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Abstract

Fast Approximation Algorithms for Positive Linear Programs
by
Di Wang
Doctor of Philosophy in Computer Science
University of California, Berkeley

Professor Satish Rao, Chair

Positive linear programs (LPs), or equivalently, mixed packing and covering LPs, are LPs for-
mulated with non-negative coefficients, constants, and variables. Notable special cases of positive
LPs include packing LPs and covering LPs. Positive LPs model a wide range of fundamental
problems both in theory of computation as well as in practice, thus have long drawn interest in
theoretical computer science, operations research, and optimization communities.

In this work, we study iterative methods for approximately solving positive LPs efficiently.
Given a positive LP of size N, we are interested in iterative methods that can converge to a (1 +¢)-
approximate optimal solution with complexity that is nearly linear in /N, and polynomial in %

For the special cases of packing LPs and covering LPs, we design improved sequential and
parallel approximate solvers, both using first-order (i.e. gradient based) descent methods from
(continuous) convex optimization. In particular, we build upon the linear coupling framework
introduced by Allen-Zhu and Orecchia. The performance of first-order methods are sensitive to
the geometry of the problem space, as well as properties of the objective function. At a high
level, we design (discrete) techniques that exploit the combinatorial structures of the LPs, which
lead to signicantly improved theoretical behavior of the optimization method. More specifically,
our sequential (i.e., non-parallelizable) solver is based on a O(N/e) algorithm for packing LPs
in a previous breakthrough by Allen-Zhu and Orecchia, and we provide a unified method with
running time O(N /€) for both packing LPs and covering LPs. Our parallel algorithm has depth
(i.e., parallel running time) O(1/€), which is (1 /¢) faster than the previous best algorithm.

For general positive LPs, we take a more combinatorial framework, called Lagrangian relax-
ation, but we crucially adapt the framework to leverage insights from continuous convex optimiza-
tion. The incorporation of continuous optimization techniques provides a primal-dual perspective
of the method, and leads to faster convergence. More specifically, we develop a (5(1 /€3) depth
parallel algorithm, improving a long-standing bound of O(l /e*) for positive LPs.

At a high level, we benefit from a integrated view of continuous and combinatorial techniques
to obtain the improved results in this work. This combination brings intriguing new perspectives
to algorithm design, and is promising for further exciting progress.
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Chapter 1

Introduction

Positive linear programs (LPs) are LPs formulated with non-negative coefficients, constants, and
variables (Example 1.0.1). Traditionally, the < constraints are called packing constraints, while
the > constraints (apart from the non-negativity of variables) are called covering constraints, and
positive LPs are equivalently called mixed packing and covering LPs. Notable special cases of
positive LPs are (pure) packing LPs, which are positive LPs without any covering constraint, and
(pure) covering LPs, which are positive LPs without any packing constraint. Positive LPs model a
wide range of fundamental problems both in theory of computation as well as in practice, and thus
have long drawn interest in theoretical computer science, operations research, and optimization
communities.

Example 1.0.1. (Two simple positive LPs) Non-negative coefficients, constants and variables.

min x4+ 22 + 23 max x1+ 2r9 + 3
T, + 313 + 23 > 5 2x1 + 319 + 23 > 7
2x1 + 1o + 223 > 7 Ty + 329 + 213 < 6
1+ Tg +2x3 < 6 T +3233 < 5
T1,T9,T3 Z 0 T1,T9,T3 2 0

Given a positive LP of size NV (i.e., the total number of non-zeros in the formulation), we
want to find a (1 + €)-approximate optimal solution efficiently. Although one can use the interior
point method or ellipsoid method, with computational complexity that has poly log(%) dependence
on the approximation error ¢, these methods typically have very high complexity dependence on
N, as computations such as the Hessian matrix or linear system solving are involved in every
iteration, and consequently are problematic for large-scale applications. In this work, we study
fast low-precision iterative solvers for positive LPs. In particular, we are interested in methods of
complexity nearly linear in N, although with of polynomial dependence on %

This line of research was initiated by the seminal work of Luby and Nisan [LN93], which gave
a iterative solver with O(N/ eM)! convergence rate. The focus of this line of work is mostly on

'We follow the standard practice of using O to hide poly log factors. We will spell out the exact bounds when we
discuss the results in detail.
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achieving better polynomial dependence on %, which is meaningful in two aspects. On one hand,
it is a direct measure of the complexity of an iterative method, where a ei convergence rate means
that to achieve one more (binary) bit of accuracy, the method takes 2¢ times more work. On the
other hand, as positive LP solvers are often used as subroutines in algorithm design, where € is
chosen to get the best trade-off among various subroutines of the algorithm, the dependence on %
determines the complexity of the entire algorithm (see Example 1.0.2 for a simple illustration).

Example 1.0.2. (Bipartite Matching) One can first formulate the problem as a fractional packing
LP, get an (1 — €)-approximate optimal (fractional) solution, round it to an integral solution, and
keep adding augmenting paths to improve the (1 — €)-optimal solution to an optimal solution.
Suppose the graph has m edges and n vertices, the size of the packing LP will be O(m), and
the optimal is O(n). To improve the (1 — €)-optimal solution to an optimal solution, one need
to compute O(en) augmenting paths, which takes O(m - en). Suppose the positive LP solver has
convergence rate O(m /€°) for some constant c, then the optimal trade-off is to set ¢ = n'/(¢t1),
which gives a O(mnl_l/ (e+1)Y algorithm for bipartite matching. Clearly, smaller c is better.

Moreover, based on whether the complexity depends on the width p, a parameter which typi-
cally amounts to the largest entry of A, positive LP solvers can be divided into width-dependent
solvers and width-independent solvers. Width-dependent solvers are usually pseudo-polynomial,
as the running time depends at least linearly on p OPT, which itself can be large, while width-
independent solvers are more efficient in the sense that they provide truly polynomial-time ap-
proximation solvers. The new results presented in this work are all width-independent methods.

Most previous work of iterative positive LP solvers follow one of two high-level approaches.
The first approach is based on turning the original positive LP (with combinatorial packing and
covering constraints) into continuous and convex objective functions with trivial or no constraints
(See [Nes05]). The original positive LP is reduced to a (continuous) convex optimization prob-
lem, and general-purpose first-order iterative methods from the theory of optimization are usually
applied directly. The other approach is based on the Lagrangian-relaxation framework, which is
more of a combinatorial flavor. We note that the characterization of continuous versus combinato-
rial is only at a high level. Methods following the continuous optimization approach also involve
components and techniques of combinatorial nature, and vice versa. Indeed, recent progress along
this line of research, including the results in this work, can be attributed to the organic integration
of techniques and insights from both continuous optimization and combinatorial methods.

In this work, we present algorithms for the special cases of packing LPs and covering LPs,
as well as an algorithm for general positive LPs. The algorithms follow different approaches,
where the method for packing LPs and covering LPs follows the convex optimization framework,
while the method for general positive LPs uses the Lagrangian-relaxation framework, although in
both cases, the improvement crucially relies on the integration of continuous and combinatorial
perspectives of algorithm design. In the following sections, we discuss the two cases respectively.
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1.1 Covering LPs and Packing LPs

Covering LPs and Packing LPs are important classes of positive LPs, and they have wide applica-
tions in theory, including the design of approximation algorithms, scheduling, and auction design,
as well as practical applications in operation research. A covering LP, in its generic form, can be
written as:

min{c’x : Az > b},

x>0

where ¢ € R%,,b € RZ,, and A € RZ;". Similarly, again with ¢, b, A non-negative, a packing LP
can be written in its generic form as:

max{c’z : Az < b}.

x>0
This two classes of LP form a primal-dual pair, i.e., the dual LP of a covering LP is a packing LP.
We denote by OPT the optimal value of a LP. In this case, we say that x is a (1 + €)-approximation
for the covering LP if Az > band ¢’z < (1+¢) OPT, and we say that z is a (1 —€)-approximation
for the packing LP if Az < band ¢’z > (1 —¢) OPT.

The general approach of our methods for packing LPs and covering LPs is to pose the original
problem as an optimization problem, where a smooth convex function is constructed to capture
the original objective as well as the combinatorial packing or covering constraints. From here, we
have a convex function, and we can apply efficient first-order methods from theory of optimization
to minimize it. To do so, recall that first-order methods in optimization exploit the idea of using
the negative gradient as the descent direction for each step of an iterative algorithm. In order
to lower bound the improvement of successive steps of the algorithm, smoothness is at the core
of the analysis, as it measures how much the gradient can change as we move in the problem
space. Basically we want to move in the negative gradient as far as possible, without changing
the gradient by too much; if the gradient changes too much, we no longer move in a descent
direction. Consequently, the performance of an optimization schema, via smoothness, crucially
depends on the geometry of the problem space and the properties of the function being optimized.
Since our optimization problem is constructed in order to solve the original combinatorial problem
(i.e., packing LPs and covering LPs), the problem space and objective function need to capture the
structure of the LPs, which may not align well with the optimization tools we have. As a result, we
need to design techniques to bridge the gap between our optimization problem and the optimization
tools.

We study both sequential (i.e., non-parallelizable) algorithms and parallel algorithms for pack-
ing LP and covering LP. For sequential methods, the complexity is measured by the running time
of the algorithm. For parallel algorithms, we measure complexity using (parallel) running time
and total work. Time and work are standard notions from parallel algorithms that correspond to
the longest chain of dependent operations and the total operations performed. In particular, time
has a natural correspondence with iteration count, and these two measures have been used to mea-
sure the performance of previous work on positive LPs. The algorithms are stochastic, in the sense
that the approximation bound of the computed solution hold with high probability, and the running
time bounds are expected values.
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Paper Running Time
Width-dependent Solvers
[PSTI1] O(p* OPT* &)
[AHK12] O(pOPT &)
[Nes05; Nem04] J(pOPT &)
[BI04] O(VdnY)
Width-independent Solvers
[LN93] o%)
[YouOl; Youl4] O(%)
[KY14] O(N + )
[AZO15a]: Packing LP ON(%)
This work: Covering LP ON(%)

Table 1.1: Selected work of sequential algorithms for covering LP and packing LP.

Accelerated Sequential Algorithm

For covering LPs, we present an iterative method that is width-independent and has a linear rate
1 log?(N/e) log(1/€)

- ) running time. To simplify the following discussion,

of convergence, that is, O (

we will follow the standard practice of using O to hide poly-log factors, in which case the running
time of our algorithm for covering LP is O (N/e).

In Table 1.1, we show the results of selected work on packing LLP and covering LP. We group
the results into width-dependent solvers and width-independent solvers. The result in [BI04] turns
the dependence of the width p OPT to a more lenient term v/dn, where d is the largest number of
nonzeros in any row of A, which can be n in the worst case, so the running time is not nearly linear
in the size of the LP.

As we discussed earlier, previous work at a high level mostly follows either the continuous
optimization approach or the Lagrangian-relaxation approach. The continuous optimization ap-
proach gives algorithms that have better polynomial dependence on % In particular, the best de-
pendence on % is linear, which is achieved with methods based on Nesterov’s accelerated gradient
descent [Nes05], and we refer to the linear dependence on % as Nesterov-like acceleration. How-
ever, methods using the optimization approach are traditionally width-dependent, and it is widely
believed to be very difficult to combine Nesterov-like acceleration and width-independence.

In a recent breakthrough [AZO15a], Allen-Zhu and Orecchia achieve the first such success
to give a packing LP solver that is both width-independent and accelerated. They achieve the
remarkable result by leveraging the linear coupling framework introduced recently by the same
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authors in [ZO14]. This is a first-order method for solving convex optimization problems, and
it provides a conceptually simple way to integrate gradient descent and mirror descent, which are
two classical first-order methods from the theory of optimization. In the setting of standard smooth
convex optimization, the method achieves the same convergence rate as that of the accelerated
gradient descent method of Nesterov [Nes05], and indeed the former can be viewed as an insightful
reinterpretation of the latter. The high-level view of the method as a coupling of gradient descent
steps and mirror descent steps offers more flexibility to the framework, as the combination allows
the two steps to complement each other in ways beyond simply Nesterov-like acceleration, and
this is indeed crucial for the packing LP solver in [AZO15a] for getting width-independence.

One particular motivation for our work is a striking discrepancy between bounds provided for
packing and covering LPs in [AZO15a]. In particular, they provide a (1 — €)-approximation solver
for the packing problem in O(N/e), but they are only able to obtain O(N/e'5) for the covering
problem. In the case of covering, they are unable to use the linear coupling method to achieve
Nesterov-like acceleration, and even to get width-independence the authors need to integrate some
ad-hoc and complicated techniques. This discrepancy between results for packing and covering
LPs is rare, due to the duality between them. Filling this gap is of particular interest, as not
being able to do so would suggest some fundamental structural differences between the two dual
problems.

Among other things, our result is an improvement over the O(N/e'%) bound for the covering
LP in [AZO15a], and gives a covering LP solver that is both Nesterov-like accelerated and width-
independent, which matches the result for packing LP in [AZO15a].

At least as interesting as the O(l /e"?) improvement for covering LPs, however, is main tech-
nical contribution that we developed and exploited to achieve our improvement. At a high level,
we also use the optimization approach, and exploit the linear coupling framework as in [AZO15a].
In the setting of covering LPs, we build a discrete lifting technique, which reorganizes the geom-
etry of the problem space, so that the optimal solution won’t be hidden in ill-shaped corners that
are difficult to reach for the linear coupling method. Once the lifting is performed, covering LP
shares all the essential properties necessary to achieve both width-independence and Nesterov-like
acceleration as in the case of packing problems, and fits elegantly into the scheme and analysis
from [AZO15a] that was developed for packing LPs. We obtain improved O (N/€) results for
covering LPs, and this provides a unified acceleration method (unified in the sense that it is with
the same algorithm and almost identical analysis) for both packing and covering LPs.

Faster Parallel Algorithm

With the abundance of large-scale datasets, as well as the growing reliance on multiprocessors
and cloud computing, iterative solvers that can be highly parallelized have drawn a lot of interest.
For parallel algorithms, we focus on running time (or equivalently, depth) and total work, which
are standard notions from parallel computing that correspond to the longest chain of dependent
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Paper Number of Iterations | Total Work
Width-dependent Solvers
[PSTI1] O£ O(£2OPTEN
[AHK12] O(£9FT) O£
[Nes05; Nem04] O(2 OEPT) O(2 OIZTN)
[BIO4] O(¥En) O(¥EnN)
Width-independent Solvers
[LN93; BBR97; BBR04; YouOl] O(4) o%)
[YouO1; Youl4] O(&) O(%)
[AZO15b] o) O(%)
This work: Algorithm 2 O(%) O(%)
This work: Algorithm 4 D(4) O(4X)

Table 1.2: Selected work of parallel algorithms for covering LP and packing LP.

operations” and the total number of operations performed respectively. For iterative methods, time
has a natural correspondence with iteration count, and these two measures have been used to study
the performance of previous work on positive LPs.

In Table 1.1, we show selected results of parallel solvers for packing LPs and covering LPs.
For all the iterative methods along this line of work, each iteration is computationally dominated
by a matrix-vector multiplication, and takes only nearly-linear work in N and O(log N) depth.
Since we are most interested here in the dependence on %, reducing the iteration count is the more
interesting side of this line of work, and we will often just discuss the number of iterations instead
of running time, as they are only off by a factor of O(log ).

In this work, we describe two parallel algorithms for packing LPs and covering LPs. Similar to
our sequential solver, we follow the optimization approach, and develop the dynamically-bucketed
selective coordinate descent (DB-SCD) method. This method is based on the linear coupling
framework, and we integrate a discrete technique addressing the specific issue that slows down
the convergence of previous results. With DB-SCD, we improve the dependence on % for both
iteration count and total work from O(e%) to O(e%) for packing LPs and covering LPs. When com-
bined with ideas in the accelerated sequential solver discussed earlier, we also get a parallel solver
with O(%) iterations (recall d is the max number of non-zeros in any row of A), which is always at
o)

least as good as the O bound in [BIO4]. We remark that, different from the case of sequential

Following the standard model of parallel computation, when we consider the running time, we assume the algo-
rithm has access to unlimited number of processors.
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solvers, there is no parallel algorithm that obtains both width-independence and Nesterov-like ac-
celeration. It is an interesting question whether this is fundamental for packing LPs and covering
LPs, or whether there is a more efficient solution to approximate packing LPs and covering LPs in
parallel.

