil,?_msﬁ+f)2(lﬁlfm%j) st =St @30

=& = [[AT g O =) 2 €= A o™ =¥

As for || yN-k y*|| in the last term of the above inequality, we derive:
N,k _ _* n,0 _

It =y T v - o) B YTy e Tl Ty )

1-vra|Al 1-vro|A]

Combining (@.31)) and {#.32) yields a valid lower bound of (m1n1< j<n-mS, ]) for all k£ > 0:

" =2l [ it Y8
min VoA _— > (4.33)

(ISJsln—m ’"“) Nl = TV Vs vee Al

where the second inequality holds because VT || A\ [m]ll < \/T(T”A“ < 1 (due to the step-size requirement
(2.7)). The above (#.33) presents a lower bound of (m1n1< j<n-m,k>0 sN

m+]

On the other hand, we also have the following upper bound of (max1< j<n- me ) for N > n:

7|20 - z*
( max xmw) H X\ H ‘ ]~ X\ H < e - Rl . (439
1sj<nom T=vralAl
Finally, applying the upper and lower bounds (4.33) and (@.34)), we find that (4.30) holds when
\/; Zn,O _ Z* Zn,O _ Z*
I b . s

‘\/_. ’
1 —+ro||A|l 1 —+ro||A|l

which is equivalent to (4.28). This completes the second step of the proof.
Finally, when both (@.23) and (@.28)) hold, which is satisfied by (@D then for any N > n and k > 1, both

item (i) and (ii) of (@.12) hold. Furthermore, (4.25]) and (4.24) ensure x k> 0, while the item (ii) ensures

)ZQN k= 0. Therefore, the positive components of ¥V -* correspond exactly to the optimal basis. This completes

the proof. O

5. Relationship of ® with Stability under Data Perturbations, Proximity to Multiple Optima, and
LP Sharpness The previous two sections showed new accessible iteration bounds for IPDHG. Because ®
has a closed-form expression, in this section we further prove that there is an exact relationship between @ and
three equivalent types of condition measures: (i) stability under data perturbations, (ii) proximity to multiple
optima, and (iii) the LP sharpness of the instance. Furthermore, this section provides new computational
guarantees using these measures, providing new insights into the performance of rPDHG.
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We start by defining two quantities of primal and dual stabilities. For the original problem (I.1)), let the
perturbed problem be as follows: 5
min é'x st.Ax=b,x>0 (5.1

where ¢ and b might be the perturbed versions of ¢ and b respectively. When Assumption holds for (L),
we define £, and {y as follows:

{p =inf {||Ac|| : @ is not the unique optimal basis for (5.1)) with ¢ =c +Ac and b = b} , (5.2)
{p =inf {||Ab||(AAT)71 : © is not the unique optimal basis for (5-I) with é=c and b=b+Ab} . (5.3)

The £}, and {4 denote the size of the smallest perturbation on the cost vector ¢ and the right-hand side vector
b, respectively, such that the optimal basis becomes different. In other words, the larger they are, the more
stable the optimal basis is under data perturbations on b and c. Here /; uses the (AAT)~!'-norm instead of
the Euclidean norm because later we will show that {; can be defined in the symmetric way to £, on the
symmetric form (2.4)).

More importantly, ® has a close relationship with {,, and {4, leading to a new computational guarantee
using {,, and 4. Below is the first main theorem of this section.

THEOREM 5.1.  Suppose Assumptionholds. The following relationship holds for ®, {,,, and {4:

xX*|l + |s*
o I+l 5
min {é’ P> L d}
Therefore, in the identical setting of Theorem 3.1} the total number of ONEPDHG iterations required to
compute an g-optimal solution is at most

[Ix* {1+ s™ 1l *

K——F7———>5 ' ||[W
N TR T e S
min {{p, {d} e

This theorem implies that the less stable the optimal basis is under data perturbations, the larger the
value of @, and the more iterations rPDHG might require to compute an g-optimal solution. Actually in
Section[6] we will confirm the tightness of these bounds via experiments on LP instances. Small values of
min {{ s ¢ d} may very significantly affect the performance of rPDHG, because they stay in the denominator
in the expression of ® in (5.4). It should be noted that £, and ¢, are not intrinsic properties of the constraint
matrix as they are also dependent on ¢ and b, so ), and {4 do not affect the Stage II iteration bound 7j,¢4; in
Theorem .11

In the rest of this section, Section introduces three measures on the primal and dual LPs: stability
under data perturbation, proximity to multiple optima and the LP sharpness of the instance. Then we present
the second main theorem, the equivalence between these three measures. Moreover, {,, and {y are actually
equivalent to them. These equivalence relationships provide new insights into the performance of rPDHG.
Finally, Section [5.2] presents the proof of Theorem 5.1}

5.1. Stability under data perturbations, proximity to multiple optima, LP sharpness Both the
primal and dual problems in the symmetric form (2.4) are instances of the following generic form of LP:

min g'u St u € Fgeneric := Vgeneric NRY (5.5)

where the feasible set Fgeneric 1 the intersection of the nonnegative orthant RY and an affine subspace
Vgeneric- The objective function g " u is a linear function. We denote the optimal solution of (5.5) by U™*, in
which u* is an optimal solution. We let OPT(g) denote the set of optimal solutions of the generic LP (5.3)
with the objective vector equal to ¢. For example, OPT(g) = U™*. The primal problem (I.1) is an instantiation
of (5.3) with Fgeneric = Fp, Veneric = Vp, and g = c. Similarly, the dual problem (2.3)) is another instantiation
of (5.5) with Fgeneric = Fa» Vgeneric = Va, and g = q. Now we define the three measures.

