Downloaded 11/02/22 to 128.95.104.109 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

SIAM J. COMPUT. © 2022 Society for Industrial and Applied Mathematics
Vol. 51, No. 4, pp. 1018-1064
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Abstract. We present a spectral approach to design approximation algorithms for network
design problems. We observe that the underlying mathematical questions are the spectral rounding
problems, which were studied in spectral sparsification and in discrepancy theory. We extend these
results to incorporate additional nonnegative linear constraints, and show that they can be used to
significantly extend the scope of network design problems that can be solved. Our algorithm for
spectral rounding is an iterative randomized rounding algorithm based on the regret minimization
framework. In some settings, this provides an alternative spectral algorithm to achieve constant
factor approximation for the classical survivable network design problem, and partially answers a
question of Bansal about survivable network design with concentration property. We also show
many other applications of the spectral rounding results, including weighted experimental design
and spectral network design.
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1. Introduction. Network design is a central topic in combinatorial optimiza-
tion, approximation algorithms, and operations research. The general setting of net-
work design is to find a minimum cost subgraph satisfying certain requirements. The
most well-studied problem is the survivable network design problem [40, 1, 41, 35],
where the requirement is to have at least a specified number f,, , of edge-disjoint paths
between every pair of vertices u,v. A seminal work of Jain [43] introduced the itera-
tive rounding method for linear programming to design a 2-approximation algorithm
for the survivable network design problem, and this method has been extended to
various more general settings [30, 34, 23, 46, 47, 28, 32, 49, 10]. There are also other
linear programming based algorithms such as randomized rounding [70, 36, 19, 9, 42]
to obtain important algorithmic results for network design. It is widely recognized
that linear programming is the most general and powerful approach in designing ap-
proximation algorithms for network design problems.

In the past decade, spectral techniques have been developed to make significant
progress in designing graph algorithms [68, 24, 15, 3, 6, 64]. One striking example is
the spectral sparsification problem introduced by Spielman and Teng [69], where the
objective is to find a sparse edge-weighted graph H to approximate the input graph
G so that (1 —€)Lg < Ly < (1+€)Lg where Lg and Ly are the Laplacian matrices
of the graph G and H. The spectral condition (1 —€)Lg < Ly < (1 + ¢)L¢ implies
that H is also a cut sparsifier of G such that the total weight on each cut in H is
approximately the same as that in G. Batson, Spielman, and Srivastava [15] proved
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that every graph G has a spectral sparsifier H with only O(n/e?) edges. This improves
upon the influential result of Bencziur and Karger [16] that every graph G has a cut
sparsifier H with O(nlogn/e?) edges, which has many applications in designing fast
algorithms for graph problems. From a technical perspective, the spectral approach
introduces linear algebraic concepts and continuous optimization techniques in solving
graph problems, and the results in spectral sparsification [15, 3, 6] show that it is
algorithmically more convenient to control the spectral properties of the graph in
order to control its combinatorial properties.

Inspired by these developments, we are motivated to study whether there is a
spectral approach to design approximation algorithms for network design problems.
The general way to designing approximation algorithms is to solve a convex program
to obtain a fractional solution z in polynomial time, and then to round x into an
integral solution z that well approximates x (with respect to the constraints and the
objective function) as an approximate solution. We observe that the following spectral
rounding question, where the objective is to approximate the spectral properties of x,
underlies a large class of problems including the survivable network design problem.

QUESTION 1.1 (spectral rounding). For each edge e in a graph, let L. be the
Laplacian matriz of e and c. be its cost. Given x. € Ry for each edge e, characterize
when we can find z, € Z4 for each e such that

E xeLe%E zeLe and g cexezg CoZe-
€ € e €

When spectral rounding is possible, we notice that the integral solution z approx-
imately preserves not only the cost and the pairwise edge connectivity properties of x
as required by the survivable network design problem, but also many other properties
of x including pairwise effective resistances, the graph expansion, and degree con-
straints. This would significantly extend the scope of useful properties that a network
designer could control simultaneously to design better networks.

1.1. General survivable network design. The main conceptual contribution
of this paper is to show that the techniques in spectral graph theory and discrepancy
theory can be used to significantly extend the scope of network design problems that
can be solved.

In network design, we are given a graph G = (V, E) where each edge has a
cost c., and the objective is to find a minimum cost subgraph that satisfies certain
requirements. In survivable network design [40, 43], the requirements are pairwise
edge-connectivities, that every pair of vertices u,v should have at least f,, edge-
disjoint paths for u,v € V. This captures several classical problems as special cases,
including minimum Steiner tree [19], minimum Steiner forest [1, 41], and minimum
k-edge-connected subgraph [35]. Jain introduced the iterative rounding method for
linear programming to design a 2-approximation algorithm for the survivable network
design problem [43]. His proof exploits the nice structures of the connectivity con-
straints to show that there is always a variable x, with value at least % in any extreme
point solution to the linear program. His work leads to many subsequent develop-
ments in network design [30, 23, 34, 35, 22], and the iterative rounding algorithm
is still the only known constant factor approximation algorithm for the survivable
network design problem.

Motivated by the need for more realistic models for the design of practical net-
works, researchers study generalizations of survivable network design problems where
we can incorporate additional useful constraints. One well-studied problem is the
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degree-constrained survivable network design problem, where there is a degree upper
bound d, on each vertex v to control its workload. There is a long line of work on
this problem [62, 63, 39, 46, 28, 32, 49] and the iterative rounding method has been
extended to incorporate degree constraints into survivable network design success-
fully. In the general setting [46, 53, 49], there is a polynomial time algorithm to find a
subgraph that violates the cost and the degree constraints by a multiplicative factor
of at most 2. For interesting special cases such as finding a spanning tree [39, 66] or
a Steiner tree [48, 49], there is a polynomial time algorithm that returns a solution
that violates the degree constraint by an additive constant.

More generally, one can consider to add linear packing constraints and linear
covering constraints into survivable network design [17, 13, 60, 52], but not as much is
known about how to approximately satisfy these constraints simultaneously, especially
when the linear constraints are unstructured.

Another natural constraint is to control the shortest path distance between pairs
of vertices, but unfortunately this is proved to be computationally hard [27] to incor-
porate into network design.

In [20], together with Chan, Schild, and Wong, we propose to incorporate the
effective resistance metric into network design, as an interpolation of shortest path
distance and edge-connectivity between vertices. Incorporating effective resistances
can also allow one to control some natural quantities about random walks on the
resulting subgraph, such as the commute time between vertices [21] and the cover
time [58, 26]. We note that effective resistances have interesting connections to many
other graph problems, including spectral sparsification [68], maximum flow computa-
tion [24], the asymmetric traveling salesman problem [6], and random spanning tree
generation [55, 64]. We believe that it is a useful property to be incorporated into
network design.