Our basic improvement with the DB-SCD method comes from updating only a carefully-
chosen subset of variables in each iteration. In particular, we bucket the coordinates of the gradient
into buckets of roughly equal gradient magnitude, and then we update the coordinates in one of
the buckets. While our particular approach is novel, the basic idea is hardly new to optimization.
Indeed, for most non-trivial functions, variables “interfere” with each other, in the sense that vari-
able 7’s gradient will be affected by the update of variable j (e.g., [Bra+11]). Thus, if we aim to
move the variables while maintaining smoothness of the gradients, we have to take interference
into consideration. In general, this limits the possible step size.

One way to alleviate the problem of interference is to update fewer variables in each iteration.
This potentially permits better control over the changes of gradients for the updated variables, since
for the variables not updated, the changes of their gradients don’t affect the objective improvement
for that iteration. One extreme of this idea is the coordinate descent method [Wril5], where in
each iteration only one variable is updated. In this case, the step length of the update on the single
variable is often larger than the step length when all variables are moved simultaneously. On the
other hand, in most cases the computation of n successive partial derivatives can be more expensive
than the computation of all the n partial derivatives for a fixed x, limiting the applicability of
the coordinate descent method. When the tradeoff is good between the gain in the step length
versus the loss in the computation, coordinate descent can be better than gradient descent in terms
of total work ([LS13; AZO15a]). More generally, in the context of solving linear systems, we
have the example of Jacobi iterations versus Gauss-Seidel iterations, and similar tradeoffs between
interference and running time arise ([AM95; BT91], Chapter 4 of [Saa03]). Still more generally,
various efforts to parallelize coordinate descent can be seen as explorations of tradeoffs among
the smoothness parameter, the amount of computation, as well as the distributed iteration count
([FR13; RT12; RT14; Bra+11]).

To the best of our knowledge, all these works exhibit an inverse relationship between the num-
ber of variables updated each iteration, and the number of total iterations required, i.e., when fewer
variables are updated, then more iterative steps are needed. This is what one would naturally ex-
pect. Moreover, these works mostly choose the subset of variables to update either by some fixed
order, e.g., uniformly at random, or according to some static partition constructed from the sparsity
structure of the given instance, e.g., the objective function is separable or the matrix in the problem
is block diagonal ( [TY09]). Rarely, if at all, is a subset of variables chosen dynamically using
knowledge of the actual values of the gradients. Again, this is what one would naturally expect.
For example, as Nesterov wrote in his seminal accelerated coordinate descent work [Nes12], if one
already computed the whole gradient, then full-gradient methods seem to be better options.

With respect to both of these considerations, our method of selective coordinate descent is
novel and quite different. First, at least for the case of packing and covering LPs, we can achieve
better parallel running time and better total work by updating fewer (carefully-selected) variables
each iteration. Second, our work shows that the extra computation of the whole gradient can help



CHAPTER 1. INTRODUCTION 8

us select a better subset dynamically (even if we don’t update all coordinates). Our results show
that both of these directions are worth additional exploration.

1.2 Positive LPs

More general than packing LPs and covering LPs, positive LPs further capture problems requiring
both packing and covering constraints, including solving non-negative linear systems, computing
tomography, and single/multi commodity flows on graphs.
Formally, positive LP, or equivalently, mixed packing and covering LP, can be written in the
standard form:
min{\ : Px < A\p,Cx > ¢,z > 0} (1.1)

where P, C, p, c all have non-negative entries. A (1 + ¢)-approximation is a feasible solution \, =
achieving A < (1 + €)\opr.

In this work we focus on width-independent parallel algorithms that produce 1 + € approx-
imations in in poly(logn, %) time and nearly-linear work. Despite the exciting recent progress
following the optimization approach discussed in the previous section, the results are limited to the
special cases of packing LPs and covering LPs, since the presence of both packing and covering
constraints in one LP makes the smoothness properties of the optimization problem deteriorate sig-
nificantly, which poses a fundamental obstacle to obtain width-independent solver following this
approach. Moreover, almost all the width-independent solvers mentioned in the previous section
(except [YouOl; Youl4]) don’t extend to the more general case of positive LPs. Prior to our work,
the best method for mixed packing and covering LPs takes time (and number of iterations) O(e%)
([YouO1; Youl4]).

In this work, we present a parallel algorithm that in O(E%) iterations computes a (1 + ¢)-
approximate solution, or correctly reports the original mixed packing and covering LP is infeasible.
The algorithm is deterministic and width-independent. Again, the bottleneck of each iteration is a
matrix-vector multiplication, and can be implemented in O(log V) depth, in which case the run-
ning time of our algorithm is (5(6%) The total work of the algorithm we present in this work is
O(%)-

We follow the Lagrangian-relaxation approach as in [YouOl; Youl4], which is a more com-
binatorial framework. Nonetheless, insights from continuous convex optimization still play a sig-
nificant role, and the work demonstrates a different aspect of the integration of continuous and
combinatorial approaches.

At a high level, we construct a continuous and smooth potential function to capture the com-
binatorial packing and covering constraints, which measures how far away the current solution
is from satisfying all the captured constraints. We then start with a solution with all variables
having very small values, and in each iteration, increase the values of a carefully chosen subset
of variables. In particular, increasing the values of variables helps the covering constraints while
hurting the packing constraints, and the subset of variables that we increase is chosen according
to the potential function so that the trade-off between covering constraints and packing constraints
is advantageous for us. Moreover, different from previous work using this approach, where all the
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variables in the chosen subset are increased by the same fixed quantity, we further incorporate the
gradient of the potential function into the size of the update of variables. This discriminative step
size allows more aggressive updates on average, and is directly motivated by the line of work using
gradient based optimization methods.

Furthermore, as the potential function captures the packing and covering constraints in a LP,
there is an inherent connection between the gradients of the potential function and the variables
in the dual LP of the original LP. By incorporating the gradients into the update of the variables,
we exploit this connection, and essentially construct primal and dual solutions simultaneously.
While previous methods analyze the convergence by tracking the progress made on the primal LP
exclusively, our integration of the gradient into the update size gives us a primal-dual perspective
of the convergence of our algorithm, and allows us to argue that either a feasible primal solution is
obtained, or a dual solution can be constructed to certify the infeasibility of the primal LP.

1.3 Organization

In Chapter 2, we describe the preliminaries and the formulation of the smooth convex optimization
problem for packing LPs and covering LPs, followed by the discrete lifting techniques for covering
LPs, and the unified O( fracNe) sequential algorithm for both packing LPs and covering LPs.

In Chapter 3, we describe the dynamically-bucketed selective coordinate descent, and the
width-independent O(}z) time parallel solver for packing LPs and covering LPs. We also present
the O~(g) time parallel algorithm based on DB-SCD as well as ideas from the accelerated sequen-
tial algorithm.

In Chapter 4, we describe the O(e%) time parallel solver for general positive LPs, which is
based on the Lagrangian-relaxation framework.

1.4 Bibliographic Notes

The results in this dissertation were based on collaboration with Satish Rao, Michael Mahoney,
Peng Zhang and Nishanth Mohan. The results include previous publications [WRM16; Mah+16;
Wan+15]. I thank my collaborators for allowing the inclusion of coauthored work in this disserta-
tion.
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Chapter 2

Sequential Algorithm for Packing LPs and
Covering LPs

2.1 Preliminaries and Smoothing the Objective

Without loss of generality, given a packing LP in its generic form, one can scale the coefficients,
in which case one can write the fractional packing LP in the standard form:

m;:LS({ITx . Pr < 1}, (2.1)

where P € RZ;™". If the optimal value of (2.1) is OPT, we say that z is a (1 — ¢)-approximation
for the packing LP if Pz < 1 and 17z > (1 — ¢) OPT.
Similarly, the fractional covering problem, can be written in the standard form as:

min{17z : Cz > 1}. (2.2)

x>0

In this case, we say that z is a (1 + €)-approximation for the covering LP if Cz > 1 and 17z <
(1+4¢€) OPT.

When our discussion applies to both packing LPs and covering LPs, we also use A to denote
the constraint matrix of the LP, i.e., P and C' for packing and covering respectively. We denote m
as the number of rows in A, i.e., the number of constraints, n as the number of coordinates of =z,
1.e., the number of variables, NV as the size of the formulation, i.e., the total number of nonzeros in
A, p as the max entry in A, and d as the max number of nonzeros in any row of A.

Now we describe how to pose the LPs as smooth convex optimization problems. We discuss
packing LP and covering LP separately, although due to the duality between them, the results (in
this section) for them are symmetric in terms of both statements and proofs. Since we follow the
same high level optimization approach and the same smoothing step as in [AZO15a], the lemmata
and the proofs in this section are either the same or analogous to the results in [AZO15a]. We defer
the proofs of this section to Section 2.5.
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Packing LP

To start, let’s assume that

min || Pl = 1.

1€[n]
This assumption is without loss of generality: since we are interested in multiplicative (1 — ¢)-
approximation, we can simply scale P for this to hold without sacrificing approximation quality.
With this assumption, the following lemma holds.

Lemma 2.1.1. OPT € [1,n]

The first step (i.e., the smoothing step) is to turn the positive LPs into smoothed objective
functions. For packing LP, we use

fula) € =TT + maly” (Pe — 1) + uH ()},

and it is a smoothed objective in the sense that it turns the packing constraints into soft penalties,
with H (y) being a regularization term. Here, same as in [AZO15b; AZO15a], we use the gen-
eralized entropy H(y) = — > Y log y; + y;, where p is the smoothing parameter balancing the
penalty and the regularization. It is straightforward to compute the optimal y, and write f,(x)
explicitly, as stated in the following lemma.

Lemma 2.1.2. f,(z) = —17z + p >y pi(x), where p;(z) o exp(i((Poc)j — 1)) is what we call
the exponential penalty of the j-th packing constraint.

With OPT being at least 1, the error we introduce in the smoothing step will be small enough
that f,,(x) approximates the packing LP well enough with respect to € around the optimum. If we

let * be an optimal solution, and u* % (1 — €/2)x*, then we have the properties in the following
lemma.

Lemma 2.1.3. Setting the smoothing parameter |1 = m, we have
1. fu(u*) < —(1—¢€) OPT.
2. fu(x) > —(1+¢€) OPT for every x > 0.
3. Letting xo > 0 be such that x,[i] = ﬁfor each i € [n), we have f,(z¢) < —=<.

4. For any v > 0 satisfying f,(z) < 0, we must have Px < (1 + )1, and thus 172 <
(1+4¢€) OPT.

5. If x > 0 satisfies f,(x) < —(1 — O(¢)) OPT, then - is a (1 — O(e))-approximation to
the packing LP.
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6. The gradient of f,(x) is

def

V()= -1+ PT@ where p;(x) = exp(%((P:c)j - 1),

and V; f,(v) = =1+ 3, Pyp;(z) € [-1, 00].

Covering LP

The smoothing step for covering LP is basically the symmetric version of what we do for packing
LP. This time, we can assume that

min ||C;.||. = 1.
min |

This assumption is without loss of generality: since we are interested in multiplicative (1 + ¢)-
approximation, we can simply scale C' for this to hold without sacrificing approximation quality.
With this assumption, the following lemma holds.

Lemma 2.14. OPT € [1,m]

Observation 2.1.5. Since we are interested in a (1 + €)-approximation, then with the above as-
sumption, we can also eliminate the very small and very large entries from the matrix as follows.
If some entry C;; < €/(mn), then since OPT < m we have that Cj;z} < €/n, and so we can just
increase each variable by €/n, in which case we can recover the loss from setting C;; equal to 0
from the variable in the j-th constraint with coefficient at least 1. On the other hand, if some entry
Cj; > n/e, then we can just set variable i to be at least €/n and ignore constraint j. Thus, we can
eliminate very small and very large entries from the matrix C, and we only incur an additional
cost of €, but since OPT > 1, we still obtain a (1 + O(¢))-approximation.

Analogously, for covering LP, the smooth function we optimize is

def -
gu(@) ST s+ 1> gi(),
j=1
where ¢;(x) « exp(%t (1 — (Cx),)) is the exponential penalty of the j-th covering constraint.
Analogous to f,, optimizing g, () gives a good approximation to OPT of the covering LP, in

the following sense. If we let z* be an optimal solution, and u* o (1 + €/2)x*, then we have the

properties in the following lemma.

Lemma 2.1.6. Setting the smoothing parameter |1 = o we have

4log(;m/
1. g,(u*) < (1+4¢€) OPT.
2. gu(z) > (1 —€) OPT for any x > 0.

3. Forany x > 0 satisfying g,,(z) < 2 OPT, we must have Cx > (1 — e)f
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4. If v > 0 satisfies g,(z) < (1 + O(€)) OPT, then =z is a (1 + O(€))-approximation to the
covering LP.

5. The gradient of g,,(x) is
o 1
Vgu(z)=1- C’Tq(ﬂ where  q;(x) x exp(;(l — (Cx);),

and V;g,(r) =1 -3, Cjig;(z) € [—o0, 1].

Once the smoothing step is performed, the problem of approximately solving the original pack-
ing LP or covering LP is reduced to approximately optimize the function f,(x) or g,(z). We
proceed to give the technique overview of how we solve the optimization problem.

2.2 Technical Overview

At a high level, we (as well as Allen-Zhu and Orecchia [AZO15b; AZO15a]) use the same two-step
approach of Nesterov [Nes05]. The first step involves smoothing, which transforms the constrained
problem into a smooth objective function with trivial or no constraints. In the setting of packing
LP and covering LP, we have the smooth functions f,(z) and g,(x). By smooth, we mean that
the gradient of the objective function has some property in the flavor of Lipschitz continuity. Once
smoothing is accomplished, the second step uses one of several first order methods for convex
optimization in order to obtain an approximate solution. Examples of standard application of this
approach to covering LPs includes the width-dependent solvers of [Nes05; Nem04] as well as
multiplicative weights update solvers [AHK12].

The first width-independent result following the optimization approach in [AZO15b] achieves
width-independence by truncating the gradient, thus effectively reducing the width to 1. The algo-
rithm uses, in a white-box way, the coupling of mirror descent and gradient descent from [Z0O14],
which can be viewed as a re-interpretation of Nesterov’s accelerated gradient method [NesO5].
However, although [AZO15b] uses a coupling of mirror descent and gradient descent, the role
of gradient descent is only for width-independence, i.e., to cover the loss incurred by the large
component of the gradient (see Eqn. (2.7) below for the precise formulation of this loss), and it
is independent of the mirror descent part acting on the truncated gradient. In addition, [AZO15b]
deviates from the canonical smoothing with entropy, as it instead uses generalized entropy. Impor-
tantly, the objective function to be minimized is not smooth in the standard Lipschitz continuity
sense, but it does satisfy a similar local Lipschitz property.