Definitions of the three measures. The first measure is the stability under data perturbation £, the size of
the smallest data perturbation on g such that a new optimal solution occurs.
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DEFINITION 5.1 (STABILITY UNDER DATA PERTURBATIONS). The stability under data perturbations is de-

fined as
l:= iAnf {||Ag|| :OPT(g+Ag)#0and OPT(g+Ag) € OPT(g)} . (5.6)
g

The second measure is the proximity to multiple optima, defined as the size of the smallest perturbation
that leads to multiple optimal solutions.
DEFINITION 5.2 (PROXIMITY TO MULTIPLE OPTIMA).  When OPT(g) is a singleton, the proximity to multi-
ple optima is defined as
n=n§ign{I|Ag|| :|OPT(g+Ag)|> 1} . (5.7)

Since having multiple optima is equivalent to having degenerate dual optimal solutions,  can also be
interpreted as the proximity to degenerate dual optima.
The third measure is LP sharpness (see Xiong and Freund [56]), which measures how quickly the objective
function grows away from the optimal solution set U* (i.e., OPT(g)) among all feasible points.
DerINITION 5.3 (LP sHARPNESS). The LP sharpness of (5.3) is defined as

- Dist(u, Vgeneric N{u €R" : g u=g"u*})
= in )
K uefgeneric\ru* Dist(l/t, 7/{*)

(5.8)

Sharpness is a useful analytical tool (for example, see Lu and Yang [37]], Yang and Lin [59]]), and Applegate
et al. [[6] employ the sharpness of the normalized duality gap for the saddlepoint problem to prove the linear
convergence of rPDHG on LP. Sharpness for LP, denoted by LP sharpness, is a more natural and intuitive
measure of the original LP instance.

Equivalence between the three measures: £, 7 and u. We now present the second main theorem of this
section, the equivalence between the three measures when U™ is a singleton.

THEOREM 5.2.  When U* is a singleton, the following equivalence relationship holds for the stability
under data perturbations, proximity to multiple optima, and LP sharpness:

1 1
Po @l P @] T

Vgeneric Vgeneric

(5.9

Here { is normalized by the norm of Py, _ (g), indicating that { and 5 are equivalent to u in a relative
. . . generic ; .. . o
sense. This normalization arises because u is a purely geometric concept that remains invariant under positive

scaling of g. We use the norm of P _ (g) rather than g because the complementary part Py, (2)
Vgener - Vv,

generic

does not have any impact on the optimal solution and the smallest perturbation Ag must lie in Vgeperic-

We use u,, and g to denote the y for the primal problem (I.T) and the dual problem (2.3), for which
”P‘;p (c)“ and ||¢|| correspond to “P »genm‘(g)|L(Fact .

We now prove Theorem[5.2] The equivalence between £ and ¢ is already proven by Xiong and Freund [56]):

LEMMA 5.1 (Theorem 5.1 of Xiong and Freund [56]). LP sharpness is equivalent to stability under
data perturbations through the relation: u={¢ - .
170 reric )l
With Lemma[5.1] we can prove Theorem
Proof of Theorem[5.2]  The second equality of (5.9) directly comes from Lemma [5.1] As for the first
equality of (5.9), in the case that OPT(g) (i.e., U* = {u*}) is a singleton, ¢ is the smallest magnitude of the
perturbation that leads to multiple optimal solutions at the threshold at which a new solution is added to

OPT(g + Ag) while u* remains optimal. Therefore, ¢ is equal to 7. This finishes the proof. O

We have now shown the equivalence between the above three condition measures on the generic LP (5.5)).
Furthermore, the ¢, and {; we defined in (5.2) and (5.3)) are actually equal to ¢ for (I.T)) and (2.3).

LEMMA 5.2.  Suppose Assumption[2.1| holds. The ¢ for (1.1) and @2.3) is equal to £, and {a, respectively.
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Proof.  For ¢ of (I.1)), OPT(c+Ac) € OPT(c) if and only if ® is no longer an optimal basis or the optimal
basis is no longer unique for the perturbed problem. This proves ¢, is equal to ¢ of (L.I).

Similarly, ¢ of (2.3) is defined as the Euclidean norm of the smallest perturbation Ag on the objective
function so that © is no longer the unique optimal basis for (2.3). Since all feasible solutions are in the
affine subspace ¢ +Im(AT), the smallest perturbation Ag must lie in Im(A ™) and there exists Aby € R™ such
that Ag= AT (AAT)~!Aby. When applying the right-hand side perturbation Abg on (T.1)), the corresponding
dual problem (2.3) has the objective vector AT(AAT)~! (b + Aby) that is exactly equal to g + Ag. In this
case ||[Ag|l = ||AT(AAT)'Ab|| = |AD[(s447)-1- Therefore, the smallest Euclidean norm of the objective
vector perturbation Ag on (2.3) such that © is no longer the unique optimal basis is equal to the smallest
(AAT)~!-norm of right-hand side perturbation Ab on (T.1]) such that ® is no longer the unique optimal basis.
This proves {4 is equal to £ of (2.3). O

The above equivalence relationships of £, {4 with the three condition measures also provide new insights
into the performance of rPDHG. Here we detail them as follows.