There are many other natural constraints that could help in designing better
networks, including total effective resistances [38], algebraic connectivity (and graph
expansion) [37], and the mixing time of random walks [18]. These constraints are also
well-motivated and were studied individually before (without taking other constraints
together into consideration, e.g., connectivity requirements), but not much is known
about approximation algorithms with nontrivial approximation guarantees for these
constraints (see section 5.3).

It would be ideal if a network designer could control all of these properties si-
multaneously to design a good network that suits their need. We can write a convex
programming relaxation for this general network design problem incorporating all
these constraints.

cp := min (¢, x)
x

z(8(S)) > f(S) VSCV

connectivity constraints)

(
z(0(v)) < d, YveV (degree constraints)
Az <a AeRE*™ aeRY  (linear packing constraints)
(CP) Bz >0 BeRY™ beR%  (linear covering constraints)
Reff, (u,v) <71y Yu,v eV (effective resistance constraints)
L, =M M >0 (spectral constraints)
Ao(Ly) > A (algebraic connectivity constraint)
0<z. <1 Vee FE (capacity constraints)
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The connectivity constraints are specified by a function f on vertex subsets,
e.g., in survivable network design f(S) := maxy o{fuv | v € S,v ¢ S}. The ma-
trix L, is the Laplacian matrix of the fractional solution z. More explanations about
this convex program can be found in section 5.1.1.

Our first result for network design is the following approximation algorithm for
this general problem. We remark that the degree constraints are not handled in the
following result.

THEOREM 1.2 (informal). Suppose we are given an optimal solution x to the
convex program (CP). There is a polynomial time randomized algorithm to return an
integral solution z to (CP) that simultaneously satisfies all the connectivity constraints,
the effective resistance constraints, the spectral constraints, the algebraic connectivity
constraint, and the capacity constraints exactly with high probability. The objective
value of the integral solution z is

(¢,2) <(1+0(e)) - cp+ 0O (MTOO)

with high probability, where n is the number of vertices in the graph and co := ||c||
is the mazximum cost of an edge. Furthermore, the linear packing constraints and
the linear covering constraints are satisfied approximately with high probability (see
Theorems 1.8 and 5.2 for the approzimation guarantees for these constraints).

Note that this provides a (1 + O(¢))-approximation algorithm if cp > nce /€2,
and a constant factor approximation algorithm if cp 2 nco,. We remark that, for
survivable network design, the (1 4+ O(e))-approximation algorithm does not improve
on the 2-approximation algorithm of Jain’s result, as Jain’s algorithm always returns
a solution with cost at most cp + 2ncyo.

The main advantage of the spectral approach is that it significantly extends the
scope of useful properties that can be incorporated into network design, while previ-
ously there were no known nontrivial approximation algorithms even for some indi-
vidual constraints. We demonstrate the use of Theorem 1.2 with one concrete setting.

Ezample 1.3. Suppose the connectivity requirement satisfies f,, , > k forall u,v €
V (e.g., to find a k-edge-connected subgraph). Assume the cost ¢, of each edge e
satisfies 1 < ¢, < O(k). Then Theorem 1.2 provides a constant factor approximation
algorithm for this survivable network design problem. To our knowledge, the only
known constant factor approximation algorithm even restricted to this special case
is Jain’s iterative rounding algorithm. The algorithm in Theorem 1.2 provides a
completely different spectral algorithm to achieve constant factor approximation in
this special case.

Furthermore, the constant factor approximation algorithm can be achieved while
incorporating additional effective resistance constraints (e.g., to upper bound com-
mute times between pairs of vertices), spectral constraints (e.g., to dominate another
graph/topology in terms of the number of edges in cuts), or the algebraic connectivity
constraint (e.g., to lower bound graph expansion). Also, additional linear packing and
covering constraints can be satisfied approximately, even when they are unstructured.
See section 5.1 for a more in-depth discussion.

Recently, Bansal [10] designed a rounding technique that achieves the guarantees
by iterative rounding and randomized rounding simultaneously, and he showed various
interesting applications of his techniques. However, he left it as an open question
whether there is an O(1)-approximation algorithm for survivable network design while
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satisfying some concentration property of the output. Theorem 1.2 provides some
progress toward his question (e.g., in the setting in Example 1.3), as the guarantees on
the linear packing and linear covering constraints satisfy some concentration property
as shown in Theorem 5.2. We defer to section 5.1.5 for details.

Our second result for network design is a strong upper bound on the integrality
gap of the convex program that incorporates degree constraints as well, assuming the
fractional solution x satisfies some additional properties.

THEOREM 1.4 (informal). Suppose we are given a solution x to the convex pro-
gram (CP). Assume that Reff,(u,v) < € for every uwv € E and coo < €*(c,x) for
some € € [0,1]. Then, there exists an integral solution z that approzimately satisfies
all the connectivity constraints, degree comstraints, effective resistance constraints,
spectral constraints, algebraic connectivity constraints, and capacity constraints with

(c,z) < (14 O(€)){c, x).

We remark that Theorem 1.4 does not provide a polynomial time algorithm to
find such an integral solution, as it is proved using the nonconstructive results in
discrepancy theory. Also, we note that Theorem 1.4 does not handle linear covering
and packing constraints. The assumption Reff,(u,v) < €* for every uv € E may
not be satisfied in applications, and we will explain in section 5.1.4 when it will be
satisfied and show that it is not too restrictive.

1.2. Previous work on spectral rounding. The most relevant works for spec-
tral rounding are from spectral sparsification and discrepancy theory. There are two
previous theorems that imply nontrivial results for spectral rounding.

1.2.1. Spectral sparsification. There are various algorithms for spectral spar-
sifications, by random sampling [68], by barrier functions [15], by regret minimiza-
tion [3, 65], and by some combinations of these ideas [51, 50]. Most of these algorithms
need to work with arbitrary weights and cannot guarantee that the output subgraph
has only integral weights. There are some algorithms which guarantee that the out-
put has only integral weights, but they only achieve considerably weaker spectral
approximation [7, 3, 14].

Allen-Zhu et al. [5] formulated and proved the following spectral rounding the-
orem, using the framework of regret minimization developed for spectral sparsifica-
tion [3].

THEOREM 1.5 (see [5]). Let vy, va,...,vm € R™, x € [0,1]™, and k = Y| ;.
Suppose it xiv;v] = I, and k > 5n/€* for some € € (0,5]. Then there is a
polynomial time algorithm to return a subset S C [m] with

S| <k and vaiT = (1 —3e)1,.
€S

Theorem 1.5 can be understood as a one-sided spectral rounding result, where the
fractional solution x is rounded to a zero-one solution while the budget constraint is
satisfied and the spectral lower bound is approximately satisfied. Through a general
reduction, this theorem implies near-optimal approximation algorithms for a large
class of experimental design problems [5].