To improve the sequential packing solver in [AZO15b] with convergence O(1/€®) to O(1/¢),
the same authors in [AZO15a] apply a stochastic coordinate descent method based on the linear
coupling idea. Barring the difference between Lipschitz and local Lipschitz continuity, the results
in [AZO15a] can be viewed as a variant of accelerated coordinate descent method [Nes12]. There
are two places where the algorithm achieves an improvement over prior packing-covering results.
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e One factor of improvement is due to the better coordinate-wise Lipschitz constant over the
full dimensional Lipschitz constant. Intuitively, in the case of packing or covering, the gradi-
ent of variable z; depends on the penalties of constraints involving x;, which further depend
on all the variables in those constraints. As a result, if we move all the variables simultane-
ously, we can only take a small step before changing the gradient of x; drastically.

e The other factor of improvement comes from accelerating the gradient method. The role
of gradient descent in the packing solver of [AZO15a] is twofold. First, it covers the loss
incurred by the large component of the gradient as in [AZO15b] to give width-independence.
Second, to accelerate the coupling as in [ZO14], the gradient descent also needs to cover
the regret term incurred by the mirror descent step (see Eqn. (2.7) below for the precise
formulation of this regret). The adoption of A-norm (defined in Eqn. (2.6) below) enables
the acceleration. This A-norm works particularly well for packing problems, in the sense that
it easily leads to good diameter bounds: since the packing constraints impose a naive upper
bound of 27 < 1/||A.||~ on each variable, thus the feasible region has a small diameter
MaXa:f()<f(wo) |2 — 27 4-

The importance of the small diameter is twofold. First, the diameter naturally arises in the
convergence bound of gradient based methods, so we always need to use a norm or prox-
imal setup giving small diameter to achieve good convergence. Second, and more impor-
tantly, when we confine the function f,(z) inside in this box type space with the particular
upper-bound on each coordinate, the function behaves much smoother for the linear cou-
pling method. More specifically, the small diameter [0, 1/]| A.;|| ] on each coordinate relates
the mirror descent step length and the gradient descent step length. As the regret term in
mirror descent and the improvement of gradient descent step are both proportional to their
respective step lengths, the small coordinate-wise diameter makes it possible to use gradient
descent improvement to cover the mirror descent regret.

The combination of gradient truncation, stochastic coordinate descent, and acceleration due to
small diameter in A-norm leads to the O(N /) solver for the packing LP [AZO15a.

Shifting to solvers for the covering LP, one obvious obstacle to reproducing the packing result
is we no longer have the small diameter in A-norm. Indeed, a naive coordinate-wise upper bound
from the covering constraints only gives =7 < 1/min;{A;; : A;; > 0}. Because of this, the
covering solver in [AZO15a] instead use the proximal setup in their earlier work [AZO15b]. The
particular proximal setup gives a good diameter for the feasible region they use, but it doesn’t
give a similarly good coordinate-wise diameter to enable the acceleration. To improve upon the
O(1/€?) convergence of standard mirror descent, the authors use a negative-width technique as
in [AHK12] (Theorem 3.3 with [ = \/¢). This then leads to the (improved, but still worse than
for packing) 0(1 /e'®) convergence rate. In addition, since they truncate the gradient at a smaller
threshold to cover the loss incurred by the large component, they need a more complicated gradient
step, leading to a more complicated algorithm than for the packing LP.

To get an O(1/¢) solver for the covering LP, it seems crucial to relate the gradient descent step
and mirror descent step the same way as in the packing solver in [AZO15a]. Thus, we will stick
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with the A-norm, and we will work directly to reduce the diameter. Our main result (presented
next in Section 2.3) is a general discrete lifting technique that transform the feasible region of
covering LP to achieve the same diameter property as in the case of packing LP, and this enables
us to extend all the crucial ideas of the packing solver in [AZO15a], as outlined in this section, to
get a covering solver with running time O(N/e).

2.3 Diameter Reduction Method for Covering Problems

As we disccused in the overview, the optimization schema developed for packing LPs in [AZO15a]
relies on the particular geometry of the problem space, where the optimal x* lies in a box type space
with good coordinate-wise diameters, i.e., 7 < 1/|| P/, thus we can optimize f,(z) over this
particular region, where it has various properties that pair particularly well with the optimization
schema. In this section, we describe our discrete lifting technique that reformulates a covering
LP to give the similar geometry. Essentially, we ‘lift”” the covering LP to a higher dimensional
space, i.e., the reformulated LP will (at most a log % factor) more variables, but in this space, we
can guarantee the optimal of g, () is within a box with desired coordinate-wise diameters.

Given any covering LP of the form (2.2), characterized by a matrix C, we formulate an equiva-
lent covering LP with good diameter properties. This will involve adding variables and redundant
constraints. We use ¢ € [n] to denote the indices of the variables (i.e., columns of C) and j € [m]
to denote the indices of constraints (i.e., rows of C'). For any i € [n], let

. d:e]‘ man{Cji : Cji > O}
‘ minj{Cji : Cji > O} 7

be the ratio between the largest non-zero coefficient and the smallest non-zero coefficient of vari-

able z 7] in all constraints, and let n; % [logr;]. We first duplicate each original variable n; times

to obtain z[(4,1)],7 € [n],l € [n;] as the new variables. In terms of the coefficient matrix, we now
have a new matrix, call it C' € R;nox (2 ni), which contains n; copies of the i-th column C;. We
denote a column of C' by the tuple (4,) with [ € [n;]. Obviously, the covering LP given by C'is
equivalent to the original covering LP given by C'. Adding additional copies of variables, however,
will allow us to improve the diameter. To reduce the diameter of this new covering LP, we further
decrease some of the coefficients in C', and we put upper bounds on the variables. In particular, for

7,1, 1, we have

C’j,(i,l) = min{CjJ, 2! Hlll’l{C]Z : Cji > 0}}, (2.3)
j
and for variable Z[(i, )], we add the constraint
e 2
z[(i,1)] < (2.4)

-2 minj{C'jZ- : Cji > O}

The next lemma shows that the covering LP given by C' and the covering LP given by C' are
equivalent.
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Lemma 2.3.1. Let OPT be the optimal value of the covering LP given by C, and let OP'T be the
optimal of the covering LP given by C and (2.4), as constructed above; then OPT = OPT.

Proof. Given any feasible solution Z, consider the solution = where z[i] = > " Z[(i,1)]. It is
obvious 172 = TTiz, and Cx > T, as coefficients in C' are no larger than coefficients in C'. Thus
OPT < OPT.

For the other direction, consider any feasible x. For each 7, we can assume without loss of
generality that

1
| < .
x[Z] - minj{C’ji : Oji > 0}

Let [; be the largest index such that

2
<
— 2l minj{C'jZ- : Cjz‘ > O}7

x[(z',mz{ o=
0 ifl £l

By construction, 7 satisfies all the upper bounds described in (2.4). Furthermore, for constraint
J» we must have C;.x > 1. Since for any 4, C (;;,) differs from C}; only when Cj; > i min;{C}; :
Cj; > 0}, and we must have [; < n; in this case by definition of n;, which gives Z[(i,;)] =
xli]

[i]

and then let

by our choice of /; being the largest possible. Then we know Cj ;1) =

1
2 2k minj{Cji:Cji>0}
Qi min;{C}; : Cj; > 0}, so the j-th constraint is satisfied. Thus OPT > OPT, and we can
conclude OPT = OPT. U]

Given that we have shown that the covering LP defined by C' and that defined by C are equiva-
lent, we now point out that the seemingly-redundant constraints of (2.4) turn out to be crucial. The
reason is that the feasible region now has a small diameter in the coordinate-wise weighted 2-norm
| - [[c. In particular, we can rewrite the constraints (2.4) to be

2
z(i,0)] < —=——.
||C(z,l)||oo

For any i, consider the row j* = argmax;{C};, Cj; > 0}, this is the same upper bound on Z[(i, /)]
for I < n;, and it is a relaxation on Z[(7, n;)].

The price we pay for this diameter improvement is that the new LP defined by C is larger than
that defined by C'. Two comments on this are in order. First, by Observation 2.1.5, r; is bounded
by n?m /€%, and so the diameter reduction step only increases the problem size by O(log(mn/e)).
Second, we have presented our diameter reduction as an explicit pre-processing step so we can
use one unified optimization algorithm (Algorithm 1 below) for both packing and covering, but in
practice the diameter reduction would not have to be carried out explicitly. It can equivalently be
implemented implicitly within the algorithm (a trivially-modified version of Algorithm 1 below)
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by randomly choosing a scale after picking the coordinate ¢ and then computing C_’j,(i,l) in (2.3) by
shifting bits on the fly.

Given this reduction, in the rest of the paper, when we refer to the covering LP, we will implic-
itly be referring to the diameter reduced version, and we have the additional guarantee that there
exists an optimal solution z* to (2.2) such that

2

0<az*[i] <
HC:iHoo

Vi € [n]. (2.5)

2.4 Accelerated Solver for (Packing and) Covering LPs

In this section, we will present our solver for covering LPs of the form (2.2). To motivate this,
recall that for packing problems of the form (2.1), bounds of the form (2.5) automatically follow
from the packing constraints Px < 1, so for both packing LP and covering LP, we can use a box

type problem space
A% (r e R0 <l < —0 ),
Al oo
and pose the problems as optimizing f,(x) and g,(z) over A respectively. In particular, the u*
(i.e., the approximate optimal for f,(z) or g,(z) in Lemma 2.1.3 and Lemma 2.1.6 will be inside
A.

For readers familiar with the packing LP solver in [AZO15a], it should be plausible that—once
we have this diameter property—the same stochastic coordinate descent optimization scheme will
lead to a O(N/€) covering LP solver. We now show that indeed the same optimization algorithm
for packing LPs can be easily extended to solving covering LPs, thus establishing a unified accel-
eration method for packing and covering problems.

Accelerated Coordinate Descent Algorithm

Consider Algorithm 1, which is our main accelerated stochastic coordinate descent for both pack-
ing and covering. The correctness of this algorithm and its running time guarantees for the packing
problem have already been nicely presented in [AZO15a], so here we will focus on the covering
problem.! We use e¢; to denote the standard basis vectors.

Recall that we will find a (1 + €)-approximation of the covering LP by approximately minimiz-
ing

IFor packing LPs, the input will be the matrix P, function fu, and A def {r eR™:0 < zfi] < ‘P_ll‘

start _ _1—¢/2
T T APl

}, with
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Algorithm 1 Accelerated sequential solver for packing LPs and covering LPs

Input: C' € RZ;™, 25" € A, g, e Output: yp € A

1:

A A o

10:
11:
12:

1 gty L < %, T oor
T < [8nLlog(l/e)] = O(%)
o, Yo, 20 — T o — =
for k =1to T do
A < ﬁak_l
Tp < T2p—1 + (1 — T)yp_1
Select i € [n| uniformly at random.
> Gradient truncation:

—e¢; Vigu(xy) < —1
Let (£7) « Vigu(ze) - e Vigu(zy) € [-1,1]
€; Vz’gu(xk) >1

> Mirror descent step:

2k zlii) %ef argmin,c A {V,,_,(2) + (z, nakfg))}.
> Gradient descent step:

i) def i
Yp y,(c) = 2+ mlkL(z,g) — Zk_1)
end for
return yr.

where ¢;(z) o exp(

1

(1= (Cx);)), over the region

Ad:ef{a: eR":0<z[] < HCgH }.

Our main result is summarized in the following theorems.

Theorem 2.4.1. With 25'*"* computable in time O(N ) to be specified later, Algorithm 1 outputs yr

satisfying E[g,(yr)] < (1 + 6¢€) OPT, and the running time is O(N/e).

Given Theorem 2.4.1, a standard application of Markov bound, together with Lemma 2.1.6(5),

gives the following theorem as a corollary.

Theorem 2.4.2. There is a algorithm that, with probability at least 9/10, computes a (1 + O(e))-

approximation to the fractional covering problem and has O(N/€) expected running time.

Not surprisingly, due to the structural similarities of packing and covering problems after diameter
reduction, the correctness of Algorithm 1 for covering can be established using the same approach
as [AZO15a] did for packing.
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Before proceeding with our proof of these theorems, we discuss briefly the optimization scheme
from [AZO15a] we will use. First, observe that the C'-norm, where

Jellc = \/Z ICullrll, 26)

is used as the proximal setup for mirror descent. The corresponding distance generating function
is w(x) = 3||z||%, and the Bregman divergence is V,(y) = 5/|z — y||2.

Next, observe that Algorithm 1 works as follows. Each iteration integrates a mirror descent step
and a gradient descent step. Different from the coupling of gradient descent and mirror descent in
the parallel packing algorithm in Section 3.2, in Algorithm 1, the gradient step and mirror descent
step are two seperate steps, and the update takes a convex combination of the two steps.

The role of gradient descent is twofold. First, it covers the loss incurred by the large component
of the gradient as in the parallel packing case to give width-independence. Second, to accelerate
the coupling as in [ZO14], the gradient descent also needs to cover the regret term incurred by
the mirror descent step (see Eqn. (2.7) for the precise formulation of this regret). With the scale
based lifting, we get a small diameter [0, 3/|/C;||] on each coordinate. We will see this relates
the mirror descent step length and the gradient descent step length, and makes it possible to use
gradient descent improvement to cover the mirror descent regret. This enables us to telescope both
the loss and the regret through all iterations and to bound the total by the gap between g,,(z5"")
and the optimal. The remaining terms in the mirror descent also telescope through the algorithm,
and they are bounded in total by the distance (in C-norm) from z5*'* to v* € A. Then, given
these, all we need is an initial condition x5 that is not too far away from the optimal in terms of
the function value and not too far away from «* in C'-norm. For packing, starting with all 0’s will
work. For covering, we will show later a good enough 25 can be obtained in O(N ).

Analysis of Algorithm 1 for Covering LPs

Once we perform the discrete lifting, we have that inside the region A, our function g,(x) is
locally Lipschitz continuous, in a sense quantified by the following lemma, and so we have a good
improvement with a gradient step within certain range.

Lemma 2.4.3. Let L& 4 o forany x € A, and i € [n]

1. If Vig,(z) € (—1,1), then for all || < , we have

LIIC llos

2. If Vigu(x) < —1, then for all v < L”C o we have
L Cz 00
Vagule +ve) < (1 = A2 )0, )

2In particular, w is a 1-strongly convex function with respect to |- ||, and V. (y) d:efw(y) —(Vw(z),y—z)—w(x).

See [ZO14] for a detailed discussion of mirror descent as well as and several interpretations.



CHAPTER 2. SEQUENTIAL ALGORITHM FOR PACKING LPS AND COVERING LPS 20

Proof. First, observe the following:

1 —Vigu(z +7ve) _ /7_ Viigu(x +ve;) du’— 1 'YZjC]ZZ-CJj(x+I/e¢)
1
0

log v

1= Vigu(x) —Vigu(z+ve) | |uty X, Chgs(x +ve)
1 [ 1 L||C.ilo
< |2 [ 1culat| = Lpiical = A=,
HJo H
Then, we have
L[| Ciilloo 1= Vigu(z +7ei) L[| Ciilloo
_ Zliralleo < il I APV
exp( 1 === Vi) S exp(——,—— 1)

Since MM < 1 by our assumption, we have z < ¢ — 1 < 1.2z for v € [—1, 1. Thus, it
follows that

_LHC:iHoo | < Vigu(®) — Vigu(xz + vei) <1 2LHC:i”oo |
4 - 1 —V,g,(x) - 4 '
Finally, to prove the lemma we consider the following two cases:
1. If Vig,(z) € (—1,1), then we have
L C@ e
Vigu@) — Vgl + 0] < 1201 - Vigy () D2 ) < L0l
2. fV,g,(z) < —1,then 1 — V,g,(x) < —2V,g,(z), and
L Cz 0o L Cz 00
Vigulr +7) < Vigu(w) + (1~ Vagua) A2y < 0 - Hlloyyg, )
0

We call L||C,;||o the coordinate-wise local Lipschitz constant. For readers familiar with ac-
celerated coordinate descent method (ACDM) [Nes12], the C'-norm is essentially the || - ||1—, in
ACDM [Nes12] with o = 0, except we use the coordinate-wise local Lipschitz constant instead of
the Lipschitz constant to weight each coordinate. The significance of Lemma 2.4.3 is that for cov-
ering LPs the coordinate-wise diameter is inversely proportional to the coordinate-wise local Lip-
schitz constant. (This fact has been established previously for the case of packing LPs [AZO15a].)

The following two lemmas are invariant to the differences between packing and covering prob-
lems, and so they follow directly from the same results in [AZO15a] (but, for completeness, we
include the proofs in Section 2.5). The values of parameters p, L, 7, oy can be found in the de-
scription of Algorithm 1. The first lemma says that the gradient step we take is always valid (i.e.,
in A), which is crucial in the sense that the gradient descent improvement is proportional to the
step length, and we need the step length to be at least ﬁ of the mirror descent step length for the
coupling to work.