It is often observed that rPDHG has good performance in some LP instances with multiple optimal
solutions, but a minor data perturbation results in a substantial degradation in rPDHG’s performance on
the perturbed problem (see Section [6] for examples). Now we have some insight and a partial explanation
for this phenomenon. According to Theorem [5.2] and Lemma [5.2} {,, and {4 are equal to the proximity
to multiple optima for (I.1)) and (2.3). The perturbed problem still stays in close proximity to the original
unperturbed problem, so its min{{,, {4z} is at most as large as the magnitude of the perturbation. Furthermore,
min{{,, {4} lies in the denominator of the iteration bound of Theorems (and Stage I iteration bound
of Theorem[.1)), so a small perturbation may significantly increase the iteration bound. This explanation
is complementary with Lu and Yang [40]] which study the vanilla PDHG and explain the phenomenon by
the size of the region for local fast convergence. Our result shows that perturbations significantly affect the
iteration bound for Stage I of rPDHG as well. This effect of perturbations on rPDHG will be confirmed by
computational experiments in Section [0]

Moreover, Theorem [5. 1| together with Lemmas [5.1]and[5.2] also provide new computational guarantees that
use , the size of the optimal solutions, and the LP sharpness u, and p4. They are simpler and more intuitive
guarantees than those in Xiong and Freund [56]], because the latter also involves the limiting error ratio. This
simplification is due to the unique optimum assumption. Notably, despite this additional assumption, our
iteration bounds are strictly better than the iteration bounds of Xiong and Freund [57, Corollary 4.3], which
exhibit quadratic dependence on the reciprocals of u,, and ug.

5.2. Proof of Theorem5.1] The key to proving Theorem|5.1]is the following lemma:

LEMMA 5.3.  Suppose that Assumption holds. The {,, and {4 have the following expression:

* . *
¢p= _min i) and {4= min & . (5.10)
<js<n-m \/H(B_IN).,J‘”2+1 <i<m \/||(B_1N)i,.”2+l

Before proving it, we recall how to compute the LP sharpness u of the generic LP (5.3)) by computing the
smallest sharpness along all of the edges emanating from the optimal solutions.

LEMMA 5.4 (A restatement of Theorem 5.5 of Xiong and Freund [56]). Suppose that Assumption
holds. Let U* = {u*} and the directions of the edges emanating from U* be v',v2, ... ,v""™. Then for any
given € > 0, the LP sharpness u is characterized as follows:

i= min Dist(u* + & v/, Vgeneric N{u €R" : gTu=g" u*})

- 5.11
1<j<n-m ||(u*+é-vf)—u*|| ( )

Now we are ready to prove Lemma([5.3]
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Proof of Lemma[5.3] Let u, and ug denote the LP sharpness for (I.I) and (2.3) respectively. We
first compute y,, and then ¢, = HPﬁp(c)H,up (Lemma . For (LI), u* = x*, Vgeneric = Vp and

{ueR": gTu=g"u*} = {x : Egbj (x)= 0} in the generic LP (5.5)), with the directions of connected edges

given by {u/ : 1 < j <n—m} as defined in (3.TT)). Furthermore, the following equalities hold:

, EP (x*+&-ul)
Dist(x*+§-uJ,Vp N {x:EEbj(x) =0}) . B—

s, ]
. | ey . (5.12)
()T(x*+e-uw)=(s*)"x*  _ (W _ SmeiWnsi  _ Smaj

— =& =& =& —

|5, lpe, o e, @ s,
for all j € [n—m]. Here the second and third equalities use the result that Egbj (x) =Gap(x,s*) =(s*) "x —

: _ J —

(s*)Tx* for any x € V,,. The fourth equality holds because s?m] =0 and X7, 1\ ((mjugmey) = O- The final

equality uses u’, +; = 1. In addition, for all j € [n—m] we have

_ N 2
(x> +&-ul)—x*||=&-||u/||=¢- \/||(B—1N).,j|| +1. (5.13)
Substituting (5.12)) and (5.13) into the definition (5.11)) of x,, yields the expression:

*

1 . Sm+j
Hp = |— min

Po, @ == s Pt

Finally, substituting it back to ¢, = ”P;, (c)” Up proves the first half of (5.10).
P
Next we compute uy and then g = ”P‘;d(q)” uq (Lemma . For (2.3), we repeat the above process

*

— . minj ey ———
HP\-/d (q)H \IH(Q;Q@)»J |2+1
, 0;'0o=~(B"'N)T, and thus ”(Q(g)‘Q@).J” = |I(B"'N);..|l. Combined with ¢, = ||P‘7d(q)“ 11, this
completes the proof. O

With Lemma[5.3] we can now prove Theorem|[5.1]

Proof of Theorem Directly substituting the expressions of ¢, and {4 into the expression (3.1) of @
completes the proof. O

on (3.24), and then we can symmetrically obtain u, = . By Lemma

6. Experimental Confirmation This section shows how our new theories align with the practical
performance through computational evaluations. Section [6.1] confirms the reciprocal relationship between
rPDHG complexity and the magnitude of perturbations, providing experimental evidence for our findings
in Section Sectionconﬁrms the significance of x® and ||B~!||||A|| in the two-stage performance of
rPDHG, supporting our results in Section 4}

We implement rPDHG (Algorithm [I)) on standard-form LPs, adhering precisely to the setting of Theorem
3.1} with one exception: the normalized duality gap uses the M-norm that is defined in (#.13)), instead of the
M -norm. This alternative is proven by Applegate et al. [6], Xiong and Freund [58] equivalent to the original
normalized duality gap but significantly more computationally efficient. It is also widely adopted in practice,
such as Applegate et al. [4], Lu and Yang [38]], Lu et al. [43]].