We remark that Theorem 1.5 can be modified to prove similar but more restric-
tive results for network design as in Theorem 1.2, when the objective function c is
the all-one vector and there are no linear covering and packing constraints. This
already extends the scope of unweighted network design significantly, but this con-
nection was not made before. For network design, it is desirable to have different
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costs on edges, and these weighted problems are usually more difficult to solve than
the unweighted problems (e.g., minimum k-edge-connected subgraphs [35] versus [43],
minimum bounded degree spanning trees [33] versus [39], etc.).

1.2.2. Discrepancy theory. The techniques in spectral sparsification have been
extended greatly to prove discrepancy theorems in spectral settings [57, 6, 45], most
notably in the solution to Weaver’s conjecture that resolves the Kadison—Singer prob-
lem [56, 57] and its extension and surprising application to the asymmetric traveling
salesman problem [6]. The following recent result by Kyng, Luh, and Song [45] pro-
vides the most refined formulation in the discrepancy setting, using the method of
interlacing polynomials and the barrier arguments developed in [57, 6].

THEOREM 1.6 (see [45]). Let vi,...,v,m € R™, and let &1,...,&n be indepen-
dent random scalar variables with finite support. There exists a choice of outcomes
€1, ..., €m In the support of &1,...,&n such that

m
E E[&i]vv; Eezvz
=1

We note that Theorem 1.6 implies the following two-sided spectral rounding result,
which is very similar to Corollary 1.7 in [45] but with a weaker assumption, where we
only need HZ?; xwwiTHop < 1 instead of HZ:’; Ui'UiTHOp <1 as in [45]. The proof
will be presented in section 4 in a more general setting.

m 1/2
<4 Varlg](viv] )?

i=1

op op

COROLLARY 1.7. Let v1,...,vy € R™ and z € [0,1]™. Suppose > i~ xivv] =
I,, and ||v;|| < e for all i € [m]. Then there exists a subset S C [m] satisfying
(1— <> vw! < (14 0()I,
i€S

Comparing to Theorem 1.5, the advantage of Corollary 1.7 is that it provides
a two-sided spectral approximation. On the other hand, Corollary 1.7 requires the
assumption that all vectors are short, and it has no guarantee on the size of S. Also, it
is important to point out that the proof of Corollary 1.7 does not provide a polynomial
time algorithm to find such a subset.

1.3. Our technical contributions. We extend the previous results on spectral
rounding to incorporate nonnegative linear constraints and to satisfy the requirements
for network design problems. These results have interesting applications in many other
problems besides network design; see sections 1.4 and 5.

Our main technical result considers one-sided spectral rounding.

THEOREM 1.8. Suppose we are given vi,...,v, € R™ and x € [0,1]™ such that
Szl = I,. For any € € (0, i), there is a polynomial time randomized algo-
rithm that retums a solution z € {0,1}™ such that

m
E zivin-T =1,
i=1

with probability at least 1 — exp (—Q(n)). Furthermore, for any c € R}, the solution
z satisfies the upper bound

15ncs

(c,z) < (14 6¢){c,x) +

€
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with probability at least 1 — exp(—§2(n)), and the solution z satisfies the lower bound
(c,z) > {e,x) — dncso

with probability at least 1 — exp (—€ (min{ed, 6%} - n)) for § > 0.

The main advantage of Theorem 1.8 over Theorem 1.5 is that we can prove that
(c,z) is not too far from (c,x) for an arbitrary vector ¢ € R with high probability.
This allows us to bound the cost of the returned solution to network design prob-
lems, and when nco, < (¢, ) we can conclude that z is a constant factor approximate
solution. Note that the guarantee on linear constraints can be applied to up to ex-
ponentially many constraints. This allows us to incorporate additional linear packing
and covering constraints into network design and have some nontrivial guarantees.
Another advantage is that we construct a solution that satisfies the spectral lower
bound exactly, by allowing the solution to choose more than k = Y ;" x; vectors.
This is important in network design problems where we would like to construct a
solution that satisfies all the constraints (instead of approximately satisfying all the
constraints), by allowing the cost of the solution to be higher than the cost of the
optimal solutions.

Using the proof techniques in Theorem 1.8, we can strengthen a recent deter-
ministic algorithm by Bansal, Svensson, and Trevisan [14] to construct unweighted
spectral sparsifiers, to ensure that there will be no parallel edges in the sparsifier.
Since this is not the main focus of this paper, we refer interested readers to [72] for
details.

For two-sided spectral rounding, we show that Corollary 1.7 can be extended to
incorporate one given nonnegative linear constraint (see section 4).

THEOREM 1.9. Let vy,... vm € R, x € [0,1]™, and ¢ € RT}. Suppose that
Szl =1, |lvi|| < €< g for alli € [m] and coo < €2(c,x). Then there eists
z C {0, l}m such that

(1—8¢)l, Zzlvl (14+8e)I, and (1—8e){c,z) <{c,z) < (1+ 8¢){c,x).

Note that the linear constraint ¢ in Theorem 1.9 is required to be given as part of
the input, while it is not required so in Theorem 1.8. Theorem 1.9 is useful in bounding
the integrality gap for convex programs for network design problems, showing strong
approximation results when the assumptions are satisfied (see section 5.1.4). Also, it
can be used in the study of additive unweighted spectral sparsification [14], proving
an optimal existential result (see [72] for details).

1.3.1. Techniques. The main technical contribution is an iterative randomized
rounding algorithm for Theorem 1.8. Our algorithm is based on the regret minimiza-
tion framework developed in [3, 5] for spectral sparsification and one-sided spectral
rounding. Let us first review the previous work. To prove Theorem 1.5, Allen-Zhu
et al. [5] analyzed a local search algorithm where they start from an arbitrary subset
Sy of k vectors, and in each iteration ¢ > 1 they find a pair of vectors i € S;_; and
j ¢ Si—1 so that roughly speaking Amin(zlest71,i+j vlvlT) > )‘min(zlest,l vlvlT),
and then they set Sy = S;_1 — it + j;:- Using the framework of regret minimization,
with the I, j5-regularizer introduced in [3], they proved that the task of finding a pair
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to improve the minimum eigenvalue can be reduced to finding a pair ¢, € S;_; and
jt ¢ St—l so that

<th };’At> . <vit ;1; At>

>A >0,
1+ 2a(vj,vj, ,A1/2> 1 — 2a(vj,v;, ,A1/2>

(1.1)

where A; is the matrix defined in (2.1) based on the current solution S;_;. Us-
ing a delicate argument, they proved that if i; € St 1 (subject to the restriction
that 2a(vv?, A;/%) < 1) is chosen to minimize (v;vl A/ (1= 2a{vvf A1/2>) and
ji & Si—1 is chosen to maximize (v;v], Ar)/(1 4 2a(v; jT,Ai/2>)7 then this pair iy, j
satisfies the above inequality with A = ¢/k as long as Amin(Y;cg, , viv]) < 1 — 3e.
This implies, by the regret minimization framework, that the local search algorithm
will succeed in finding a solution S, with Awin(D_;cs. viv; Ty > 1 — 3¢ within 7 < k/e
iterations. We will review more about the regret minimization framework in sec-
tion 2.3.