Lemma 2.4.4. We have ., yi, 2z € A forallk =0,1,...,T.
The second lemma is clearly crucial to achieve the nearly linear time O(N /€) algorithm.

Lemma 2.4.5. Each iteration can be implemented in expected O(N/n) time.
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Mirror Descent Step

We now analyze the mirror descent step of Algorithm 1:

2 — z,(:) def argmin{V;, ,(z) + (z, nakfl(f)ﬂ.

zEA

A lemma of the following form, which here applies to both covering and packing LPs, is needed,
and it’s proof follows from the textbook mirror descent analysis (or, e.g., Lemma 3.5 in [AZO15a]).

Lemma 2.4.6. (na;£” 2y —u*) < n202L{EY z, — ) + V., (u*) = Vi, (u?)
Proof. The lemma follows from the following chain of equalities and inequalities.
(nowéy”, 21, — u*)

+ (nakgk , 2 — u®)

T =V, (2), 24— 07)
Vo, (0) = Vo () = Ve, ()
+ Vo, (@) = Ve ().

(na€, ze1 — u*) = (nayel, 21 — Zk) +
= n20f L, ay — yk )
<n ai“fk ) T — yk )

< n2aiL< L s Tk —yk )

L{g )

S ’I’L2a2 k axk‘

The first equality follows by adding and subtracting zj, and the second equality comes from the
gradient step y,g) = T+ 5on L( ,g) — 2zj—1). The first inequality is due to the the minimality of z,(g ),
which gives

(VVor (20 4 nonel” u— 2) >0 Yu € A,

the second inequality is due to the standard three point property of Bregman divergence, that is
Vao,y >0
<_vv;:(y)>y - ’LL> = V;:(u) o Vy(u) - Vx(y)7

and the last inequality just drops the term —V, (u*), which is always negative. O

Also, we note that the mirror descent step, defined above in a variational way, can be explicitly

written as
1. z,(f) — Zp_1

2. 2+ 2 — nangl /1l
3. 162000 < 0,200 « 05 if 2 [i] > 3/]|Clallses 287[i] <= 3/]|Citl o-

This is invariant to the difference of packing and covering, and so it follows directly from Proposi-
tion 3.6 in [AZO15a]. It is fairly easy to derive, and so we omit the proof.
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Gradient Descent Step

We now analyze the gradient descent step of Algorithm 1. In particular, from the explicit formula-
nay \5;(:)|

tion of the mirror descent step, we have that |z,(:) [i] — zi_1[i]] < , which gives

1C:illoo

(4)
D il = 1] — 2 il < S
‘yk [2] xk[z]’ nakL’Zk [Z] Zkfl[z]l = L"C?i‘|00'

The gradient step we take is within the local region, and so Lemma 2.4.3 applies. We bound
the improvement from the gradient descent step in the following lemma, which is symmetric® to

Lemma 3.8 in [AZO15a].
Lemma 2.4.7. g,(ax) = 9.(5;") = §{Vga(m), 2 — 9)
Proof. Since xj, and y,(:) differ only at coordinate i, denote v = y,(f) [i] — xx[i], we have

. Y
9u(wr) — gu(W) = gular) — gulzr +ye;) = / —Vigu(xr, + ve;)dv.
0

0]
Since y satisfies |y| < LH%'\LO < anl_”oo, we can apply Lemma 2.4.3. There are two cases to
consider. ' ‘ "
If Vig,(z1) € (—1,1), then we have || < LH'%JL - ‘Zf\%fﬁgl’ and by Lemma 2.4.3 we have

—Vigu(zx +ve;) > —V,g,(zr) — L||C|| || in the above integration. Thus,

. Y
gule) — gu(y) > / Vgt ver)dy
0

i
> / —Vigu(wi) — Ll|Cullselv|dv
0

L Cz 0o
= Vgl - Al

B LHCn-HooM Vigp ()|
2 LHC:Z'HOO

> _Vigu(zk)'V

1 1 i
= —§<Vi9u($k)ﬁ> = §<V9u(35k),93k — y,(c)).

If V,;g,(x;) < —1, then again by Lemma 2.4.3 we have

e )9, ) > L Vgl

3The symmetry is between Lemma 2.6 in [AZO15a] and Lemma 2.4.3, as the gradient descent improvement
follows directly from the corresponding Lipschitz properties. The actual improvement guarantee is the same as Lemma
3.8 in [AZO15a].

—Vig#(xk + I/ei) Z —(1
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Thus,
. Y
gulzr) — gu(y) > / —Vigu(zp + ve;)dv
0

| 1 (i)
> —évigu(xk)dy = §<V9u(33k:)a$k — Yy >
0

Coupling of Gradient and Mirror Descent

Here, we will analyze the coupling between the gradient descent and mirror descent steps. This
and the next section will give a proof of Theorem 2.4.1.
As we take steps on random coordinates, we will write the full gradient as

Vgu(w) = EnVigu(w)] = Erf”’ +ngl’.

As discussed earlier, we have the small component 5,(:) € (—1,1)e; and the large component

77,(:) = V,g.(zk) — 5,(:) € (—o0, 0] e;. We put the gradient and mirror descent steps together, and

we bound the gap to optimality at iteration k:

ak(gu(xk) - gu(U*))
<(axVgu(zk), T) — u*)
=(axVgu(zr), o — 2k-1) + (Vg (), 2p—1 — u*)

=(oxVau(xr), o — 2k-1) + Ed(nawfﬁ, Zg—1 —u") + <nak£,(f), Zk_1 — u")]

1 — T i %
= (Vg (zr), Ye—1 — ) + Ei[<nak77](g)7 Zk—1 — u")]

+ Ei[<nak§,(:), Zho1 — u¥)]

1—T i %
< (9 (1) = g(w0)) + Eal(nou”, 21 — 7))

+ B af L& o — ) + Vi, (1) = Vo (u”)).

The first line is due to convexity. The next two lines just break and regroup the terms. The fourth
line is due to zp, = 7251 + (1 — 7)yg_1, S0 7(z — 25_1) = (1 — 7)(yx_1 — zx). The last line is
by Lemma 2.4.6.

We try to use the improvement from the gradient step given in Lemma 2.4.7 to cover the loss

from 77,(:), and the regret from the mirror descent step:

Eilnawn”, 21— u)] + Eiln*af L, v — 7)) 27

'
loss from 77]?) regret from mirror descent

and we will use the fact z;_1, z,sf), u* € A. Consider the following cases.
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1. 77,(:) [i] = 0: In this case, the loss term is 0. We only need to worry about the regret term, and

by Lemma 2.4.7
o} L&, 2 — y") < 20° 0} L(gu(wr) — 9u(5)")):

2. 7],(;) [i] <0, Z,Ef) [i] < e ” : In this case, we increased the i-th variable in both the gradient
and mirror descent step, and because ,z,(C 2 [i] is inside A without any projection, we know the
step length of gradient descent is exactly y"[i] — z[i] = " ol = LHCln-Iloo’ together
with 2,1 > 0, and u} < e ” , we have

i * * 3 i
(nona, 2 a—u") < (now, —u") < —nenVigu(an) e = 3nowl{Vgu(on), me—yy”),

1Ci ]l oo
and
(naxny, 21— w?) + n2ad LG w — ) <BnakL +n?afL)(Vg,(ae), o — )
<(6naxL + 202} L) (gu(zx) — ().
The last step is by Lemma 2.4.7.

||c‘$\| : In this case, as we know v} < TGl ” , we have

3] < 0,2[i) =
<naknl(g)7 k-1 — U > S <na/€n](;)a Rk—1 — Z](gl)> = TLQQIQCL(T]I(QZ)) T — y](cl)>7
and
<”04k77;(f)7 Zp—1 —u') + nZOCiL@;(:)? Ty — y,(f)) §2n2aiL<Vgu(l’k)7 T — Z/;Ef)>
<4n?0} L(gu(zx) — guly)).
Again, the last step is due to Lemma 2.4.7.

Since nay, < 1 for all k£, we have in all above cases,

Eil(nawny, 211 — w)] + Ean?af L(E, i — yi)] < BilSnanL(g,(wx) — 9u(ui))].
Back to our earlier derivation, we have

1 — T i %
(9 (We-1) — gu(ax)) + Eil(nagn'?, 2y — u*)]

+ En* i L&) on —y”) + Vi, (") = Vo (u”)]

<L a(gul1) — gu(o)) + EilSnanLlgu(oe) — 95"

+ E; [‘/21%1 (U*) - ‘/Zl(cl) (u*>]

k(gu(Tr) — gu(u®)) <
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With our choice of 7 = 87+L’ o = ﬁak_l, we have
—arg,u(u*) < 8nLog 19, (Y1) — Ei8nLang, (yi)] + Bl Vz, ., (u") — V.o (u?)]-

Telescoping the above inequality  along k = 1,...,T, we get

T
ElsnLarg,(yr)] < 3 g, (u”) + 8nLaogu(yo) + Vao ),
k=1

and thus

25—1 Ok ) 1
E < k=1 TR o ) 4 20 W, (u").
19,.(yr)] < SnLan Gu(u”) + aTgu(yo) + SuLon o(u”)

Wehave S, ap =ar >, (1— =7)" =8nLar(1—(1—55)") < 8nLay, and by our choice

of T'= [8nLlog(1/e€)], we also have

Qg 1 7 1 € €
— =(1- _> > €, S = 3
ar &L &qLoar — 8nlLay 8
and thus .
Eulgu(yr)] < gu(u”) + egulu) + £ Vo).

Finding a Good Starting Point

Here, we will describe how to find a good starting point for the algorithm. This will permit us to
establish the quality-of-approximation and running time guarantees of Theorem 2.4.1.

A good starting point gy = 25" for Algorithm 1 is an initial condition z***"* that is not too far
away from the optimal in terms of the function value (i.e small g,,(yo)), and not too far away from
u* in C-norm (i.e. small V, (u*)). For packing problems, starting with all the all-0’s vector will
work, but this will not work for covering problems. Instead, for covering problems, we will show
now a good enough z*%*" can be obtained in O(N).

To do so, recall that we can get a 2-approximation z* to the original covering LP in time O(N )
using various nearly linear time covering solvers, e.g., those of [KY14; Youl4]. Without loss of
generality, we can assume z[i]# € [0, m], since we can use the diameter reduction process as
specified in Lemma 2.3.1 to get a equivalent solution satisfying the conditions. Then, we have the
following lemma.

Lemma 2.4.8. Let 25 = (1+4-¢/2)z%, we have 25" € A, g,,(25*) < 4OPT, and Vstare (u*) <
6 OPT

“More accurately, the telescoping works on

—argy(u”) < 8nLag—1Er,_, [9u(ye-1)] — Er, [BnLangu(yy”)] + Er, [Vay, (u)] = Er [V.o (u”)):

where I}, is all the random coordinate choices made through the first iteration till k-th iteration. The final expectation
on g, (yr) is over all the Trandom choices.
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Proof. It is obvious that 25" € A. Thus,
T8t — (14 ¢/2)1T 2% < (1 +¢€/2)20PT < 30PT .

Furthermore, we have Cz5t — 1 > (1+¢/2)Ca? — 1> <1, and so

£
2

HM_ L 3 OPT < 40PT.

2
g,u(xstart) _ “qu(xstart)+isztart < Mzexp(_i)+3 OPT <
, , L

- - (nm)?

For the divergence, we have that

* 1 star *
Vipstare (u”) ) Z [[Cilloo (25" — ui)2
1
=3 D IC oo (@) + (u) — 225 uy)

Sg Z I?tart + u;k

3
<5(30PT +OPT) < 6 OPT,

which proves the lemma. 0

It is now clear that we have

Eilg,(yr)] < gu(u*) + €gu(yo) + gVZO(u*) < (1+¢€)OPT+4e OPT 4+e OPT = (1 + 6¢) OPT.

Thus, we have the approximation guarantee in Theorem 2.4.1. The running time follows directly
from Lemma 2.4.5 and 7' = O(n/e).

2.5 Missing Proofs

Lemma 2.1.1. OPT € [1,n]

Proof. By the assumption min,cp,) || Psl|cc = 1, we know at least one variable has all coefficients
at most 1, so we can just set that variable to 1, which gives OPT > 1. On the other hand, since
each variable has a coefficient of 1 in some constraint, no variable can be larger than 1, thus
OPT < n. ]

Lemma 2.1.3. Setting the smoothing parameter |, = we have

€
4log(nm/e)’

1. f,(u*) < —(1—¢€)OPT.
2. fu(z) > —(1+¢€) OPT for every z > 0.
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3. Letting xo > 0 be such that x|i] = ﬁfor eachi € [n], we have f, (1) < —=--.

4. For any x > 0 satisfying f,(z) < 0, we must have Px < (1 + €)1, and thus 1"z <
(1+¢) OPT.

5. If x > 0 satisfies f,(r) < —(1 — O(¢)) OPT, then -z is a (1 — O(e))-approximation to
the packing LP.

6. The gradient of f,(x) is

Vfu(x) = —1+ PTp(z) where pj(z >—fexp<;<<Psc>j—1>,

and ¥V f,(v) = =1+ 3, Pyp;(z) € [-1, 00].

—

Proof. 1. Since Px* < 1,
Then p;(u*) < exp(
€/2) OPT +pm(5)?

= (1 — €¢/2)x*, we have (Pu*); — 1 < —¢/2 for all j.
(o) and fy(u) = =TT + p 37 pi(u') < —(1 -
) OPT.

and u*
L -
<—(1-

2. By contradiction, suppose f,(z) < —(1 + €) OPT, since f,(z) > —1"z, we must have

172 > (1 + €) OPT. Suppose 172 = (1 + v) OPT for some v > e. There must exits a j,
such that (Pz); > 1 4 v. Then we have p;(z) > exp(v/p) = ((2)*)¥/<, which implies

€ mn

__° v/e _ (140
Tog(mn/e) ) ) (1+v)OPT >0

fu(z) > —=(1 +v) OPT +pup;(z) >

since OPT < n, and v > e. This gives a contradiction.

3. The x we use satisfies Pxy — T < —€/2 — f, thus

pwm 1—¢/2 1—e¢
=1 o) — 1T < _ < _
HZ P3(2o) T0= (nm)? n n

4. By contradiction, suppose there is some j such that (Px); —1 > e. Let v > ¢ be the smallest
v such that Px < (1 + v) OPT, and denote j the constraint that has (Pz); — 1 = v. We
must have 172 < (1 + v) OPT by definition of OPT. Then

€ mn

Fola) 2 ) = (14 0) OPT 2 e (U2)7 = (14 1) OPT > 0,

which gives a contradiction.

5. By the above part, f,(z) < —(1 — O(¢)) OPT < 0 suggests * is feasible. Furthermore,
—1Tz < fu(zr) < —(1 — O(e)) OPT gives 17z > (1 — O(e ))OPT, thus 1T1i+e > (1-—
O(e)) OPT is approximately optimal.
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6. This is by straightforward computation.

Lemma 2.14. OPT € [1,m]

Proof. By the assumption min;cpy,) [|C}:[[oc = 1, we know at least one constraint has all coeffi-
cients at most 1, so to satisfy that constramt we must have the sum of the variables to be at least
1. On the other hand, since each constraint has a variable with coefficient at least 1 in it, x = T
clearly satisfies all constraints, so OPT < m. O]

Lemma 2.1.6. Setting the smoothing parameter |, = we have

1. g,(u*) < (1+4¢€) OPT.

2. gu(x) > (1 —€) OPT for any x > 0.

3. For any x > 0 satisfying g,(z) < 2OPT, we must have Cz > (1 — €)1.
4

. If x > 0 satisfies g,(x) < (1+ O(¢)) OPT, then = is a (1 + O(e))-approximation to the
covering LP.

5. The gradient of g, (x) is
1
Vau(r) =T~ Cala) where g,() E exp(_ (1~ (Ci)).

and V;g,(r) =1 =3, Cjiq;(z) € [—o0,1].