6.1. Effects of Data Perturbations To evaluate rPDHG’s sensitivity to perturbations in the objective
vector ¢, we construct a family of standard-form LP instances (I.1)) with data (Al, bl ! ), where

A'=[1,1,1], b' =2 L [_ZZ]
[1,1,1], b , andc’ =c,:=[2,-1,-1]+ 0, 7
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for parameter y > 0. This LP family, denoted by LP%,, is designed to illustrate the effect of perturbations
[0, —%, %] on the objective vector c(l). When y =0, LP%, has multiple optimal solutions along the line segment
connecting (0,2,0) and (0,0, 2). For y > 0, the problem has a unique optimal solution at (0, 2,0). Since ¢,
is equivalent to the proximity to multiple optima, we have {,, < O(y) when y > 0. As for «, it is always equal
to 1 for LP; instances.

For the family of problems LP}y, the values of @ for different y values are as follows:

0% ‘ 1le0 le-1 1le-2 1e-3 le4
CDofLPH6.4eO 4.5el 4.3e2 4.2e3 4.2e4

These values of @ are clearly in a reciprocal relationship with the value of . This observation aligns
with (5.4) of Theorem Figure shows the convergence performance of rPDHG on LP}Y instances

for y € {0,0.02,0.005,0.001}. The horizontal axis reports the number of iterations, while the vertical axis

. +_ c—-ATy)” cTxt-bT .
reports the relative error, defined as: &, (x,y) := ”?fllbllljn I 1+Hc)|)|) ! ]JrllchJrlJrlbylel for iterates (x,y).

We use &, (x, y) because it is easy to compute, and applicable when the problem has multiple optima. It is
also a widely used standard tolerance (also used in Applegate et al. [4], Lu et al. [43]]). The results clearly
demonstrate that as y ~\ 0, the number of iterations (of Stage I in particular) increases significantly, exhibiting
an approximately reciprocal relationship with y. Notably, the results also indicate that neither y nor ®
influences the local convergence rate in Stage II. This finding is consistent with Theorem 4.1} which asserts
that the local convergence rate is solely determined by ||[B~!||[|A]|.

Ficure 1. Convergence performance of rPDHG on two families of LP instances.

(a) LP} (b) LP?
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We further construct another family of standard-form LP instances (T.1)) with data (A2, b%,¢?), where
A*=[147'], #=[-0.5,1,0.5], and b? =52 :=[1,1]+[y,2y]

for parameter y > 0. This LP family, denoted by LPfy, is designed to illustrate the effect of perturbations
[v,2y] on the right-hand side vector bé. The value of « is always equal to 1.22 for all LP% instances. When
v =0, LP% has a unique optimal primal solution [1,0,0]. This solution is degenerate, implying multiple dual
optimal solutions for LP%. When vy > 0, the problem only has a unique dual optimal solution. Since {j is also
equivalent to the proximity to multiple dual optimal solutions, we have ¢z < O(y) when y > 0.

For the family of problems LP2, the values of ® for different y values are as follows:

y | 1e0 le-1 le2 le-3 le4
@ of LP; [ 6.7¢0 3.4el 3.4e2 3.4e3 3.4c4
These values of @ still exhibit a clear reciprocal relationship with y. Figure [Tb| shows the convergence

performance of rPDHG for LP}Y instances for y € {0,0.02,0.005,0.001}. Although the perturbations are now

on the right-hand side vector b, our observations are nearly symmetric to those for LP!, which match the
predictions of Theorems [5.1]and [.1] again.
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6.2. Two-stage Performance of rPDHG This subsection presents experimental confirmations of the
implications of « and @ in practical computations. We test on LP instances generated according to Todd’s
random LP model:

DEFINITION 6.1 (RANDOM LINEAR PROGRAM). Let u be a random variable from the normal distribution
N (0, 1) with mean 0 and variance 1. Let the components of the matrix A be independent and identically
distributed (i.i.d.) copies of u. The primal and dual solutions % and § are generated as follows:

Xo € RT, §(;) S Rz—m’ )?(:) =0, Se=0, (6.1)

in which ® = {1,2, ..., m} and the components of £g and §g are i.i.d. copies of |u|. The right-hand side b
is generated by b = AX, and the cost vector c is generated by ¢ = §. (Optionally, the cost vector ¢ with the
smallest norm is generated by ¢ :=§+ AT J, where § =argminyerm [|S+ATF||.)

The random LP in Definition [6.1]is Model 1 of Todd [51]]. Variants of this model have been analyzed
by Anstreicher et al. [2, 3]], Ye [61] to elucidate the average performance of interior-point methods. One
can observe that £ and § are the optimal primal-dual solution because they are feasible and satisfy the
complementary slackness condition £ § = 0. Components of £g and §g are all nonzero almost surely, and
the LP instance has a unique optimum with optimal basis ® almost surely. Since the optimal basis and the
optimal solution are known prior to solving the problem, x® and ||[B~'||[|A| used in the iteration bound
results can be easily computed. Furthermore, replacing the cost vector ¢ with the smallest-norm cost vector
¢ does not influence the optimality and degeneracy of £ and §, but ¢ lies in Null(A), i.e., A¢ =0. To keep
consistent with the theoretical results, we use ¢ in the experiments.