To incorporate nonnegative linear constraints, our idea is to turn the determin-
istic local search algorithm into an iterative randomized rounding algorithm. In this
randomized rounding algorithm, we first construct an initial solution Sy by adding
each 7 into Sy with probability x; independently. This will ensure that ¢(Sp) = (¢, z)
with high probability. In each iteration ¢ > 1, based on the current solution S;_1, we
construct a probability distribution to sample a vector v;, to be removed from S;_1,
and a probability distribution to sample a vector v;, to be added to S¢—;. To maintain
¢(St) = {c, ), the basic idea is to remove a vector v; with probability proportional
to 1 — z; and add a vector v; with probability proportional to x;, but doing so will
not satisfy the spectral lower bound with high probability. Instead, we prove that if
we update the sampling probability so that a vector v; is removed with probability

proportional to (1 —z;)(1 — 2a({v;v} A1/2))

and a vector v; is added with probability
proportional to x;(1 + 2a(v;v] A1/2>), then (1.1) is satisfied with expected progress
E[A] > €/k as long as )‘mln(Zlest_l vv]) <1 — 2. Informally, a vector pointing to
a direction that is not well covered by the current solution is more likely to be added
and less likely to be removed, to ensure that the spectral lower bound will be satisfied.
However, this changes the expectation on the linear constraint, but we can bound the
error by the additive term O(ncs/€). Note that there are examples showing that this
additive error is unavoidable if our goal is to satisfy the spectral lower bound exactly
(see section 3.2). Compared to the deterministic approach in [5], this randomized
approach uses the fractional solution = more crucially in the rounding procedure, and
we note that it can be used to give a simpler proof of the deterministic local search
algorithm in [5] (see Remark 3.6).

The advantage of the randomized approach is that we can prove that the random
variables are concentrated around their expected values, so that we can handle mul-
tiple nonnegative linear constraints simultaneously. Since the sampling probabilities
change over time based on the previous samples, the random variables that we con-
sider are not a sum of independent random variables and thus Chernoff type bounds
cannot be applied. For the spectral lower bound, we will define a martingale and
use Freedman’s inequality to prove that the total progress we make in (1.1) is con-
centrated around its expected value. For the nonnegative linear constraints, we show
that they satisfy an interesting “self-adjusting” property, such that if ¢(S;) — (¢, z) is
(more) positive, then E[c(Sy41)]—c(St) is (more) negative and vice versa, so intuitively
¢(St) =~ (c,x) with high probability for any ¢. This sequence of random variables is
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not a martingale and so Freedman’s inequality cannot be applied. Instead, we prove
a new concentration inequality for this self-adjusting process that provides a quan-
titative bound similar to that in Freedman’s inequality. We note that the iterative
randomized rounding algorithm does not even need to know the linear constraint ¢ in
advance in order to return a solution S with ¢(S) = (¢, ). This property is quite simi-
lar to that of a recent rounding algorithm by Bansal [10] combining iterative rounding
and randomized rounding as we will discuss in section 5.1.5.

We remark that our approach to turning a deterministic algorithm into a random-
ized algorithm is inspired by the fast algorithm for spectral sparsification by Lee and
Sun [51], where they turned the deterministic algorithm by Batson, Spielman, and
Srivastava [15] into a randomized algorithm that updates the sampling probabilities
in different phases. In their algorithm, the advantage of the randomized algorithm is
to sample many vectors in parallel instead of carefully choosing one vector at a time
as in [15]. In our algorithm, the advantage of the randomized algorithm is to ap-
proximately preserve many linear constraints simultaneously using arguments about
expectation and concentration, while it is not clear how to modify the proofs in the
deterministic local search algorithm in [5] to prove that there is always a pair of
vectors v;,v; which makes enough progress in (1.1) and at the same time ¢; — ¢; is
small, even if there is only one constraint ¢ and it is given in advance. We believe
that this probabilistic approach will be useful in designing algorithms using the regret
minimization framework.

1.4. Other applications. The spectral rounding results are quite general and
have many other applications besides network design. We mention some of these
results and defer the details to section 5.

1.4.1. Weighted experimental design. Experimental design is an important
class of problems in statistics and has found new applications in machine learn-
ing [8, 61]. The one-sided spectral rounding result of Allen-Zhu et al. [5] was used to
give near-optimal approximation algorithms for many well-known experimental de-
sign problems. We will explain these previous works in section 5.2 and show that
our results can be used to design approximation algorithms for the more general set-
ting where different experiments may have different costs while incorporating some
additional linear constraints; see Theorem 5.11 and the discussions afterward.

THEOREM 1.10 (informal). We are given m design points that are represented
by n-dimensional vectors vi,...,v, € R", a cost vector ¢ € R, and a cost budget
C eRy. For any € € (0, %], if C > 15ncs, /€2, there is a randomized polynomial time
algorithm that returns a subset of vectors with total cost at most C' so that the objective
value of A/D/E/V/G-design is at most (14 O(e)) times that of the optimal solution.

1.4.2. Spectral network design. There are several previous works on network
design problems with spectral requirements, including maximizing algebraic connec-
tivity [37, 44], minimizing total effective resistances [38], and network design for s-t
effective resistances [20]. In section 5.3, we will see that these problems are special
cases of the general network design problem and the weighted experimental design
problem in sections 5.1 and 5.2, and our results provide improved approximation al-
gorithms for these problems and also generalize these problems to incorporate many
additional constraints.

We provide the first nontrivial approximation algorithm for the problem of max-
imizing algebraic connectivity subject to a knapsack constraint, proposed by Ghosh
and Boyd [37].
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THEOREM 1.11. Let G = (V, E) be a graph where each edge has cost c. and C be a
given cost budget. Suppose C' > 15|V |coo /€% for some € < 1/2. There is a randomized
polynomial time algorithm which returns a subgraph H of G with

Y ee<C and Ay(Lg) > (1 - 0(€) Aopt,
eceH

where Aopt 15 the mazimum Ay that can be achieved by a solution with cost at most C'.

We also provide a similar result for the problem of minimizing total effective
resistance, proposed by Ghosh, Boyd, and Saberi [38].

THEOREM 1.12. Let G = (V, E) be a graph where each edge has cost c. and C be a
given cost budget. Suppose C' > 15|V |co. /€2 for some € < 1/2. There is a randomized
polynomial time algorithm which returns a subgraph H of G with

Z ce <C and ZReﬁH(u,v) < (14 O(e))opt,

ecH u,v

where opt is the minimum total effective resistance that can be achieved by a solution
with cost at most C.