Proof 1. Since Cz* > T, and u* = (1 + €/2)z*, we have (Cu*); — 1 > ¢/2 for all j. Then

gj(u*) < exp(—5) = (:5)% and

* * E
Ry +u2qj(u ) < (1+¢€¢/2) OPT—i—,um(%)2 < (1+4¢€)OPT.

2. By contradiction, suppose g, (z) < (1 —¢) OPT, since g,(x) < OPT < m, we must have
g;(x) < m/p for any j, which implies (Cz); > 1 — €. By definition of OPT, we have
AZ‘Fx > (1 — €) OPT, since Cz > (1 — €)1. This gives a contradiction as g, () > 17z >
(1 —¢)OPT.

3. By contradiction, suppose there is some j such that (Cz); — 1 < —e, then as in the last part,
we have pug;(z) > p(™2)* > 2 OPT, contradicting g, (z) < 2OPT.

4. Forany x satisfying g, (z) < (1+0(¢)) OPT < 2 OPT, by last part we know C'z > (1—e)T,
so C(r) > 1. We also have 17 (:L-2) = {2172 < tLg,.(z) < (1 + O(¢)) OPT.
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5. This is by straightforward computation.

Lemma 2.4.4. We have x,, yi, 2z, € A forallk =0,1,...,T.

Proof. At the start xy = yo = 29 = 25" € A by assumption. z; is always in A as we take the
projection in the mirror descent step. If we can further show y;, € A for all k, we are done, since
x, 1s a convex combination of y;_1, z;_1. To show 3, € A, we write y; as a convex combination

of 2o, ..., 2k Yr = Zf:o chz. Atk =0, wehave yo = zp, andatk = 1,4, = x1+ﬁ(z1—zo) =
mllel +(1-— mlL)zo, as vy = Yo = zo. For k > 2, we can verify

(1—7)c_, 1=0,....,k—2
!
Ck = (nakl_lL - nalkL) + T(l - nakl_lL) l=k—1
1
nagL l=k
since
SR )
=x 2 — Zp_
Yk k nagL k k—1
= _ 1-— _ — 2
Tzp—1 + ( )Yk 1+nakL<zk Zk—1)
k—2 1
=7z1+ (1 — T)(ZZ cL,lzl + P k—1) kL<Zk — Zk_1)
k—2
1 1 1 1
— 1—7)c — 1— _
(2_( T)Ck-12) + ((nak,lL nakL) T nak,lL»Zk o naksz

l

Il
o

As ap > ay_1,and o = i, we have cﬁc > 0 for all [, k, and it is easy to check the coefficients
sum to 1 for each k. [

Lemma 2.4.5. Each iteration can be implemented in expected O(N/n) time.

Proof. We show how to implement a iteration conditioned on ¢ in time O(||C.|o), where ||C.;]|o
is the number of non-zeros in column 4, thus give a expected running time of O(NN/n) for each
iteration. We maintain the following quantities

2 € Rgo,czk € Rgo,y; € R", cy, € R™, By1, By2 € Ry
with the following invariants always satisfied throughout the algorithm
Cz, = czy (2.8)

Ur = Brazr + Broyy,, Cyr = Byicz, + Byacys (2.9)

When k = 0, we let cz; = Cz, Y. = Yo, cyr = Cyo, Br1 = 0, B2 = 1, and it is clear all the
invariants are satisfied. For k =1,2,...,7"
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e The step z, = 7251 + (1 — 7)yx_1 does not need to be implemented.

e Computation of V, f () requires the value of ¢;(zj) = exp( (1 —(Cxy),)) for each j such
that Cj; # 0, and we can get the value

(Cag)j = 7(Cz—1)j+(1=7)(Cys-1); = (T+(1—7)Br—1,1)(c25-1);+(1—7) B—1,2Yr-1,

for each such j. This can be computed in O(1) time for each j, and O(||C;||o) time in total.

e The mirror descent step z,(f) def argmin, . {V,,_,(2) + (z, nakf,(f)ﬂ is simply z;, = 2z, + d ¢

where 6 € R can be computed in O(1) time. z, = 251 + de; yields y, = 7251 +

(1= Typ—1 + -7 o L e; by the gradient descent step. Therefore, we can update the values
accordingly
2k ¢ Zp—1+0e;,  czp — czp_ + 00,
and
Bk,l — T+ (1 — T)Bk—l,l Bk’Q — (1 — T)Bk_LQ
B B
Y < Yroy HO(=52 + nalkL$> e Cyr < cYp1 + (=5 + ﬁ%ﬁ)ai
We can verify that after the updates, the invariants still hold
B 1 1
=B Bioy, = B 1+de;)+ B f o(—== i
Yk =Dp12k + Dk 2y, ki(2e—1+0€) + Bra(y,_1 +6( Bra + ol Bk,z) e;)
1 1
=B 1+ B f ) —) e
k,lzk 1 + k72(yk71 + <nOékL Bk72) € )
L

=(14+ (1 —=7)By-11)zk-1+ (1 = 7)Br—12)yp_; + + e;
akL

o (1 — Py )
Tzp—1 + (1 — 7))y 1++nakLe

It is also straightforward to verify C'yy = By ¢z + Biacyy equals Cyp = 7C2—1 + (1 —
T)Cyk_1 + —l—m +C e;. The updates are dominated by the updates on cz; and cyy, which
take O(]|C.;||o) time.

]
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Chapter 3

Parallel Algorithms for Packing LLPs and
Covering LPs

In this chapter we present the parallel algorithms for packing LPs and covering LPs. At a high
level, we still use the optimization approach as our sequential solver from previous chapter, where
we optimize the smooth function f,(u) or g,(u). However, in our parallel algorithms, as we are
updating multiple variables simultaneously, we face a different issue regarding the smoothness of
the function.

3.1 Technical Overview

At the core of most gradient based optimization framework is the smoothness issue, where the
update step is bounded by the local region where the gradients don’t change too wildly. In parallel
algorithms where we move all variables simultaneously, we have to take interference into consid-
eration, where by interference we mean that variable ¢’s gradient will be affected by the update
of other variables j # . In particular, the bottleneck of the convergence in [AZO15b], as we see
it, is that the step size of the update is too small due to interference. In a typical iteration, they
aim to move all variables simultaneously proportional to the respective gradients, without chang-
ing the gradient of any variable by too much. A natural obstacle arises when the gradients of the
variables are not on the same scale. In such case, even when variable 7 has a large gradient, we are
constrained from moving ¢ by a large step to harness the improvement, due to the interference of ¢
with some other variable j, which has a tiny gradient.

We tackle this bottleneck by reducing interference with dynamically-bucketed selective coor-
dinate descent (DB-SCD). In particular, as specified in Section 3.2, in each iteration, we group all
the variables according to the magnitudes of their gradients such that variables in the same group
all have approximately the same magnitudes up to some constant factor. If we only update vari-
ables of one randomly chosen group, we don’t suffer from the ratio of the largest gradients and the
smallest gradients of the variables we move. We further show that we only need log % groups, so
each iteration we update a large fraction of the variables on expectation.
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For the O~(€i2) time algorithm, we use a setup that multiplicative update the variables (com-
paring to the addictive updates in the sequential solver), and get a explicit algorithm for packing
LPs. The algorithm for covering LPs is a bit different, as it first construct its dual packing LP, run
the algorithm on the packing LP, and construct a solution for the original covering LP using the
gradients from all the iterations.

For the accelerated O(g) time algorithm, we use the same additive update setup as in our
sequential solver (including discrete lifting for covering LPs), and the techniques in DB-SCD. We
lose a factor of d (i.e., the max number of non-zeros per row in A) in the running time bound,
since to stay in local smooth region, we need to bound our update’s impact on the gradient, which
depends on the exponential penalties of the constraints. As we are updating variables additively,
we need to scale back the step size by é since a constraint may have d variables involved in the
update.

3.2 O(%) Parallel Solver for Packing LPs

In this section we present the randomized 0(1 /€?) time parallel algorithm for packing and cov-
ering. We will start with our packing algorithm and main results, followed by the analysis and
proofs. Then we show the algorithm and analysis for the dual covering problem, using largely the
primal packing solver.

Algorithm and Main Theorems of Packing Solver

Our algorithm to approximately solve packing LPs is specified in Algorithm 2. Recall to find a
(1 — €)-approximation of a packing LP, we will approximately minimize the following convex
function over the region x > 0

fola) = =TTa + Y expl((Pa); = 1)

In each iteration k, for each variable x[i|, we break the gradients V, f,,(x) into small, medium,
and large components, let

Cali] z{ Vifulz) Vifu(w) € [—e.€]

0 otherwise
0 Vifu(zy) € [—€ ¢
§lil = § Vifu(@) Vifu(e) € [-1,1]\[—€, €]
1 szu(xk) > 1

(i) = { Vifulzg) =1 Vifu(zg) > 1

0 otherwise
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Algorithm 2 O(}z) time parallel packing LP solver
Input: P € RZ™, f,, e € (0,1/2] Output: » € R%,

1+ m, a5

2: T ¢ LOlosll/dlosBml] — (L) vy < [log(L)]

3: T ﬁ

4: fork=0to1T — 1do

5: Selectt € {0,...,w — 1} uniformly at random

6: for: =1tondo
> Gradient truncation:

7: Compute V, f,(xy), and get £ ,(f) [i] as defined in (3.2)
> Update step:

8 v [i] = 2l [1] = wli] exp(—ag)[i])

: end for
10: end for

11: return zp.

We have
Vfu(zr) = G+ &+ m (3.1

As we will see in Lemma 3.2.3, if the gradients are all within a factor of 2 from each other, we

can take a multiplicative step with step size & = O(u) = O(e). To exploit that, we will further
partition the variables into groups, such that for variables in the same group, the absolute values of

their truncated gradients will be within a factor 2 of each other. For t € {0,..., [log(1) — 17}, let
&li]  &li] € (€2, €2t
: : i t=log(})] -1
01 = e A X7
0 otherwise

0 otherwise

In each iteration, we will pick a group ¢ uniformly at random, and update all variables using & ,Ef).
Our main result is summarized in the following theorems.

Theorem 3.2.1. Algorithm 2 outputs wr satisfying E[f,(vr)] < —(1—>5¢) OPT, and the algorithm
can be implemented with O(%) iterations with total work O(N/€®), where N is the total number
of non-zeros in P.

Given Theorem 3.2.1, a standard application of Markov bound, together with Lemma 2.1.3(5),
gives the following corollary.

Corollary 3.2.2. There is an algorithm that, with probability at least 9/10, computes a (1 —
O(e))-approximation to the fractional packing problem and has O(N/e*) expected total work,
and implementable in O(1/€¢?) distributed iterations.
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Analysis of Algorithm 2 for Packing LPs

For preliminaries, see Section 2.1, especially Lemma 2.1.3.
Same as in [AZO15b], we interpret our update step xy1[i] < xff}rl[z] o x[i] exp(—@é’,ﬁt) [i])
in Algorithm 2 as both a mirror descent step, as well as a gradient descent step. We proceed with

respective analysis for the two interpretations.

Gradient Descent Step

We will first analyze the update step in Algorithm 2 as a gradient descent step. As in most gradient
descent analysis, we need to bound our step’s impact on the gradients. We show f,(x) is locally
multiplicative Lipschitz continuous, in a sense quantified by the following lemma. Note the result
is a stronger version of Proposition 3.6 in [AZO15b], in the sense that the step size « is 1/¢ larger.
This improvement is achieved due to the reduced interference from our selective updating.

Lemma 3.2.3. Let x,(:}rl[z] = xi[i] exp(—ozg,(:) [i]) for any t = 0,...,w — 1 as in Algorithm 2.
Let By = {z'\f,ff) [i] > 0} be the set of variables we update. If Pz, < (1 + €)1, then for any

x=rTx+ (1 — T)ZL‘](fil where 7 € (0,1], we have Vi € By, V,f,(z) is between 3V, f,(x}) and
%Vifu(xk)-

Proof. Because for all i € By, €[] € (2!, 2] U [—€2!1, —e2!), each variable changes multi-
plicatively by at most exp(+ae2t™1), and since ae2!™ < 1/4, we must have for all 4,

8 8
xli] € xgld] - [1 — gae?, 1+ gae2t] (3.3)
Now we look at the impact of the step on the exponential penalties
1
pj(x) = eXp(;((Px)j - 1))

Due to (3.3), and (Pxy); < (1 + €) for any j, we have
10

8
|(Px); — (Pzg),| < gae?(Pa:k)j < EQET
Then by our choice of o, we have
10ae2! €2
pi(x) = pj(ax) exp(— 3 ) = pj(k) exp(——-)

Since €2! < 1, we have exp(—%) > (1-— %) By a similar calculation for the upper bound, we

have
€2t €2t

—, 1+ 1 ] (3.4)
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For any i € By, if £7[i] € (e2!,¢2'*1], we have

Vifula) = (P'p(z)); — 1

> (Pp(x))(1 — )1

= (Vefulw) + 10— Dy 1
o Vifu(zs)

- 2

where the last step is due to €2' < 1 and V, f,,(zy) > f,(:) [i] > €2. By similar calculation, we get
Vifu(z) < 3V, f.(zx). The same holds for the case f,(:) [i] € [—e2!T1, —e2t). O

We will see in Claim 3.2.5, the condition of Pz, < (1 + €)1 holds for all k = 0,...,T. Once
we established smoothness of the gradients within the range of our update step, we can lower
bound the improvement we make. In particular, the term (an,(f), x — u) is the loss incurred from
the truncation, as our update step doesn’t act on the truncated part, but it shows up when we use

convexity to bound the gap to optimality.

Lemma 3.24. Forallt =0,...,w— 1, anyu >0

(an zp —u) < 4(fulan) — fulzil)y))

Proof.
' 0 0 0
fulan) = fuai) = [ (FA el + (o= 2l ) = ol )ar
=5 [ Vahalfl 7o = 200 x (] - 000
1€B
where the last equality is because z[i] — :vg}rl[z] = 0 fori ¢ B;. By Lemma 3.2.3, we have

Vifu(x,(il + 7(x) — 1‘1(31)) has the same sign as V, f,,(xy,) for all 7 € [0, 1]. Furthermore, by our

update rule, x[i] — x,@rl[z] also has the same sign as V, f,,(x,), so we have f,(zy) — fu(%?ll) 0

forall t. If t < w — 1, we know 7],(:) = 6, thus

(an o —u) = 0 < A(fu(ar) — fu(z)])
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Whent = w — 1, let B = {i|V,f.(zx) > 1} DO B, be the set of variables with nonzero 77,2)[ ], we
know for ¢ € B, fk [i] =1, s0 x,(cil[l] = x[i] exp(—a), and

fulwd) = fulal) = 3 / Vb, + 7w — al)))dr x (nli] — o, i)

1€EBy

>3 / Vifulwilly + 7l = ail))dr x (asli) = 22, )

i€B
> Z §vi Fulzr) X 2 [i](1 — exp(—a))
i€B
> Vilulai
i€B
The first inequality is due to B; C B, and every 7 has non-negative contribution to the sum. The

second inequality is from Lemma 3.2.3, and the last inequality is because (1 — exp(—a)) > «/2
when o < 1/10. Then we have

(o @, —u) <Y aVifu(an)anli] < 4(fulen) — fulzi)))

i€B
where the first inequality is because V; fu(xk) > 77,(:) > 0 in this case, and u > 0. L]
We see f,(x)) — fu(%ﬂ) >0forany ¢t =0,...,w — 1, we have

Claim 3.2.5. f,(z}) is non-increasing with k. By part (3), (4) of Lemma 2.1.3, Pxj, < (1 +¢) 1
and 17z, < (1 + €) OPT for all k.