We run rPDHG on 100 randomly generated LP problems according to DeﬁnitionL@] with m =50 and
n=100. We use LP; to denote the i-th instance, where i € {1,2, ..., 100}. Let (x"*, y"-*) be the iterations of
the rPDHG, and we deem an instance solved when rPDHG computes a solution (x"X, y"-X) whose Euclidean
distance to the optimal solution (x*,y*) is smaller than 10~*. After solving the problem, we define the
number of Stage I (optimal basis identification) iterations to be the iteration counter after which the support
set of x"* remains unchanged. And we define the number of Stage II iterations (local convergence) to be the
rest of the iterations.

According to Theorem the overall number of iterations (in Stage I and Stage II) should be upper
bounded by O (k@ - In(k® - WT*”)) Furthermore, Theorempredicts that the number of iterations in Stage
I and Stage II should be upper bounded by O (k@ - In(k®)) and O ([|B~! ||| Al -ln(g)) respectively.

Figure [2a| presents a scatter plot of the overall number of OnePDHG iterations and k® In(k®), in which
the red line represents the linear prediction model

log,, (predicted iteration number) = log,, (@ In(x®)) —2.42 . (6.2)
The empirical R? value of this model is defined to be:
> 1!2(1) (log; (actual iteration number of LP;) — log,, (predicted iteration number of LP;) )2

100
i=1

(log, (actual iteration number of LP;) —mean of log, (actual iteration number) )2 ,

and is equal to 0.5367. This R? value indicates that in these 100 instances, more than half of the variation
in log,, (actual iteration number) is accounted for by the model in (6.2). Although a few instances fall
considerably below the line, notably, no instance significantly exceeds it. On the one hand, this observation
suggests that k®In(«®) serves as a reliable indicator of the performance of rPDHG. On the other hand,
because @ is equivalent to & (Lemma , it offers direct experimental evidence supporting the role of the
level set geometry condition number ®, as proposed by Xiong and Freund [58]],

Similarly, we also validate Theorem .1 through Figures [2b|and [2c] These figures illustrates the relationship
between the number of iterations in Stages I and II and the corresponding «®In(«k®) and ||B~!||||A]|,
respectively. One can also see a clear linear dependence in both stages. The empirical R> values of the two
linear prediction models in Figures [2b| and [2c|are equal to 0.6146 and 0.6955, respectively. They are higher
than the R? value 0.5367 in Figure indicating a tighter linear relationship. This confirms that the iteration
bounds presented in Theorem 4. 1| are refined, compared to Theorem
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Ficure 2. Number of ONEPDHG iterations in Stage I (optimal basis identification) and Stage II (local convergence) and
the corresponding values of x® In(k®) and ||B~!||||A].
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7. Optimized Reweighting and Step-Size Ratio Having shown the new accessible iteration bounds
and confirmed their tightness via experiments, in this section, we show how to use the expression of the new
iteration bounds to derive an optimized reweighting on the right-hand side vector b and the cost vector c. The
reweighting is also equivalent to an optimized ratio between the primal-dual step-sizes (7, o).

Strategic configuration of the step-size ratio, also denoted as the “primal weight” has been observed to
yield significant improvements in rPDHG’s convergence rate (see, e.g., Applegate et al. [4], Lu and Yang
[38], Xiong and Freund [57]]). Applegate et al. [4] observe the practical benefits of adaptively adjusting the
primal weight to balance the norm of accumulated updates in the primal and dual iterates. Xiong and Freund
[56] verify the value of tuning step-sizes by providing a formula for an “optimized” step-size ratio. However,
the formula incorporates the LP sharpness terms u,, and uq, which are hard to approximate or compute a
priori. In this section, we examine the step-size ratio from the perspective of reweighting the primal and dual
variables. We present a simple expression of the “optimized” reweights, through which we can validate the
heuristic of balancing primal weights.

For any reweights w1, w, > 0, the reweighed problem is as follows:

min  (w;-c¢)'x st. Ax=wy-b,x>0 (7.1)
xeR”
Compared to the original problem, the primal solutions are (re-)scaled by a factor of w;, while the dual
solutions are (re-)scaled by a factor of w;. We use @, _,,, to denote the @ value of (7.1), e.g. @ ; is the value
of @ for (T.I). Although « remains invariant under reweighting, ®,,, .,, may become different than ®; ;,
leading to different convergence rates of rPDHG. Applegate et al. [[6] demonstrate that applying PDHG to the
reweighted problem (7.1)) with primal-dual step-sizes (7, &) is equivalent to applying PDHG to the original

problem (I.1)) with primal-dual step-sizes (7, o) when the step-sizes are related by (7,07) = %;f, %5’).
For simplicity of notations, we let ¥* and §* represent the optimal solutions of the reweighted problem.