These results can be extended to incorporate additional constraints (e.g., con-
nectivity constraints). See section 5.3 for details about these results, including the
related work [44, 59].

2. Preliminaries. We review some basic linear algebra and spectral graph the-
ory in sections 2.1 and 2.2. Then we review the regret minimization framework for
one-sided spectral rounding in section 2.3 and state some concentration inequalities
for the analysis of our randomized algorithm in section 2.4.

2.1. Linear algebra. We write R and R as the sets of real numbers and non-
negative real numbers, and Z and Z as the sets of integers and nonnegative integers.
Let R" denote the n-dimensional Euclidean space. We write I,, as the n-dimensional
all-one vector. Given a vector =, we write ||z| as its fo-norm, ||z||; as its ¢;-norm,
and ||z||, as its fso-norm. Given two vectors z,y € R™, the inner product is defined
as (z,y) = S0 2

We write I, as the n X n identity matrix and J, as the n x n all-one matrix. All
matrices considered in this paper are real symmetric matrices. We write A\pax(M)
and Apin (M) as the maximum and the minimum eigenvalue of a matrix M. The trace
of a matrix M, denoted by tr(M), is defined as the sum of the diagonal entries of M.

Let M = 0 denote that matrix M is a positive semidefinite (PSD) matrix. We
write S} as the set of all n-dimensional PSD matrices. Let M = 0 be a PSD matrix
with eigendecomposition M = >, )\iviviT , where \; > 0 is the ith eigenvalue and v;
is the corresponding eigenvector. The square root of M is M1/2 := 3", v/ Nwvivl.

Given two matrices A and B of the same size, the Frobenius inner product of
A, B is denoted as (A, B) := ), s A;;Bi; = tr(AT B).

We write || M|, := max,=; Mz as the operator norm of a matrix M. For
symmetric matrices, the operator norm is just the largest absolute value of its eigen-
values. For PSD matrices, the operator norm is just its largest eigenvalue.

2.2. Graphs and Laplacian matrices. Let G = (V, E) be an undirected graph
with edge weight x. > 0 on each edge e € E. The number of vertices and the number
of edges are denoted by n := |V| and m := |E|. For a subset of edges F' C E, the
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total weight of edges in F'is x(F) := ) _p .. For a subset of vertices S C V/, the
set of edges with one endpoint in S and one endpoint in V' — S is denoted by 4(S5).
For a vertex v, the set of edges incident on a vertex v is §(v) := §({v}), and the
weighted degree of v is deg(v) := 2(§(v)). The expansion of a set ¢(S) := |6(5)|/|95]
is defined as the ratio of the number of edges on the boundary of S to the size of S.
The expansion of a graph G is defined as ¢(G) := ming<|sj<» ¢(S).

The Laplacian matrix L € R"*" of the graph is defined as L = D — A where
D € R™ " is the diagonal degree matrix with D, , = deg(u) for all v € V, and
A is the (weighted) adjacency matrix of the graph. For each edge e = uv € E,
let be := X4 — Xov Where x, € R™ is the vector with one in the uth entry and zero
otherwise. The Laplacian matrix with respect to weights = can be written as

Ly =Y xcbeb!.

ecE

Let Ay < Ay < .-+ < A, be the eigenvalues of L,. Ay is known as the algebraic
connectivity of graph G. The following fact is useful for eigenvalue maximization.

FacT 2.1 (see [37]). Aa(Ly) is a concave function with respect to x for x > 0.
The pseudoinverse of the Laplacian matrix L of a connected graph is defined as

n

Lt = Z %’UZ"UZ'T.

i=2 7

The effective resistance between two vertices s and ¢ on a graph G with weight = is
defined as
Reff, (s,t) := b, Libg,.

We will use the following fact for the formulation of the convex programming relax-
ation in (CP).

FAcT 2.2 (see [38]). Reff,(s,t) is a convex function with respect to the weights
x for x > 0.

2.3. Regret minimization and spectral rounding. We use the regret mini-
mization framework developed by Allen-Zhu, Liao, and Orecchia for spectral sparsi-
fication [3] and present the results in [3, 5]. This is an online optimization setting.
In each iteration ¢, the player chooses an action matrix A; from the set of density
matrices A, = {4 € R™*" | A = 0,tr(A) = 1}. We can intrepret the player action
as choosing a probability distribution over the set of unit vectors. The player then
observes a feedback matrix F; and incurs a loss of (A;, Fy). After 7 iterations, the
regret of the player is defined as

R, =Y (A, Fy) — Biengn (B,Fy) = (A1, Fy) = Ain <;Ft>

t=1 t=1 t=1

which is the difference between the loss of the player actions and the loss of the best
fixed action B, that can be assumed to be a rank one matrix vv”. The objective of
the player is to minimize the regret. A well-known algorithm for regret minimization
is follow-the-regularized-leader, which plays the action

t—1
Ay = argminen {w(A) +a-y (4 Fl)} ;

=0
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where w(A) is a regularization term and « is a parameter called the learning rate
that balances the loss and the regularization. Note that Fj is an initial feedback
which is given before the game starts. A different choice of regularization gives a
different algorithm for regret minimization. Omne choice is the entropy regularizer
w(A) = (A,log A — I) and this gives the well-known matrix multiplicative update
algorithm. The choice that we will use is the ¢, p-regularizer w(4) = —2tr(A/?)
introduced in [3], which plays the action

t—1 -2
(2.1) Ay = (ltf-l- aZF}) )

1=0
where [; is the unique constant that ensures A; € A,,. Allen-Zhu, Liao, and Orec-
chia [3] prove upper bounds on the regret of this algorithm for positive or negative
semidefinite feedback matrices.

THEOREM 2.3 (Theorems 3.2 and 3.3 in [3]). Suppose Fy = 0 and each feed-
back matrix Fy € R™ ™ is either a positive or a negative semidefinite matriz with
ozAi/4FtAi/4 = —i[ for all t > 1, and the action matriz Ay € R™*™ is of the form
in (2.1) for some a > 0. Then

2y/n
L

op «

R, < 0(a) S (A ) - |4 Pt

t=1

When each feedback matriz Fy is of the form usul for some uy € R™ for all t > 1, it
holds that

T (ugul’, A 2v/n
(2.2) Amin <Z um?) Z L 21/2> - f.
t=1

= 1+ a(uud,

For one-sided spectral rounding, the goal is to choose a subset S of vectors to
maximize Amin(} ;e vivf ). Using this regret minimization framework, the second
part of Theorem 2.3 reduces this problem to the simpler task of finding a vec-
tor wug that maximizes (ugul ,At>/(1 + afugul ,Al/ )). Using the condition that
Szl = I, and >"  x; = k, it can be shown [4] that there is always a
vector v; w1th (ol Ag)/(1 +o¢<v3 v; ,A1/2>) > 1/(k+ ay/n). Setting o = y/n/e and
7 = k and using the assumption that k > n/e2, this gives )\mm(zt Juul) > 11— 3e
and proves Theorem 1.5 in the easier setting when a vector can be chosen more than
once (i.e., the with repetition setting in experimental design). This greedy algorithm
can be extended to the more difficult setting when every vector can be chosen at most
once, but only achieving a ©(1)-approximation [4].