Mirror Descent Step

We now interpret the update step as a mirror desent step. We use the same proximal setup as
in [AZO15b]. The distance generating function will be the generalized entropy function, where

def . . .
w(z) =) afi]log(xli]) — [
i€[n]
and the corresponding Bregman divergence function will be
Vo) = 2 ol og U + ] - 1)
i€[n]

This is the standard proximal setup when one works with L;-norm with the simplex as the feasible
region. In our case, since the feasible region is z > 0, we don’t have the standard strongly
convexity of the Bregman divergence, but one can verify

Vay) = Sl tog L2 + afi) — ) > 37 e = vl (3.5)

icn) z[i] prm max{z[i], y[i]}
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To interpret the update step as a mirror descent step. The following claim is the same as Claim 3.7
in [AZO15b] applied to different vectors.

Claim 3.2.6. Forallt =0,...,w — 1, we have

:U,(CJ)FI s argmm{Vm (2) + (z — xk,af’,(:))}

Proof. Since the function V) (2), the dot product and the constraint z > 0 are all coordinate-wise
separable, we look at each coordinate independently. Thus we only need to check

) [i] = argmin{(z[i] log % +ap[i] — 2[i]) + aeP[i] (z]i] — x4[i))}

2[i]>0

This univariate function being optimized is convex and has a unique minimizer. We find it by
taking the derivative to get
4d

]
L () rqdef 4 . ().
, which gives x|, [i] = z[i] = 23[i] exp(—ag;,”[1]). O

log + ozé,it) [i]=0

Once we see the update step is indeed a mirror descent step, we can derive the following result
from the textbook mirror descent analysis (or, e.g., Lemma 3.3 in [AZO15b]).

Lemma 3.2.7. Forallt =0,...,w — 1, we have for any u > 0

(a{l(:),xk —u) < a?OPT +Vi, (u) — V) (u)

k+1

Proof. The lemma follows from the following chain of equalities and inequalities.

(o, @, —u) = (g, wp — 2))) + (08! 2], — u>
t t
< (ot zp — 2] ) + (=Y, (al)), 2
< (o ax —aily) + Vo () = Vo <u> — Ve ()

zili] — =) [i])2
<Z<O‘f —ayhli]) - ol - +(t[)]) >+ka(u)—v<t> (u)

il 2max{xy[i], 7)., [i]}

—u)
Vi (]

< 3 (1) max{auld ric 1)

2

+ Vi ( ) V o (u)

Tht1
i€[n]

2
< 2T g + Vi (w) = Vo (u)

3 k+1

<« OPT—{—VM( ) — V. (u)
k+1
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The first equality follows by adding and subtracting 37531- The first inequality is due to the the

(t)

minimality of x; ,, which gives

(Vo (28 )+t u— 2y >0 vu>o0,

the second inequality is due to the standard three point property of Bregman divergence, that is
Ve,y >0

(=VValy),y — u) = Valu) = Vy(u) = Va(y),
the third inequality is from (3.5), the fourth inequality follows from 2ab — a®> < b?, the next
inequality is due to 2\'),[i] < x[i](1 + €), and £”[i] < 1. The last inequality is by Claim 3.2.5,
1Tz), < (1 +¢€) OPT. O

Coupling of Gradient and Mirror Descent

In this section we show convergence using the results we derived by analyzing the update step as
both a gradient descent step and a mirror descent step. This section will give a proof of Theo-
rem 3.2.1.

Recall we break the gradients into small, medium and large components. The proof follows a
similar approach as Lemma 3.4 of [AZO15b], where we bound the three components respectively,
and telescope along all iterations. Furthermore, we divide the medium and large components into

w = log([1]) groups.
Vfu(wk) = G+ & +

and
§p = wEy [5;(:)], = wky [77;(:)]
We bound the gap to optimality at iteration k:
a(fu(wr) = fulu")) <(aV fu(zr), 2 — u”)
=a(Ck, T — u") + &k, T — u) + alny, T — uF)
=a{Gy, o — ) + wh(0&”, 2 — )] + wi[(om”, zi — )]

The first line is due to convexity. The next two lines just break and regroup the terms. Now we
upperbound each of the three terms

Lemma 3.2.8. 1. ((;,zr —u*) < 3¢ OPT.

2. Vt, (aﬁ,ﬁt),xk —u*) <?OPT +V,, (u*) =V o (u*).

k+1

3.9, (am) o — u) < A(fulme) — fulzi)y).

Proof. 1. We know |([i]| < e for all 4, I7z;, < (1 + €) OPT from Claim 3.2.5, and 17u* <
OPT, thus
(Coy g — u*) < e(TTay 4 TTu*) < 3¢ OPT
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2. This is just Lemma 3.2.7 applied to u = u*.

3. This is just Lemma 3.2.4 applied to u = u*.

Then we have

afulzi) = fu(w?)) <alGezp —u*) + wE (€, 2 — u*)] + wE,[{any”, z), — u*)]
<3ae OPT +wE;[a® OPT +V,, (u*) — Vo, (u*)]

+ 4wfu(xk) - 4WEt[fu(x1E;tJ)r1)]

The above inequality holds for x;, following any sequence of random choices (i.e. t’s in the first
k — 1 iterations). Let I} denote the random choices over the first £ iterations, we take expectation
of the above inequality to get

a(Ep, [fulwr)] = fulu") <3acOPT +a’w OPT Hwky, [V, (uw)] = wEy,, [V, (u)]
+ Ay [ fu(@)] — 4wk, [fu(])] (3.6)

Telescoping (3.6) for k =0,...,T — 1, we get

-1
@) (Er[fu(za)] = fulu?))
k=0
<3Tae OPT +wTa® OPT +wV,, (u*) + dwf,(r¢) — 4wEy, [fu(ng))]
<3Tae OPT +wTa? OPT +2wlog 2n OPT —4wE,, [f,(z')] (3.7)
where the last inequality is due to f,(x¢) < 0, and
Claim 3.2.9. V, (u*) < 2log2n OPT

Proof.

Zu logu 2 + xo7] Zu logu 2]+x0[]

Pl _—
< l
2w lilos oy )t Al

< TTu*log(2n) + 1 < 2log(2n) OPT

where we have used u; < ﬁ in the second line, since Pu* < 1. The third line is due to

1Ty* < OPT, and OPT > 1. O
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We prove that £, [fu(x(Tt))] < —(1 — 5¢) OPT (i.e. Theorem 3.2.1) by contradiction. If
Er [fu(x)] > —(1 — 5¢) OPT, we have —4wE,, [f,(z{")] < 4w OPT. Divide both sides
of (3.7) by oT', we have

~
—

1

T a(Ep [fu(ze)] = fu(u"))

0

B
I

1
<7 (8Tae OPT +wTa? OPT +2wlog 2n OPT —4wEy, [f,(x{)])
«

2wlog 2
<3¢ OPT +wa OPT 12219827 pp 40 pp

« T04

Recall o = p/20 = W, we have wa < €/20. By our choice of 7' = m“’;—zg%, we have
Zw;?—g% <€, and - < ¢e. Thus

=

7 2 (Erlfulwn)] = fu(u?)) < 4e OPT

b
I

0

From part (1) of Lemma 2.1.3, we know f,(u*) < —(1—¢) OPT, which suggests there exists a zy,

such that f,(z;) < —1(1—>5¢) OPT. This gives a contradiction of E;,.[f,(z (t))] > —(1—5¢) OPT
by Claim 3.2.5, as f,(xy) is non-increasing, so is E, [f,.(xx)].

3.3 O( >) Parallel Solver for Covering LPs

A benefit of actually computing all the gradients in each iteration is that we can exploit the same
primal-dual structure as in [AZO15b] to get a covering LP solver. Given a covering LP instance
in the form of (2.2), we can construct its dual, which is a packing LP with P = C7. If we run
Algorithm 2 on the packing instance for 7 iterations, the average of the exponential penalties used

in the computation of gradients
T-1
1
g= ) plwr) >0 (3.8)
k=0
will be with constant probability a (1+¢)-approximation of the covering problem after some simple

fixing step. Here p(xy) is the vector with the exponential penalties of the packing constraints at
iteration k.

The primal-dual property we will exploit is that the slackness of the i-th covering constraint
with ¢ is the average gradient of the i-th variable in the primal packing LP.

T-1

(Cy)i—1= ;E(PTP(% ZV Su(r)

k=0
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We use a similar approch as in [AZO15b; ZLO15]. We specify the fixing procedure in Algorithm 3
from [AZO15b], which explicitly makes all the dual constraints satisfied. We will run Algorithm 2

Algorithm 3 Fixing procedure for covering LPs
Input: P* = C € RZ™, € € (0,1/10], § € RZ, Output: y € RZ such that Cy > 1.
Ly <+

2. for all i such that \; & (PTg);, — 1 + ¢ < —2c do
3 Let j = argmax P; y, i.e. Pij = || Pil|oo-

5: end for i

6: return .

2
6w 2w-log %

for T iterations, with 7" > max{ %%, ——=——=}, and fix the § as in (3.8) with Algorithm 3. Let y be

the output of Algorithm 3, y is feasible by construction, i.e. y > 0,Cy = PTy > 1. Furthermore,
we can show

Theorem 3.3.1. E[I7y] < (14 10¢) OPT, andy > 0,Cy = PTy > 1.
Apply Markov’s inequality, we get

Corollary 3.3.2. There is a algorithm that, with probability at least 9/10, computes a (1 + O(e))-
approximation to the fractional covering problem and has O(N/€?) expected total work, and im-
plementable in O(1/€?) distributed iterations.

Analysis of Algorithm 2 for Covering LPs

We first show Tng is close to OPT on expectation.
Lemma 3.3.3. Forany T > %2, we have E[177] < (1 + 5e) OPT

The proof follows directly from Lemma D.1 of [AZO15b], only with the additional w =
log( E]) due to our dynamic grouping, and the expectation. The expectation holds since all the
inequalities used in the proof hold universally (i.e. in any outcome of the random choices). We
omit the proof here, and encourage interested readers to look at [AZO15b].

Now we look at the i-th constraint of the covering LP, which corresponds to the variable x[i] in
the dual packing instance. Let Z ,Ef) be the indicator random variable of whether z[i] is in the group
being updated in iteration £ of Algorithm 2, and

S =w Z,gi)(min{vifu(xk), 1} +e€)
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Using the notations of Algorithm 2, we have for all 4, & > S Lelt h [ . We know the cumulative
update on variable x[i] must be bounded, due to Claim 3.2. 5, zxfi] < for all k, and in

. HP H
particular
> xpi] = zoli] exp(—« ¢ ) > xoli] exp(—a—) = ———— exp(—a—)
[P:illoo Z ’ w’ o nf[Pilleo w

which gives the lower bound on the random variable .5;

g > wlog 2n

(3.9)
o)

Notice that the slackness of the i-th covering constraint with the solution ¥ is

with the definition of the random variable U; = 31— min{V,f,(z1), 1} + €. If the i-th variable is
updated in all iterations, i.e. Z ,i ) — 1 forall k, we have U; = S; in that case, and when T" > 6“’10‘?—52"

wlog 2n
ol

1
(PT?j)i—l‘i‘EZfSiz— > —¢

so we know (PTj); > 1 — 2¢ for all i, which means all covering constraints are approximately
feasible. However, we don’t always update variable 7 in all iterations of Algorithm 2, so we need
to bound the difference S; — U;.

2w? og

Lemma 3.3.4. Forany T > , we have Pr[S; — U; > €T'] <

£
n

Proof. The randomness of U; and .S; comes from the random choice of which group to update in
each iteration of Algorithm 2. Let

DY =w Y~ 20 (min{Vifu(2), 1} + ) = > min{Vify (), 1} + ¢

K<k K<k
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Let Gy, be the random choice (i.e. the group to update) made at k-th iteration of Algorithm 2.
Since Z,gl) is an indicator random variables with probability of i being 1, and it is independent

from G, ..., Gi_1, D,Ef) is a martingale with respect to Gy, as
i i 1 . : ;
E[D|Go, ., Gra] = DYy + —w(min{ Vify(ax). 1} + ) = (min{ Vify(22), 1} + ) = DY,
and we have . .
DY = E[S,— U] =0, DY =8,
Furthermore, |D,(:) — D,(fll| < w for all £, so we can apply Azuma’s inequality, and get

e2T?

Pr(S; = U; = eT] < expl57)

€
S_
n

O

The above lemma shows that with high probability, ¢ satisfies the i-th covering constraint up to
—3e. In the rare case it doesn’t, we use Algorithm 3 to fix it, and get iy/. We show on expectation
this step doesn’t add too much to the total cost.

Lemma 3.3.5. E[17y/] < (1 + 6¢) OPT.
Proof. When S; — U; < €T, we have

wlog 2n

1
(PT@)Z-—Hezf(SZ»—eTm— —e> —2

o
so we don’t need to fix the ¢-th constraint. When that is not the case, since (PTyj)i > 0, and
| Pilloo > 1, we need to add at most 1 to some variable 7/} to fix the i-th covering constraint. For all
the n covering constraints, we add on expectation at most n< < ¢ < ¢ OPT to g to get 3/'. Together
with Lemma 3.3.3, we have E[17y/] < (1 + 6¢) OPT. O

We complete the proof of Theorem 3.3.1 by noticing (PTy); > 1 — 3¢ for all i, so the output

of Algorithm 3, ¥+ satisfies the properties in Theorem 3.3.1.

3.4 O(%) Parallel Accelerated Solver for (Packing and)
Covering LPs

We show how to combine the idea of updating selective variables with similar gradients to par-
allelize Algorithm 4 to run in O(%) time. The presentation is based on covering LPs, but it is
straightforward to see it also works for packing LP. We use the same notations as in Chapter 2 and
Section 2.4.
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We break the gradient into small, medium, and large components, let

il = { Vigu(wr) Vigu(ar) € [~¢/n.c/n]

0 otherwise
0 Vigu(zi) € [—€/n,€/n]
fk [Z] = vzgu(xk> vzgu(l‘k’) € [_17 1]\[—6/71, E/n]
-1 Vz-gu(xk) < —1
nli] = { Vigu(zr) +1 Vigu(zi) < ‘—1
0 otherwise

We have
Vau(xr) = G+ & + i

We will further partition the variables into groups, such that for variables in the same group,
the absolute values of their truncated gradients will be within a factor 2 of each other. For

t€{0,..., [log(2) — 11}, let

&li] Exli] € (2%¢/n, 2 e/n] | n
fl(ct) [Z] = U[_EQt—i-l/n7 _€2t/n> 77’(:) [Z] _ { nk[l] t = ’—]og(:)"l _ 1 (3.10)
0 otherwise 0 otherwise

We have &, = wE, [5,(:)], e = Wk, [n,(f)], with w = [log(2)] being the total number of groups.

Theorem 3.4.1. With 2" computable in total work O(N) and O(1) distributed iterations to be
specified later, Algorithm 4 outputs yr satisfying E[g,,(yr)] < (1+6€) OPT, and the total expected
work is O(dN /¢) with O(d/€) expected iterations, where d is the maximum number of variables in
any constraint.

A standard application of Markov bound, together with part 5 of Lemma 2.1.6, gives

Corollary 3.4.2. There is a algorithm such that with probability at least 9/10, computes a (1 +
O(€))-approximation to the fractional covering problem. The expected total work is O(dN/¢), and
the expected number of iterations is O(d /).

We will prove the smoothness property and gradient descent guarantee. The rest of the analysis
follows trivially from the analysis of the accelerated stochastic coordinate descent algorithm in
Section 2.4, with n replaced by dw, so we omit the proofs.

Lemma 3.4.3. Let x,(gl = T, + Z&Z;;Z; foranyt = 0,...,w — 1 as in Algorithm 4. Let
B, = {i|§,(:) [i] > 0} be the set of variables we update, and 7 = :L’,E:tJ)rl — xy. Forany x = xp + vy
where v € [0,1], we have Vi € By, V;g,(x) is between 3V ,g,(xy) and 3V,;g,,(xy).
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Algorithm 4 Accelerated O(g) time parallel solver for both packing and covering
Input: C' € RI;™, 25" € A, g, ¢ Output: yr € A

D W ﬂog(%)-‘,d — max; ||C;j.|lo
A L+ %,7’ Ya—

1

2 mv 12dwl

3: T+ [12dwLlog(1/e)] = O(%)

4: o, Yo, 20 < T g <+ deL

5: fork=1to T do

6 Qg < éak,1

7 121+ (1 — T)yrq

8 Select ¢t € [w] uniformly at random.
> Gradient truncation:

0: Let 5,9 be as specified in (3.10)
> Mirror descent step:

10: 2 z,(:) % argmin, A {V,,_,(2) + (2, wozkg,it)>}.
> Gradient descent step:
def
11: Y < y’(:) x T + 4dw1akL<Zl(€t) — zk—l)
12: end for

13: return yrp.