Then £* = w, - x* and §* = w; - s*. Thus, rPDHG can directly run on (7.I) and (x*,s*) is computed by

recovering from the convergent solution of rPDHG. We now present the iteration bound of an optimized

weighting of this strategy as follows:

THEOREM 7.1. Let the settings of the LP instance fmd Algorithm|I| be identical to those in Theorem
Consider rPDHG applied to (1.1) where =L = XL and denote its iterations by (57K, 57K). Then

wy ~ Is*

the total number of ONEPDHG iterations required to obtain the first outer iteration N such that w0 =

(L)EN’O,LS'N»O
w) w1

) is e-optimal for the original problem is bounded above by

[ [+l ™ 1l

* * K= Jlwl
N OO 1l Tl PR N oy e 72
¢p Ld &€
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— Ix*l
RERN

Furthermore, once =+
minimizes @, -

then (w1, w>) is actually an “optimal” reweighting, as it approximately

x|l

LEMMA 7.1. When 1,2 > 0 and g—; = IIS*||1I’ we have
* *
X s .
By iy =2-max | I o (i o ) (7.3)
’ gp La wi,wr>0 ?

Proof. The constraint matrix and the optimal basis remain unchanged, but the optimal primal solutions
x* and s* are scaled by w; and w1, respectively. Applying the definition of ® to the reweighted problem
(7.1) and using Lemma|5.3]yield the formula of @, .,

1 1
D@y, = (W2l [l +wrlls™ Il -max{ —} : (7.4)
wi,wW) ( ) wléd w2§d
Using the condition @ = I‘llf: ”1‘ , Do, 0, =2 - max { ”’2’”‘ , ”sé; ”‘ }, which is exactly the first equality of (7.3).

On the other hand, (7.4) implies that ®,, ., > max { [Eadlh ”S;HI } for all wy, w,. This proves the inequality
of (73). o

With this expression of @, ., presented above, the proof of Theorem|/.1|is straightforward by applying
Theorem[3.1] We delay the proof to Appendix [C|

Since x* and s* are unknown when running rPDHG on real-world instances, the reweighting presented
in Theorem [7.1]is still not practical. But this finding demonstrates the practical effectiveness of adaptively
adjusting the primal weight to balance primal and dual norms, as observed in Applegate et al. [4], Lu and
Yang [38]], Xiong and Freund [57]]. Furthermore, in comparison to another impractical formula proposed by
Xiong and Freund [56]], this optimized reweighting approach is more amenable to practical approximation,
as it only requires the £;-norms of the optimal solutions, which can be progressively estimated using the
¢1-norms of the iterates.

Comparing Theorem [/.1]and Theorem he only difference is the coefficient of the linear convergence

* *
iteration bound. The coefficient in Theorem|[7.1is x - max {”)2—”‘, ”Z“_d”]
Sp ¢

smaller) than « - % of rPDHG for the original problem (Theorem . This distinction implies

that when ||x§ I and i significantly exceed 127t and ”S{d”‘ adjusting the reweights (or the equivalent
step-size ratio) may have a huge benefit for PDHG. "This observation is also consistent with the experimental
validation presented in Figure 3 of Xiong and Freund [56].

It is worth noting that our approach is complementary to the step-size ratio proposed by Xiong and Freund
[56]. In fact, the approach of Xiong and Freund [56]] can also approximately minimize ®,,, .,,. See a detailed
discussion in Appendix [C|

}, which is smaller (and can be much

Appendix A: Proofs of Section 3]

A.1. Technical lemmas about the normalized duality gap and S-restart condition Note that Section
.1 has reviewed the basic information of the B-restart condition and the normalized duality gap, which were
omitted in Section [3|but will be heavily used throughout the proofs. Here we formally present the sublinear
convergence result of the normalized duality gap summarized by Applegate et al. [[6], using an equivalent
result presented by Xiong and Freund [56]]:

LeEmMMA A.1 (Corollary 2.4 of Xiong and Freund [56]). Suppose that o, satisfy (2.7). Then for any
2= (x0,y%) with x° € R, the following inequality holds for all k > 1:
8 Disty (z°, Z*)
P .

Then an upper bound on the number of iterations for inner loops in rPDHG is as follows.

o1z = 20Im; ) < (A.1)
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LEMMA A.2.  Suppose that @.6) holds for 70 and 7"~'0 with £ > 0. Whenever k > %, sufficient
decrease has been made on the normalized duality gap, i.e., the restart condition (4.3) is satisfied.

Proof. For k > 1, Lemmal[A.T|implies:

8 Distys (270, Z*)
p .

If p(|lz"° — 2710 37: 20) = 0, then 7™ is a saddle point of (2.2) and thus z»* € Z*. In this case,
77k =70 forall k > 1, and any k > 1 satisfies (#.5).
If p(]|2%0 = 219|315 20) # 0, dividing both sides of (A.2) by p(||z™° — 2710|573 20) yields:

pUIZ* =" Ollp:2™) 8 Disty(a"%.Z%) 8
p(llz0 =20 20) = ko (|20 =20y 20) Tk

PUIE™E =232 <

(A.2)

L (A.3)

where the last inequality follows from (4.6)). Therefore, when k > M, the right-hand side is no larger than S,

i.e., . £ <, and the restart condition #@.5) is satisfied. O
This lemma is essentially part of Theorem 2 of Applegate et al. [6].

A.2. Proof of Proposition3.1]
Proof of Proposition[3.1]  For the second term of multiplication in the right-hand side of (3.I)), we have

JEw P+t e+
max ~ , max

5 *
mj 1<i<m xi

max
1<j<n-m S

max {maxls_isn_m \/||(B‘1N).,j||2+ 1,maxXi<i<m \/”(B‘IN)L.”2 + 1}

S (A4)
min {minlsigmxf, mini<;j<p-m S;1+j}
max {\/||B—1N||%’2 +1, \/HB_IN”%,oo + 1}
- minj<;<p {x;’+sf}
where the first equality holds because x* and s* are strictly complementary. Furthermore, because || - [|1 2

and || - ||2,.o norms are upper bounded by the || - || norm, we have the following inequalities:

max {\/||B—1N||i2+ LAJIBINIB + 1} < JIBINI2+1 =0 (B NNTB ) +1
-1 - -1 - 1412
=0 (B~ (NNT+BB")B™ ") =0 (BT AATB™ ") =BT Al5 .