To prove Theorem 1.5 when the output must be a zero-one solution, Allen-Zhu
et al. [5] derived the following regret minimization bound for rank two feedback
matrices.

THEOREM 2.4 (Lemmas 2.5 and 2.9 in [5]). Suppose the action matriz Ay € R™*"
is of the form in (2.1) for some a > 0. Suppose the initial feedback matriz Fy € S™
is a symmetric matriz, and for all t > 1 each feedback’ matrix Fy is of the form

v;, v}, for some vj,,v;, € R™ such that a(v;, v}, A1/2> < 1 then

T A : T A
mln ZFt > Z U]f Jt? f> <U t zta t> 3 _ 2\/ﬁ
1 —2a(v;, 0], A7) a

1+ 2a<vjt T A1/2>

A
UJt’UJt
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With Theorem 2.4, they analyzed a deterministic local search algorithm where
they start from an arbitrary solution Sy of k vectors, and in each iteration ¢ > 1

they find a j, ¢ S;_; that maximizes (vjo], A;)/(1 4 20(v;v] ,A1/2>) and an i; €
S¢—1 that minimizes (viv], Ay)/(1 — 2a(vv], A, 1/2 )) subject to the restriction that

2a(vivl’ A /2> < 1, and define S; := S;_1 — iy + j; as the new solution. Using a
dehcate argument, they proved that so long as )‘min(Zles vV} 'y <1 — 3¢, the pair
i+, j+ always satisfies

<vjt ;1:3 At) <U’it Uvj;a At> S

€
1+ 2a(v;, 07, A% 1—2a(v, 0T, AP Tk

This implies by Theorem 2.4 that the local search algorithm will succeed in finding a
solution S; with Amin(Y;cg, viv]') > 1 — 3¢ within k/e iterations.

One technical point used in [4, 5] is that the partial solution Z;_; := Zf;é F; at
time ¢ and the action matrix A; at time ¢ have the same eigenbasis due to (2.1). This
allows one to bound (Z;_1, A;) and <Zt_1,Az/2> as follows.

LEMMA 2.5 (Claim 2.14 in [5]). Let Z %= 0 be an n x n PSD matriz and A =

(aZ +11)=2 for some a > 0 where | is the unique constant such that A is a density
matriz. Then, it holds that

(Z,4) < % + Amin(2) and  a(Z, AY?) < n+av/n - Amin(Z).

This lemma will be used in constructing a zero-one solution for Theorem 1.8.

2.4. Martingale and concentration inequalities. A sequence of random
variables Y7, ..., Y, (starting with Y5 = 0) is a martingale with respect to a sequence
of random variables Z, ..., Z, if for all t > 0, it holds that

1. Y; is a function of Z7,...,Z;_1;
2. E[[Y3]] < o0
3. E[Yit1|Z4,..., 2] = Vs

We will use the following theorem by Freedman to bound the probability that Y,
is large.

THEOREM 2.6 (see [31 71]). Let {Y:}+ be a real-valued martingale with respect

to {Z}+, and let {X; =Y: — Yi_1}+ be the difference sequence. Assume that Xy < R
deterministically for 1 S t < 7. Let Wy := 25:1 [X]2|Z1,... Zi_q] for1 <t <.

Then, for all § > 0 and 0% > 0,

—52/2
. 2
Pr(3t € [r]: ¥ > 6 and W; < o?) Sexp(mmm)'

Recently, some variants of Freedman’s inequality for martingales have been used
to obtain algorithmic discrepancy results [12, 11]. In this paper, we will prove another
variant for nonmartingales with a “self-adjusting” property (see Theorem 3.9).

3. One-sided spectral rounding. We will first present the iterative random-
ized rounding algorithm for one-sided spectral rounding in section 3.1. Then we will
present some examples showing the tightness of our results in section 3.2.
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3.1. Iterative randomized rounding for one-sided spectral rounding.
We modify the deterministic local search algorithm in [5] to an iterative randomized
rounding algorithm so as to approximately satisfy arbitrary nonnegative linear con-
straints. In this randomized algorithm, we first construct an initial solution Sy by
adding each vector v; into Sy with probability x; independently. In each iteration
t > 1, based on the current solution S;_1, we construct a probability distribution to
sample a vector v;, to be removed from S;_1, and a probability distribution to sample
a vector vj, to be added to S;—;. The basic idea is that a vector v; is removed with
probability proportional to 1 — x; and a vector v; is added with probability propor-
tional to x;, but the probability is also adjusted based on the vector’s contribution to
the minimum eigenvalue of the current solution. We remark that it is possible that
no vector is removed and/or no vector is added in an iteration. The algorithm stops
when the minimum eigenvalue of the current solution is at least 1 — 2¢. The following
is the formal description of the algorithm.

Iterative randomized swapping algorithm
Input: vq,...,v, € R" and z € [0,1]™ with >/" | ;0,07 = I,, and an error
parameter € € (0, 1).
Output: a subset S C [m] such that Y, g viv] = (1 —2€)I, and ¢(S) = (c,z) for
any ¢ € R" with high probability.
1. Initialization: ¢t := 1, Sp := 0, a:= /n/e, k:=m+ 2n/e.
2. Add ¢ into Sy independently with probability z; for each i € [m]. Let
Zy = Zieso vivl.
3. While Amin(Ze—1) < 1 — 2¢ do
(a) Compute the action matrix Ay := (aZ;_1 — ;1) "2, where [; € R is
the unique value such that A, > 0 and tr(4;) = 1.
(b) Define S;_; :={i € S;_1: 2oz(viv;f,A%/2> <1}
(¢) Sample i; and j; from the following probability distributions:

1
Pr(i; =14) = %(1 —x;)(1— 2a<viviT,Ai/2>) forie S;_4,

2

21+ 20(v0T, AY%))  for j € [m]\Si—1.

Pr(ji =j) =

(d) Set St = St—l U {jt}\{lt}, Zt = ZiESt U{U;-T and t:=t¢ + 1.
4. Return S = S;_1 as the solution.

Before we state the main result of this algorithm, we first check that the algorithm
is well-defined.

CrAamM 3.1. The probability distributions in each iteration of the iterative random-
ized swapping algorithm are well-defined.

Proof. To verify that the probability distribution for sampling i; is well-defined,
we need to show that Pr(i; =4) > 0 for i € S;_; and Ziesg,l Pr(iy = 4) < 1. Since
Ay =0, z; € [0,1], and 2a(vw?, A;/?) < L for i € 5]_,, it follows that for i € S]_;
we have 1 .