Proof. Because for all i € By, £i] € (e2!/n, 2! /n] U [—e2t+! /n, —€2!/n), we know the
2t /n

e We must have for all 7,

gradient step on each variable is bounded by |7;| <

21/ 21/,

_—— ) _— 1
wanjcae S0t oL 31D

i) € [wli]
Now we look at the impact of the step on the exponential penalties
1
pj(x) = GXP(;((Cx)j - 1))

Due to (3.11), and d is the max degree of any constraint, we have

€2 /n
2L

[(Cx); — (Cag)| <
Then by our choice of L = %, we have

P~ (e (- ZL

pj() = pj(ax) exp(—

€2t /n
8

t
Since €2'/n < 1, we have exp(— ) > (1— %) By a similar calculation for the upper bound,

we have

e2'/n 1+ e2'/n

ol (3.12)

pj(x) € pj(zy) - [1 -
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Forany i € By, if £ € (€2!/n, €271 /n], we have

Vigu(z) =1 - (C"p(x));
e2'/n

> 1 (@ pla)1 + E
=1- (1 - Vz‘gu<xk’))(1 + 62;/77')
> Vigu(xk)

- 2

where the last step is due to €2/ /n < 1 and V,g,,(z)) > f,(:) [i] > €2'/n. By similar calculation, we
get Vg, (x) < 2V,g,(zx). The same holds for the case 5,(:) [i] € [—e2tT /n, —e2t/n). O

We bound the improvement from the gradient descent step in the following lemma
Lemma 3.4.4. g,(x1) — g,(s") > 5V, (i) 25 — ")

Proof. Let 7 be the step, i.e. Y[i] = y,(:) [i] — xx[i], we have

9u(@x) = g () = gu(an) — gular +7) = / ~ (Vg (), + v7),7)dv

Since 7;’s are non-zero only at coordinates 4’s, such that €2!/n < |&[i]| < €21 /n, denote the set
of those variables B;, we have

1
) = 9, = 3 =710 | Digaon -+ 7)o
1€Ge 0
By Lemma 3.4.3, Vg, (z, + 1) > 5Vigu(xx) when —7[i] > 0, and Vg, (zx +7) < 5Vigu(zs)

when —7[i] < 0, we have

() = ") 2 3 ~A5Vigul) = 5(Tguen), on — ")

1€Gy
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Chapter 4

Parallel Algorithm for Positive LPs

In this chapter we describe our parallel algorithm for general positive LPs, i.e., LPs with both pack-
ing and covering constraints. Unlike the algorithms from previous chapters, we use the Lagrangian-
relaxation framework for mixed packing and covering LPs.

Via standard reductions, we can use binary search on the optimal value of the positive LP, and
rewrite the objective function as a packing constraint (for minimization problems) or a covering
constraint (for maximization problems), thus turning the optimization problem into a feasibility
problem. We present a parallel algorithm that, given a mixed packing and covering (feasibility)
LP of size NV, in O~(€i3) iterations computes a (1 + ¢)-approximate (feasible) solution, or correctly
reports the original mixed packing and covering LP is infeasible. The algorithm is deterministic
and width-independent.

The bottleneck of each iteration is a matrix-vector multiplication, and can be implemented in

O(log N) depth, in which case the running time of our algorithm is O(eig) The total work of

the algorithm we present in the paper is O(g) In particular, our result improves upon the current
fastest parallel algorithm of mixed packing and covering LPs in [YouO1; Youl4], where the running
time is O(e%) The work of the parallel algorithm in [YouOl; Youl4] is O(e%) We note that using
a simple lazy update modification on the algorithm, which is the same technique used in [YouOl;
Youl4], we can reduce the work of our algorithm to O(E%) Same as in [ YouO1l; Youl4], this comes
at the cost of requiring a centralized step in the parallel algorithm. Since the iteration count is the
more interesting side of this line of work, we will not incorporate the lazy update in our algorithm
for simplicity.

Furthermore, in the case of pure packing problem or pure covering problem, our algorithm
allows a similar but simplified analysis, and will converge in (N)(e%) iterations.

4.1 Technical overview

To compute (1 + €)-approximation of a mixed packing and covering LP in the form (1.1), via
standard reduction and scaling (e.x. See [YouOl]), it suffices to solve a (1 + O(e))-feasibility
problem as specified in (4.1) and (4.2).
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At a high level, our work follows the Lagrangian-relaxation approach as in [YouOl; Youl4].
In particular, we replace the hard packing and covering constraints with a scalar-valued potential
function, which is continuous and smooth. The potential function measures how far away the
current solution is from satisfying all the captured constraints. We then start with a x of very small
values, and iteratively increase x by a carefully chosen increment vector A, which is guided by the
gradients of the potential function. The increment vector A will keep driving down the potential
function, until the function gets small enough, at which point we terminate, and conclude we either
have an approximate solution or the original LP is infeasible.

Same as in [YouOl; Youl4], each iteration a subset of the variables are picked based on the
gradients of the potential function, and are increased within a local smooth region so we can bound
the change of the potential function. However, unlike the parallel algorithm in [ YouO1l; Youl4] that
multiplicatively updates all variables in the subset with a uniform step size, we further incorporate
the gradients into step sizes of individual variables’ updates. This discriminative multiplicative step
size allows more aggressive updates on average, and is directly motivated by the line of works using
gradient based optimization methods [AZO15b; AZO15a; Wan+15]. However, we move away
from the optimization oriented view of these update steps in favor of more localized and adhoc
analyses, which was developed to analyze direct adaptations of Young’s algorithm for purely-
packing SDPs [PT12], leading to bounds similar to the optimization based approaches [ZLO15].

In particular, for each variable there will be a packing gradient capturing the packing part of
the potential function, and there will be a covering gradient for the covering part of the potential
function. The packing gradient captures the overall impact of a variable on the packing constraints,
so a large packing gradient suggests the variable should not be increased. The covering gradient,
on the other hand, gauges the impact of the variable on the covering constraints, and when large,
it will be advantageous to increase the variable. To decide whether or not to increase a variable,
we look at both gradients, and update only when the covering gradient is larger. Furthermore, to
determine a variable’s update step size, we use the ratio of its two gradients.

Similar to Young’s algorithm [YouO1], the overall progress of the algorithm is captured by how
large the constraints become, which in turn depend on how large the variables are. A sufficient
condition for the algorithm to terminate is when a variable is increased by more than a certain
amount. To bound the number of iterations before any variable gets too large, we combine the
notion of phases from [ YouO1] with the more refined analysis of gradient updates from more recent
works [Wan+15]. This is owing to the clearer combinatorial structure of our interpretation of
discriminative multiplicative steps

On a high level, the algorithm demonstrates the behavior that it will update a subset of variables
for a while, until certain global progress is made, before shifting to other variables. The phases
are created to capture these local windows, such that within a phase the algorithm only makes
limited global progress. Since the update only increases variables, thus only increasing the values
of the constraints, this translate to certain monotonicity-like property on the gradients within the
interactions captured by a single phase. In [YouOl1], the phases are defined so that any variable
being increased at the last iteration of a phase must have been increased in every iteration of
the phase, which, coupled with a lower bound on each increase, gives a bound of the number of
iterations in a phase. In our analysis, we significantly expand the phases to capture larger global
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progress, leading to a smaller number of phases.

The larger phases lead to a weaker monotonicity property on the gradients within a phase. To
bound the number of iterations in our phase, we divide the iterations into two groups: some initial
warm-up bad iterations followed by subsequent good iterations containing more interesting seg-
ments of the path to convergence (See Definition 4.2.1 for formal definitions). The bad iterations
are ones where packing gradients are much smaller than covering gradients. Such steps create
difficulties in the analysis, but an analysis identical to Young’s algorithm [YouO1] shows that they
must occur near the very start of a phase. In the subsequent good iterations, the packing gradients
for all variables are relatively large comparing to their covering counterparts, so we only get weak
signals as to which variables to move, and we can only move them by small steps. To bound the
number of good iterations, we construct a dual solution from a suitable average of the packing and
covering gradients over all the good iterations in a phase. Intuitively, if the primal LP is feasible,
the dual solution certifies that there must be some key variable(s) we increase during the phase to
achieve the fixed global progress. Particularly, we know that there is at least one variable that on
average has smaller packing gradients than covering gradients. Moreover, since in the good itera-
tions, the packing gradients are all at least on the same scale as the covering gradients, an argument
in the spirit of Markov’s inequality then implies that the corresponding variable was increased by
a large amount, which in turn leads to a bound on the number of iterations of a phase.

Remarks

We note that the phases in our result are virtual: we only need them in the analysis, but not in the
actual execution of the algorithm. In particular, this modification to Young’s algorithm [YouO1]
removes the dependency of updates on the phase of the overall algorithm as well as the current
gradient. We believe this direct removal of phases also apply to other variants of Young’s algo-
rithm [Youl4].

Furthermore, we believe that there is a more natural variant of the analysis that does not rely on
phases, and treats all the iterations in a completely symmetric manner. Such an analysis is likely
crucial for extending our results to the SDP setting, where the gradients exhibit much weaker
monotonicity behaviors [ZLO15]. We are optimistic that it will lead to an (N)(e%) bound for the
mixed packing-covering case, which we believe is the more likely asymptotic behaviors of phase-
less, gradient update variants of Young’s algorithm [YouOl; Youl4].

4.2 Parallel Algorithm for Mixed Packing and Covering LPs

Preliminaries

To compute (1 + €)-approximation of a mixed packing and covering LP in the form (1.1), via
standard reduction and scaling (e.x. See [YouO1]), it suffices to solve the following (1 + O(e))-
feasibility problem, that is, either find x > 0 such that

0 < max Pxr < (14 ¢)minCx 4.1)
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or conclude the following LP is infeasible

!

Cxr>1
Pz < (1—106)T (4.2)
x>0

We present our parallel O(1/€®) routine in Algorithm 5 for solving the (1 + O(e))-feasibility
problem above, that is, either find x > 0 satisfying (4.1), or certify the infeasibility of (4.2). The
input contains a packing constraint matrix P € RZf ™ a covering constraint matrix C' € RZG*™,
and an error parameter 0 < e. That is, there are m Varlables np packing constraints, and ne
covering constraints. We also use n = np + n¢ to denote the total number of constraints.

To certify that (4.2) is infeasible, we rely on the dual LP of (4.2).

Lemma 4.2.1. By duality, (4.2) is infeasible if there exists y, z > 0 s.t.

CT PT
(1-106)=— < =7, 4.3)
17z 1Ty

Proof. Eqn. (4.3) is a direct reformulation of the dual LP of (4.2). Since we only need the sufficient
condition, the result is by weak duality. If there exists any x > 0 satisfying (4.2), we have

ToT 1T
(1—100) 2 >(1 — 106)>— =1 — 10,
17z 172
TpT i
Y <1-109=2 =1-10c.
1Ty Ty
Together they give 1 < 1, contradiction. [

As in [YouO1], we use the soft-max lmax(Px) and soft-min lmin(C'z) in our potential function

Imax(Px) Zexp (Pz); Zexp PT

and

Imin(Cz) = — In( Zexp —Cxz);) = —ln(z exp(—Cij))

where PJ-T, C’f are the j-th row of P, C respectively. In particular, these functions give smooth
approximation to max Px and min C'z:

max Pr <lmax(Px) < max Px + Inn 4.4)
min Cz > lmin(Cz) > min Cz — Inn. '
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Algorithm

We start with small xz(»o) = m, Vi € [m], and keep increasing = properly, until it reaches
the terminate condition in line 5, that is, max{max Pz,minCz} > K = . The reason
of the chosen K value is stated in Lemma 4.2.5. Roughly, when the difference of min C'x and
max Pz becomes ¢ factor smaller than max{max Pz, min Cz}, we know that max Px < (1 +
O(e)) min C'z.

In each iteration of the while-loop, we first delete all covering constraints which has already
reached K. Since = never decreases, we know that once a row is deleted, we no longer need to look
at it. Note the covering matrix cannot be empty, since we enter the iteration with min C'x < K. We
compute the vectors y, z, which are exponentials of the values of the packing and covering con-
straints respectively. We then compute a and b, which can be considered as gradients of Imax(Px)
and Imin(C'z) respectively, and use them to guide our update on x. In particular, we update x; if
a; < (1 —¢€/50)b; (i.e. i € B). Furthermore, we update x; multiplicatively by a factor depends on

the ratio of %, as specified in Eqn. (4.5) and line 13. Note that the smallest update in our algorithm

10lnn
€

is by a factor of (1 + Q(%)) which is the same as the fixed update step size in [Youl4], and in
general our updates take larger steps.

Note that in our analysis, we equivalently view z as the full no-dimensional vector, where the
coordinates corresponding to deleted constraints are filled by 0’s. In particular, the matrix-vector
product of the original C' with the no-dimensional z will be the same as the product of the reduced
covering matrix C') and reduced z.

Proof of Correctness

In this section we will show Algorithm 5 will terminate, and output the correct answer.
Lemma 4.2.2 shows that empty B certifies the infeasibility of the input instance (4.2), which
proves the correctness if we end up in the case of line 11.

Lemma 4.2.2. [f the problem instance (4.2) is feasible, then
VxZO,B:{i:aiS(l—%)bi}#Q).

Proof. Let x* be a feasible solution of (4.2). Assume by contradiction, 3z > 0,V i € [m], al >

(1-— ;—O)bgt). By definition of a, b, it is equivalent to 3 y, z > 0 such that

ct pPT
1- )22« Y
50" 17~ 1Ty
Then the result follows directly from Lemma 4.2.1. [

If Algorithm 5 doesn’t terminate with line 11, it must increase at least one variable by at least

a factor of (1 + 1061%) each iteration, so the algorithm must reach the termination condition of
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Algorithm 5 Parallel algorithm for mixed packing and covering LPs
Input: P,C ¢
Output: “infeasible” or z > 0s.t. Px < (1 +¢)Cx

I: Let K = 1o — K, where n is the number of constraints.
. Initialize z° ) _ o Pl ,Vi € [m], where m is the number of variables.
3:
4: Lett = 0.
5: while max Px < K and minCz < K do
6. Let C® be C with rows j such that (Cx ) > K deleted.
7: Let y = exp (PzV) , 2() = exp (-C a:t ).
8:
9: ) _ PTy®) ) _ (C(i))TZ(t)
. - 1T (t) - 1T 5(t)
e\ (
10: Deﬁne BY ={i:al” <(1- 50"}
11: If B = (), then return ‘infeasible”.
12: Let
(®)
11 - % 11 sf4 (t)
AD 5(1 b§t>> € [¢/100, 3] ifie B “.5)
0 ifi ¢ B
13: xEtH) — :Bgt)(l + aAz(t)).

14: t+—t+1.
15: end while

. 2®
16: return r = = -

the while loop at some point, and we need to show the output x satisfies (4.1). We consider the
following potential function,

f(@®) = Imax(Pz®) — Imin(CYz®) = In(1Ty®) + In(172®).