— Y max max

Applying these inequalities to the definition of @ in (3.1)) completes the proof. O

A.3. Proof of Lemma[3.1] In this subsection, we prove Lemma 3.1} We begin with the following lemma.

LEMMA A.3.  Suppose that Ac =0. Algorithm (rPDHG) is run starting from 7% = (x%°,y%-0) = (0, 0),
and the step-sizes o and 1 satisfy (2.7). Then for all n > 1, it holds that

Distar (2%, Z*) < V2¢r o - Dist (w0, W*) < BV2+4)c2 - & p(l20 = " Ollp; 20 . (A5)

In other words, condition @6) holds with L = (3V2+4)c2 .
This lemma is Lemma 3.13 of Xiong and Freund [58]] by taking limits as ¢ approaches 0 on both sides.

LemmaA A.4 (Proposition 3.7 of Xiong and Freund [58]). Suppose that Ac =0 and z°° = (0,0). Then
w0 —w*|[ = 1(0,¢) = w*|| < [lw*]|.
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Proof of Lemma[3.1}  First of all, Lemma[A.3]states:
1270 = ¥l < V2er,0 - 1270 = 2¥11 < BV24+4) 2, - D - p(II20 = 210l ags 20) (A.6)
Substituting the step-sizes, we have ¢, = V2k, (3V2+ 4)c2 . ~16.4853k < 16.5k, and
20— 2"l < (V2 VR - p (120 = 2" Ollags ") 8.25Vkb - p(I"0 - 2"y 2"0) . (AT)

Let T, denote the total number of ONEPDHG iterations required to obtain the first outer iteration N that
satisfies p(||z7V:0 = zV =10 37; 2V-0) < &. Theorem 3.5 of Xiong and Freund [58] and (A.6) then guarantee:

231|299 = 2*||a)

€

(A.8)

T: < 23- 16.5Kci>-1n(
E

0,0 _
)S380K<t)-ln(—23llz : ”M) .

Note that (A.7) ensures that when the normalized duality gap is sufficiently small, the distance to the optimal
solution is correspondingly small. Therefore,

. R 189.75vk® - [|700 - z* R 79.5k® - || w00 — yp*
TSngssfé>§380K<I>'ln(89 SV |z Z”M)S380KCD-1I1(395K b =~ w7

&

) (A.9)

&

where the last inequality follows from @.14) and ¢, » = V2«. Finally, by Lemma we have ||w%0 —w*|| <
lw*||. Consequently, (A.9) leads to (3-6) of Lemmal3.1] O

Furthermore, similar results also exist for the goal of obtaining an iterate zV-? satisfying ||z — z* || s,
which will be useful later in Appendix [B]

RemARK A.1. Under the same conditions as Lemman let 7 denote the total number of ONEPDHG

iterations required to obtain the first outer iteration N that satisfies both p(||z"¥ =10 = zV:0| p: 2V:0) < m

|

and ||zV-0 — z*||as < &. Then, T < 380« - In w

The proof of Remark[A.T]is almost identical to that of Lemma[3.1} except (A.9) is replaced by the inequality
derived from T < T = (due to (A.6)).

Appendix B: Proof of Theorem [{.1]
Proof of Theorem @1} We first prove (@.1). According to Lemmal4.2} once Ny satisfies || V0 — z*|| sy < &,
which is equivalent to:

N(),O _ o x \/5 ] g

llz ===, (B.1)

then for all N > Ny, we have:

(D) 202 VTllZV 0= N0y forie [m] . and (if) x)\% =0 for j € [n—m] . (B.2)

and the positive components of x"V-¥ correspond exactly to the optimal basis. Therefore, N; < No+ 1 and T}
is bounded above by the number of ONEPDHG iterations required to obtain zNo*1-0,
According to Remark - the number of ONEPDHG iterations needed to obtain such a V00 is upper

bounded by the number of iterations 7 required to obtain zVo: such that p (||z¥0=1:0 = zN0:0|| ,,: zM0:0) < = ;{ 5
and ’

(B.3)

2 & *
T< 380K¢3.1n(4560K—(D”W”) .

&
Furthermore, Lemma[A.3|implies that, with step-sizes of Theorem [3.1] for all n:

120 = 2* [l < 2VlIw™0 —w*|| < (6V2+8)kd - p(||z" 10 — 20|13 2™0) (B.4)
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Lemma[A.2| guarantees that the number of additional ONEPDHG iterations before obtaining the next outer

loop iteration zN 0+1,0 s at most [m-| Overall, since Ny > Ny, the number of ONEPDHG iterations

0+1 0

required before obtaining z is at most:

T+{8 (6V_ﬁ+8)/<<1>

24 * . 7
) 18046 In (4560K d|jw ||)+{8 (6V2 +8)xd

3 B

which we use T ;s to denote. Because @ is equivalent to ® as demonstrated by Lemma and HW; <@
from the definition, Tp,;s reduces to O (k@ In(x®)) in [@.I). ‘