0<Pr(iy=1) = E(l —xz;)(1— 2a<viviT,Ai/2>) < T
and this implies that Ziesg,l Pr(is =) < |S;_;|/k < m/k < 1 by the definition of k.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 11/02/22 to 128.95.104.109 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

1032 LAP CHI LAU AND HONG ZHOU

Next we verify that the probability distribution for sampling j; is well-defined. It
is clear that Pr(j; = j) > 0 as A; > 0 and z; € [0,1]. We claim that

Z r(je =) Z Pr(je=j) <1
JEIMN\St—1
as

m

zj + 2 tr(Al/Q)
1

?r\)—‘

1 m
ZPr]t—j EZ 1+2a<U]J7At1/2>

Jj=

2
<m+n> =1,
€

where the second equality is by the assumption that Zj 1 TjV50 J = I, the last
equality is by the definition of k (this motivates us to set & = m + 2n/e in the
algorithm), and the inequality uses that z; € [0,1], & = y/n/e and the bound that
tr(Ai/Z) < /n. To see that tr(Ai/Q) < /m, let Aq, ..., \, be the eigenvalues of Ay,
then

(3.1) A% Z\F<\f2)\—ftr,4t) NG

<

| =

where the inequality is by Cauchy—Schwarz and the last equality is by the definition
of At . 0

Remark 3.2. The reader may wonder why we do not define the probability dis-
tribution for sampling i; by

(1—a:)(1 = 2a(vT, AY/?Y)
Sies (1= 2)(1 = 2a(vl, 4;7%))

so that ), o ) Pr(i; = i) = 1 and likewise for sampling j;, so that we always remove
-

Pr (Zt = l) =

forie S;_,

a vector from S;_7 and add another vector to S;_7 in each iteration. This is our
initial approach and we believe that this should also work, but it turns out that the
calculations for the linear constraints are simplified considerably by having a common
denominator k for these two probability distributions.

The following is the main technical result for one-sided spectral rounding.

THEOREM 3.3. Suppose we are given vi,...,v, € R™, x € [0,1]™ such that
Szl = 1,. For any e € (0,3) and integer ¢ > 2, the iterative randomized
swapping algomthm returns a subset S C [m] satisfying

> v = (1-26)1,
i€S

within gk/e iterations with probability at least 1 — exp (—Q(qy/n)). Furthermore, for
any ¢ € R} and any 6; € [0,1], d2 € [0,1], and 63 > 0, the probability that the
returned solution S satisfies the cost upper bound is

Pr [c(s> < (1+8){e,a) + 1520‘”] >1 - exp {—Q (61:‘)] ,
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and the probability that the returned solution S satisfies the cost lower bound is
Pr [C(S) > (1 —02){c,z) — 6371000] >1—exp [— Q(min{0265, €53} - n)}
Remark 3.4. If we set 01 = d3 = € and d3 = 1/¢, then Theorem 3.3 states that

the returned solution S satisfies

o0 1 o0
e _ (§) < (1 + €) (e, a) 4 2

€ €

(1—e){e,x) —

with probability at least 1 — exp(—£2(n)) for any ¢ € R?'. We introduce 61, d2, 03 to
have a more refined control of the failure probability of the lower bound, and this will
be relevant in showing that linear covering constraints can be almost satisfied.

Organization. The remainder of this subsection is organized as follows. We will
first prove that the spectral lower bound will be approximately satisified with high
probability within polynomial time in section 3.1.1, and then prove the guarantees
on the linear constraints in section 3.1.2, where we crucially use a new concentration
inequality for a “self-adjusting” random process (see Theorem 3.9 for a formal state-
ment). Then, we will use Theorem 3.3 to prove the exact one-sided spectral rounding
result in Theorem 1.8 in section 3.1.3. Finally, we provide a proof of the concentration
inequality in Theorem 3.9 in section 3.1.4.

3.1.1. Bounding the minimum eigenvalue. The goal in this subsection is
to prove that the probability that the algorithm does not terminate within 7 > gk/e
iterations is at most exp(—Q(gy/n)) for ¢ > 2.

We will bound the minimum eigenvalue of the solution using the regret minimiza-
tion framework developed in [3, 5]. The initial feedback matrix is Fy = Zj, which is
constructed randomly using x. In each iteration ¢t > 1, after computing the action
matrix A;, the algorithm responds with the feedback matrix F; = th’U‘;T v;, v} . Note
that Z, = >, F;. Define

AT — <th ;1:’At> - _ <Uit zq; At>

and A=A — AT,
1+ 2a(vj, vt iy A1/2> 1 —2a(v;,v zt,Al/2> ‘ ‘

Note that 2a(v;, zth1/2> < 3 <1for 1<t <7 by the definition of S;_;, and so A;
is well-defined for 1 <t < 7. The regret minimization Theorem 2.4 proves that

(3.2) Amin (Z7) = Amin ( zT: Ft) Z Ay — Z A; — 2e.

t=0

To lower bound the minimum eigenvalue, we will prove that >.;_; Ay > 1 with high
probability. In the following, we bound the expected value of Y /_; A;, and then
use Freeman’s martingale inequality to bound the probability that 2;1 A; deviates
significantly from its expected value.

LEMMA 3.5. Let A := maxo<¢<r Amin(Z¢). Then

(I—e—N).

?r\\\

T 1
E ]E[At ‘ St 1 E E 1 — € — mm(Zt 1))
t=1 t=1
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Proof. We first consider the expected gain of adding the vector j;. By the defini-
tion of the probability distribution of j;,

1 1/2 (vjv], Ar)
E[AF[Sia] =1 > z(1+2a(vf, 4,7%)- ’ 73
¥ jetmnses L+ 2a(u;0], A4;"%)
1
(3.3) =7 il?j(”jvayAQ
JE[MI\St—1
1
=% (1 — Z acj<vjv;‘-r7At>),

JESt—1

where the last equality is by Z;ﬂ:l xjvjva = [, and tr(A4;) = 1 by the definition of
Ay

Then we consider the expected loss of removing the vector i;. By the definition
of the probability distribution of i,

B 1 1/2 (viv], Ay)
E[A; | S,_] = —(1—2)(1 = 20w}, A7) - '
(A7 ] Se-1] ZE%:l k ! 1— 2a<vw?7Ai/2>
1
=3 E 4 ; (]_ — xi)<1)1"l);r,At>
(3.4) ) e
<< | S (@) (], Ay
i€S¢_1
1 T
< %(Amin(ZtA) +e— Z i (viv; aAt>)»

€St

where the first inequality is because z; € [0,1] and (v;v], A;) > 0 as A; = 0, and
the last inequality follows from Lemma 2.5 that (Z;_1, A;) < v/n/a+ Apin(Zt—1) and
a=+/n/e.