We first quantify the changes of Imax and Imin when we update the variables. This type of smooth-
ness analysis is standard in analyzing algorithms that make updates using gradient information.
Similar results are derived in other works on packing and covering (See [AZO15b; YouO1]). The
particular analysis we develop can deal with larger gradient steps. In particular, the approach of
our analysis allows updates that may move the gradients of some variables out of their respective
coordinate-wise smooth regions, as long as we can still bound the combined impact on the poten-
tial function from updates of all variables. This approach can extend straightforwardly to show
larger updates also work in [AZO15b], and improve their pure packing algorithm to run in O(g)
iterations. Since the proof is technically tedious, we defer the proof to Section 4.3.
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Lemma 4.2.3. At each iteration t,
Imax(Pz®*Y) < Imax(Pz®) + a(a®, (1 + A®) . A® . zO)

and
Imin(CHVzED) > Imin(CPz®) + a(d®, (1 — AD) . AD . )

where A - x is the entry-wise product vector, i.e., (A - x); = Ax;.

With the above bounds on the changes of the two components lmax(Px) and Imin(Cz), we
can show how our updates move the potential function f(x).

101nn 10lnn

Lemma 4.2.4. Given max Pz < and min Cz® , we always have f(z)) < 2Inn

during the execution of Algorithm 5.

Proof. Initially, x (. ) — ﬁ we have Pz < T and Cx > 0, thus f (@) < 2Inn. To show
f(z) < 21Inn for all iterations ¢ before terminate, it suffices to show that f(x) is non-increasing
during the process. From Lemma 4.2.3,

F@®D) — f(2W) < afa, (1 +A) - A-2W) —alb, (1 - A)-A-z?)
= aliwi(ai(1+ A;) = b(1 = Ay)).

For each i € [m], by our update rule (4.5), either A;, or A; = %( — %), in which case

b;

3aib; —a? a; +b;  2a:b; —a? — b?
(1+A4A;) —bi(1—A;) = L — = = <
a;(1+A;) —bi( i) 2%, 5 o, 0,
so all the summands are non-positive, thus f(x) is non-increasing. [

The above lemma guarantees that the difference between Imax(Px) and Imin(C'z) is bounded
by 21nn, which by Eqn. (4.4) suggests max Pz < min Cx + O(Inn).Then when the two terms
are large at termination, we are approximately feasible as the difference is a factor of € smaller.

Lemma 4.2.5. If Algorithm 5 terminates with line 16, then it returns an x > 0 with 0 < max Px <
(14 €) min C'z.

Proof. Suppose the algorithm terminates at iteration 7', that is, max Pz(™) > 182 or min Cz(™) >

10 len". Consider iteration 7" — 1, the covering matrix is not empty (otherw1se the algorithm ter-
minates before iteration T). Since ) = 7=V . (1 + aAT=D) < (1 + 22)2T~1, we have
max Pz > 51% or min CzT—1 > 51%

By Lemma 4.2 .4,

max PzT~Y <lmax(Pz™~Y) < lmin(CTV2TY) 4 2Inn < min Cz@~Y + 21nn.
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51nn

Since 2Inn < e- , we have

max Pz ™Y < (1 + ¢) min Cz™~Y,

This also gives max Pz < (1+¢) min Cz?), since 7 is within in multiplicative factor 1+ o
of z7~1. Since we start wrth x > 0, and only increase x, we also have max Pz > 0. So the x we
return at the end satisfies (4.1). ]

Analysis of Convergence

So far we have proved that Algorithm 5 will terminate, and will either output z satisfying (4.1)
at the end, or terminate earlier and correctly certify (4.2) is infeasible. In this section we show

that if (4.2) is feasible, Algorithm 5 must finish with the first case in O~(€i3) iterations, so if the

. 1000InnIn(™2) . . . .
algorithm takes more than %(6) iterations to complete, we can terminate it, and correctly

output that (4.2) is infeasible.
We adapt the concept phase from Young’s algorithm. Note phase is only used in our analysis,
and our algorithm does not contain phase. Formally, phase s contains the iterations ¢ such that

—

. 1Ty® np

np
- . 9stl

ne T 1T ne

where np is the number of packmg constraints and n¢ is the number of covering constraints.

Since we only increase x, l Y is monotonically increasing, so each phase covers a consecu-

tive sequence of iterations. Furthermore, as ln(%TZ) = lmax(Px) + Ilmin(C'z) measures global
progress towards termination, each phase captures a fixed amount of progress. From our definition
of phases, and the termination condition, we have

Lemma 4.2.6. The total number of phases in Algorithm 5 is O(log”)

Proof. Since x is monotonically increasing, y = exp(Pz) and z = exp(—Cz) are monotonically
increasing and decreasing respectively, which implies that the quantity % is monotonically in-

creasing. Initially Pz(® > 0, Cz(® > 0, we know 1Ty<(0; > +£. By the termination condition in
Algorithm 5, the ratio never goes beyond n.p exp (2 l‘zg” ). Therefore, the total number of phases is

O(lezn), O

€

We now bound the number of iterations in a single phase. The iterations of a phase are divided
into two groups, the bad iterations and the good iterations, formally defined as follows.

Definition 4.2.1. If in an iteration t, we have for all ©

(4.6)

then we call it a good iteration. Otherwise we call it a bad iteration.
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Note a phase may contain only bad iterations or only good iterations. We bound the total
number of iterations in the two groups separately.

As discussed earlier, the bad iterations capture the initial warm-up iterations of a phase, where
in any bad iteration, we can identify some variable z; with a strong signal (i.e. Z— < %), SO wWe can
increase the variable by a lot. This restricts the warm-up sequence from getting too long, and we
formalize the intuition in the following lemma.

Lemma 4.2.7. In a single phase, the number of bad iterations is at most O(Inn In() /e).

Proof. We will prove the result by showing that there cannot be any bad iteration after the initial
1001nn In(™)/e iterations of a phase. By contradiction, if for any variable 4, after 2(Inn In(2) /¢)
iterations of a phase, we have at iteration ¢ such that for some ¢,

ait) B (PTy(t))i 1T, _ 1
bgt) B ny(t) (CTz0), = 3’

(PTy),

then this ratio is at most % in all previous iterations of this phase, since BN 1s monotonically

increasing, and 2° < i*;_z < 25*L in this phase. Equivalently, this is saying a; < gbi, soi € Bin
all previous Q(Inn In(™) /) iterations of the phase, and A; > ¢ in all those iterations.

Each iteration the multiplicative update on z; is (1 + a4\;), which is (1 + @( 1)) since
A; > §. As x; starts with W after 100 Inn In(") /e updates, we have z; > P IH which
gives max Pz >> 1922 5o the algorithm must have terminated. O

The above lemma guarantees that all iterations after the first 100Inn In(™)/e must be good
iterations, so we proceed to bound the number of these good iterations in a single phase. Without
loss of generality, we index these good iterations in a phase as 1, ..., 7" by shifting ¢.

We first identify one variable that must be updated extensively in these iterations.

Claim 4.2.8. Suppose the instance (4.2) is feasible, then There exists i € [m| such that

T
ST 6 —a? > 106 Z b 4.7)
t=1

Proof. Define iy and Z to be the sum of the normalized gradients of iterations 1, ..., 7, that s,

_— Z }TJ(t)t s Z ;(t)t |
= 1 y() P 17 ()
Note 175 = 17z = T.. Recall a\” and b\") are respectively I;y((i;)i and (CITZ((;)Z , then

T(PT), < T(CT%),
Zaz@: (_} y)’ Zbit): (9_2)
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Assume by contradiction, Vi € [m], 3., agt) > (1-10) 31, bgt), that is,

PT— CT_
S 110022
7y 17z

By Lemma 4.2.1, 7, z certify infeasibility of the instance (4.2), which contradicts the assumption.
[

The above claim gives us a variable that on average has smaller packing gradients than covering
gradients in this iteration. Together with the property we have on the good iterations (4.6), we can
bound the number of good iterations.

Lemma 4.2.9. In a single phase, the number of good iterations is at most O(InnIn(™) /€*).

Proof. Let x; be a variable satisfying Eqn. (4.7). We want to turn Eqn. (4.7) into some lower
bound on the total multiplicative update on x; through these iterations. Intuitively, a bad case is
that in some iteration ¢, al(t), bgt) are much larger than the values in other iterations, since they can
dominate the terms from other iterations in Eqn. (4.7), but not much to the total update of z;, since
their ratio is what matters to the update. However, since we are inside one single phase, and only
looking at good iterations, we can show the bad scenario will not show up.

Formally, let [ = o and u = bgl). Since (PTy); monotonically increases, and ny will
increase but not by more than a factor of 2 in a phase, we have

o0 — BTy

¢ Ty >1/2  Vt=1,....T (4.8)
Similarly, we have
T, 1))y,
b0 =i oy T 4.9)
! 1T 2(t)

Furthermore, since we are looking at the good iterations, we have

1> -u. (4.10)

Wl

The inequalities above allow us to turn the difference-based guarantee from Eqn. (4.7) into lower
bounds on ratios we need.
By the update (4.5), we have
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So we can lower bound the total update on x; as follows

(1) < .(1) P 2 Agt) )

r; Zx; exp

where we used (4.9) in the last line.
From Eqn. (4.7), we have

th) >1erb
106 ()
== 1062“;

> cul > eul.
1 —10e
The first two lines both follow from Eqn. (4.7), the next line follows from a ) > /2 > u/6.
Thus
(1) < (l)e eal  eaT S 1 o e
x; X - xXp | —— -

i= P T8 7200/ = ml[Pfle TP\ 10
If T > 1001n€nln% Z 10061;1 we have ZL'( ) > ” |
since max Pz > 1082, O

Lemma 4.2.7 and Lemma 4.2.9 bound the total number of iterations in a phase by O(E%),
together with the bound on the number of phases, which is O(%), we guarantee the total number of
iterations in Algorithm 5 is O~(€i3) if the LP in (4.2) is feasible.

Theorem 4.2.10. Algorithm 5 solves the (1 + ¢)-feasibility problem correctly. It runs in parallel
time O(1/€®) with the total work O(N/e3), where N is the number of non-zero entries in the
constraint matrix.

Proof. The correctness and convergence follows from the lemmas in the prior sections. We only
need to look at the running time and total work.

At each iteration, we compute all updated values in O(log N) parallel time. Since the total
number of iterations is O( 5 ), the algorithm terminates in parallel time O( ).

To see the total work, consider the following implementation. For each i € [m], we maintain
Pjiz; if P;; # 0; similarly we maintain Cj;z; if C;; # 0. Besides, we maintain the values of
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y,z, PTy,CTz 17y and 172. When we update z;, we update these values accordingly, with work
proportional to the number of non-zero entries in the sth column of the constraint matrix. For each
fixed variable x;, the total time of updates is at most O(e%) Thus, the work on this part is O(Eﬂg)
Additionally, we need to compute the a;, b; for all variables at the beginning of each iteration to
d~etermine which variables to update, this takes @(N ) work each iteration, so the total work is
0)

We see the majority of the work is actually on computing the gradients for the variables we
may not update. We point out that we can implement the same lazy update as in [ Youl4], which
on a high level is just that if a variable has a large ‘g— in an iteration, and is not updated, we don’t
recompute its gradients, until % grows by more than a factor of 1 4+ €. This can reduce the
work to O(g), but requires a centralized step to control the phases. We omit the details as it is a
straightforward adaptation. 0

Pure Packing and Pure Covering LPs

We point out that in the case of pure packing or pure covering LPs, Algorithm 5 converges in O~(€i2)
iterations. This has the advantages over Algorithm 2, as Algorithm 5 is deterministic, and doesn’t
need centralized steps.
We will look at pure packing LPs, and the case for pure covering LPs will be symmetric.
Given packing LP in the optimization form

max{17z : Pz <1}
>0

via standard reduction and scaling, we need to solve a (1 + ¢)-feasibility problem the same as in
the mixed packing and covering case specified in (4.1) and (4.2). In the case of pure packing, we
will have C' = ¢17 for some constant c.

The correctness proof follows from the mixed case, and we discuss how we get faster conver-
gence for pure packing.

The special structure of C' greatly simplifies the convergence analysis, as now z is a scalar, and
bgt) = c for all variables x; across all iterations ¢. This allows us to aggregate the good iterations
from all phases, and bound the total number of good phases by O(E%), which will lead to O(e%)
total iterations.

In particular, now we look at all the good iterations across all phases together, and WLOG
number them 1, ..., 7. Claim 4.2.8 still holds, as it doesn’t rely on phases. Then we can prove a
stronger version of Lemma 4.2.9

Lemma 4.2.11. The total number of good iterations T is at most O(InnIn(2)/e?).

The proof is a straightforward adaptation of the proof of Lemma 4.2.9. The proof is simpler,
since now b; is a constant across all iterations, so the property (4.6) we have on the good iterations
directly put all the values on the same scale, so we can lower bound the total update on z; across
all good iterations.
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4.3 Missing Proof

Lemma 4.2.3. At each iteration t,
Imax(Pz"™) < Imax(P2®) + a(a®, (1 + AD) . AW . z0)
and
lmin(C(t“)x(t“)) > lmin(C(t)x(t)) + Oé<b(t)7 (1-— A(t)) A m(t)%
where A - x is the entry-wise product vector, i.e., (A - x); = A;x;.
Proof. To simplify, we omit superscript (¢) in the proof.

Imax(Pz**Y) =1n Z exp(P/ (z + aA - z))

J

=In Z exp(P/z) - exp(aP] (A - z))

< anexp(PjT:z:)(l +aPl(A-z)+a*(PF(A - 2))%).

J

Recall P]T is the j-th row of P (i.e. the j-th packing constraint). The last inequality is by Taylor
expansion, with e < A; < %, a = €/10logn, and Pij < 10logn/e for all j, so oszT(A cx) < %
‘We can control the second order term as follows

(P} (A-1))* =a’ Z sz‘@#z‘))
<a? Z Azljgz(Azﬂfz)) (Z P]zﬂ?z>

101
<a? ZAzPﬂ(Azﬂ%)> Olnn

The first inequality is by the Cauchy-Schwarz inequality
2
(u,v)” < [lull?[lo]|®

, with u; = \/A;P;;i(Asx;) and v; = \/Pj;x;. The second inequality is due to Pz < 1822 for all
J- The last line is by our choice of o = 57—
So far we have bounded the impact of the updates on each individual constraint, and we have

Imax(Pz™) < In Z exp(Plz)(14 aP] (A-z) +aP(A-A-x)).
J
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We then translate the changes on each constraint to the combined change on lmax(Px). Intuitively,
the combined change is a convex combination on the changes of each constraint, weighted by their

exponential values y; = exp(P} ).
lnz exp(Pl2)(1+ aP] (A-z) + aP](A-A- 1))
J
=In) y;(1+aP/(A-z)+aP/(A-A- 1))

J

=In ((Fy) (1 + Z % (OszT(A -x) + OszT(A “A - x))))

Y

—1In ((I’Ty) (1 + a(I%,P((ﬂ A)-A- x)>)) .

Y

We can then write out the change of lmax(Pz) explicitly as
Imax(Pz**Y) <In ((TTy) (1 + a<_,i, P(IT+A)-A- x))))

17y
=1In ((ITy) (1 + o

pr
1T
—tn ((1"y) (1+ ada, (T +
=lmax(Pzx) + In (1 +afa, (T+A) -
<lmax(Pz) + afa, (1 + A) - A - z).

<

(T+A)-A-x>>>

)

l te

x})

Recall a = =2 LY a5 defined in (9), and the last line is by In(1+ z) < z forz > 0.

For the lmm(C (t)2) part, we follow the same approach.

— Imin(C* D z(t+D) anexp — DD,

since C'**1) can only have same or more rows dropped from C'® due to the overly satisfied con-
straints, we know In Y, exp(—C VD), < In 37, exp(—COztHD),. Again omitting the
superscript (t), we have

— Imin(C*H V) <1In Z exp(—C(x + aA - x))y
k

=In Y exp(~Cir)i exp(—aC(A - )

<In ) exp(—Ca)i(1 — aC(A - z) + a*(C(A - 7))

k
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The last inequality is due to (a«C'(A-z));, < 1 for all k, since in C) we only keep those constraints
that are not above 101% yet, i.e. (Cx), < i for all k. Again using Cauchy-Schwarz inequality as

before and derivations similar to the lmax(Pz) case, we get

—Imin(C" ) < —1min(CYz®) — a(b, (1 — A) - A - z).
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