Next, we prove (#.2). We first study how large (N, — Ny — 1) could be. We mainly consider the case
N> > Ny + 1; otherwise Na < No+ 1 and T» < Tpasis. In this case Na > Ny + 1, because N is the first iteration
such that ||w™2:0 —w*|| < &, for the previous iteration we have |[w™N2=1-0 —yw*|| > &. By (B.4), this implies:

p(||ZN2—1,0 ZN2- 20” ZN2- 10) Vke ‘ (B.5)
(3V2+4)kd
On the other hand, as shown in the definition of Ny,

p (11800 = 10 0 10) < g © L O U S S )

16.5k®d € 16.5k® 6k ~ 99¢- k15D ~ 269 k15D

Furthermore, due to the restart condition:

N>-1,0 N>-2,0 N 1,0 N>—N, N No+1,0 N 1,0
p (N0 = P20y N 10) < g N0 p N0 - L0 ML) L (B

Substituting and into (B.7) yields an upper bound of (N, — No —1):

\/;8 . (I)Nz—No—Z‘ é‘:

_ Vke (1 & e (3V2+4)xd
(3V2+4)kd 269 - k15

269k2d

:>N2—1\70—1S1 (
e

+1n (é) <In (é) .
£ e
(B.8)

e (Var)ud < 1. Since we have assumed N> > Ny + 1, the upper

26920
bound of (N2 —Nop—1) in has to be strictly positive. Once In (%) <0, then it is no longer in the case

Here the final inequality is due to x > 1 and

N> > Ny +1 and as previously stated before we already have N, < No+ 1 and T5 < Tpqsis. In conclusion, we
can assert that N, — No — | < max {0, In (%

We now turn our attention to the number of ONEPDHG iterations between zV0*1-0 and 7V2:0, Remark
ensures that for all N > Ny + 1:

120 = 2 llg < 4B AN p (120 = 2N 0llag M) (B.9)

. -1
Then due to Lemma the number of iterations in inner loops is at most [W]. Therefore, we can
bound the overall number of iterations 7> as follows:

. 8-4|B71|||A
TZSTbasis"'(NZ_NO_l)"VW“ (BlO)

Substituting the upper bound N> — Ng — 1 < max {0, In (%)} into (B.10) finishes the proof. O
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Appendix C: Proofs of Section 7]
Proof of Theorem Without loss of generality, we study the case & < ||w*||. Otherwise, 0 is sufficiently
optimal and the optimization problem is trivial.

Note that |W*|| < max{w,w>} - [[w*|[, and [[w™:0 — w*|| < & if [[WN0 —w*| < W =g
w] " W)y
min{w;,w,}. According to Theorem [3.1] finding an (& - min{w;, w,})-optimal solution in the reweighted

problem requires at most

. Cmax{wi,wp} 1. o
K q)w1,w2 min{wl,a)z} ||W ||
Olk- Dy, w-1n (C.1)
g
w1 — Ix*lL max{wy,wp} _ max{||x* [l [ls* [} _ lx* 1L 1s* 1
iterations. Using -t = E ” , we have min w1} = min{ T s 0T —max{ 50 T } Next we study the

Il1 ||S s
Il [lx*

value of ®,, ,, - max { } denoted by vy for simplicity.

- llx *||1 ||s |I1 5 [P el P 3 il
Note that @, , = max - Without loss of generality, we assume "= > = If {5 <
P =

Is* I, Bl us ||1 . ¥l o 15l
e, theny = el = ‘D M 2 > then
||S*||1 1 el [P E Sl | O | Kl | O [ ol (PO = %l | )
Y<vy- = : : = : <Oy,

la & s*lle da {p

where the first inequality is due to ”SZ > q according to the formula of £; presented in Lemma | and the
final inequality is due to the definition of @, j, presented by that of ® in Theorem 5.1} Overall, y < ¢)

Finally, because « > 1 and ”“; I > 1, we have

max{wi,wy}

K@ 0y mmntaraot W k@2 |lw* Dy - lw*
In w1, min{w;,wy} <In lg” I <21n (K Dy-|lw ||) )

& &

Substituting it back to (C.I)) completes the proof. O
Comparing Theorem 7.1 with Remark 3.4 of Xiong and Freund [56]. Remark 3.4 of Xiong and Freund

[S6] proposes the “optimized” step-sizes
a - Dist(0, Vp) Hp - Dist(0, V)

= d =
21ty Dist(0.Ve) 0 7T 2AmaxAmintta - Dist(0, V,)

(C2)

where y1,, and p14 denote the LP sharpness of the primal and dual problems, as defined in Definition [5.3] As
demonstrated by Applegate et al. [6], setting the step-size ratio (C.2) is equivalent to setting primal weights

(a1, @) such that )
a1 Hq - Dist(0,V),)

Cb_z - Hp - Dist(0, V)
with the standard step-sizes 7, o~ of Theorem [3.1] Furthermore, due to Lemmas[5.T]and [5.3] (C.3) is actually
equivalent to %; = 2:—2. Now, substituting (w;, wz) = (@1, d7) into (7.4) yields

(C.3)

B Ll

D,
SeT T T
This is equivalent to @, 5, (When = “’1 = Hf* Hl ) up to a constant of 2, so Remark 3.4 of Xiong and Freund

[56] is also equivalent to appr0x1mately optimizing the geometric measure @, via reweighting.
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