The lemma follows by combining (3.3) and (3.4) and summing over ¢ and using
A= maxy )\min(Zt)' 0

Remark 3.6. If we use the probability distributions stated in Remark 3.2, then
we can start with a solution with [ := >""", z; + O(n/e) vectors and guarantee that
the solution at each iteration still has exactly [ vectors. A similar statement about
the expected progress as in Lemma 3.5 can be proved. This implies that there exists
a good pair iy € S;_1 and j; € Si_1, which gives a solution set of size [ satisfying
the spectral lower bound approximately. Together with a preprocessing step as in
section 3.1.3, this gives a simpler proof of the deterministic algorithm of [5].

LEMMA 3.7. Let A := maxo<i<s Amin(Z¢). Then, for any n > 0,

iAt - <§:E[At | St1]> . 2ky/n/2 )

P < —
g exp( Te(14+ N+ ¢€) + nke/3
Proof. We define the following sequences of random variables where

t
Xy =E[A | S] —Ar  and V=) X
=1
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Observe that {Y;}; is a martingale with respect to {S;};. We use Freedman’s inequal-
ity to bound Pr(Y, > n). To apply Freedman’s inequality, we need to upper bound
X; and E[X? | S;—1]. Note that

<th jj:aAt> < <Ujf jj:aAt>

<
1+ 2a(vj, v}, T A%y T 20(vj v} AV T

1
0<Af = —
Ot

where the last inequality holds as 0 < A; < I. Also,

(il A) (ol A
1/2y — 1/2
1—20[(11“1,14/) 1—204(1;”2,14/)

0< A7 = <

1

20

where the second to last inequality is by 0 < A; < I, and the first and last inequalities
are because i; is chosen from the set S;_; := {i | 4a(v;v] A1/2) < 1}. (We remark
that this upper bound on A; is exactly the reason for the definition of S;_;.) As
these lower and upper bounds on A} and A; hold with probability one, we have the
deterministic upper bound X; < R :=¢/+/n as

=E[A; | Si—1] — Ay SE[A] | Siq] + A < =R.

1 €
a \/ﬁ
Next, we upper bound

E[X} | Si—1] < R-E[|Xy| | Si—1]

IN

== (BIAY | Sima] + EIA | Si))
< kz\f(l +A+e),

where the last inequality follows from (3.3) and (3.4) that E[A; | S;_1] < 1/k and
E[A; | Si—1] < (A+¢€)/k. Therefore, W, := Zt VE[XE | Sica] < me(1+A+e€)/(ky/n).
Applying Theorem 2.6 with R = e/\/ﬁ and 02 = 7¢(1+ A +¢€)/(ky/n), it follows that

72N 7ky/n/2
o2 + Rn/3) - <7’€(1 +A+e)+ nk’e/3> '

Pr(Y; >n) < exp (

The lemma follows as Y; > n is equivalent to Y/, Ay < (02 E[A, | Si—1]) —n. O
We are ready to prove that the algorithm terminates in a polynomial number of

iterations with high probability.

THEOREM 3.8. The probability that the iterative randomized swapping algorithm
does not terminate in qk/e iterations for ¢ > 2 is at most exp(—Q(qv/n)).

Proof. Let T = gk/e. Suppose A = maxo<i<r Amin(Z;) < 1—2¢. Then, Lemma 3.5
implies that

SEASi]> 1l—e=N=T1-e=N)>q
t=1

k

m\»Q

and the regret minimization bound in (3.2) implies that

1—2¢> Amin(Z (ZA)—Qe — iAt<1.

t=1
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Therefore,

K

iAt< <ZE Ay | Si— 1)((11)1

N ONGE
< exp ( (qk/)e(l+ (1 —26) + ) + (q— 1)ke/3)

< exp(=Q(qv/n)),

Pr LDO ()\min(Zt) <1- 26)1 < Pr

where the second inequality is by Lemma 3.7 with n = ¢ — 1 and 7 = ¢k/e and the
last inequality is by the assumption that ¢ > 2. ]

So, for example, the probability that the algorithm does not terminate in 2k/e
iterations is at most exp(—(y/n)) and the probability that it does not terminate in
k+/n/e iterations is at most exp(—Q(n)).

3.1.2. Bounding the linear constraints. For an arbitrary nonnegative linear
constraint ¢ € R, the goal in this subsection is to prove that c(S;) ~ (c,z) with
high probability for any ¢, where we recall that ¢(S;) := ), ¢i is the “cost” of the
solution at time ¢.

Note that the change of the cost through the iterations of the algorithm is not a
martingale, so we cannot control it using Freedman’s inequality directly. Nevertheless,
we manage to prove another variant which applies to a nonmartingale random process
{Y:}: with a “self-adjusting” property that if Y; is (more) positive, then E[Y; 1] —Y:
is (more) negative and vice versa. With this self-adjusting property, intuitively Y;
cannot be too far away from zero, and the following theorem provides a quantitative
bound that is similar to that in Freedman’s inequality.

THEOREM 3.9. Let {Y:}; be a sequence of random variables, and X; :=Y; —Y;_1
be the difference sequence. Suppose that there exist R,o > 0,8,,0; > 0, and v €
(0, %),72 > 0 with 1 < v2/R such that the following properties hold for all t > 1:

1. (Bounded difference) | X;| < R with probability one.
2. (Self adjusting) —71Yt—1 — 0 <E[X; | Yo,....,Yi 1] £ Y1 + Bu.
3. (Bounded variance) E[X? | Yy,...,Y;_ 1] < vY;_1+o.
4. (Initial concentratlon) For any a € [—+, %], the random variable Yy satisfies
E[e%0] < ev*o/n
Then, for any n > 0 and any t > 0, it holds that

Bu %Y1 /72
o [Yt Z ot ’7} = P Mww B T 277]

and

Pr[YtS—ﬁl—U] < exp [—

7’71 /72 }
Y1

do/v2+ 1
The proof of Theorem 3.9 is deferred to section 3.1.4.

To apply Theorem 3.9 to show the concentration of the cost, we first bound the
expected change of the cost in an iteration.

LEMMA 3.10. Suppose Amin(Zi—1) < 1. Then

%((c x) — c(Sp— 1)) <Elej, —c¢i, | St—1] <

((c, x) —c(Se—1) + 1nces )

=
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Proof. We first bound the conditional expectation of ¢;,. By the probability
distribution of j,

1
Eley [ Sl =7 D (L4 20{u0], 47%)

FE[MN\S: 1
1 1/2
= k((q x) — Z cjrj + 2a Z cjzi(vjv) A / >>
JESt—1 JE[M\St—1
Note that
0<2a Z CjT; <vjvj ,A1/2> < 206 ij (vjv; ,Atl/ ) = 20000 tr(Al/Q)
JE[MI\St—1 Jj=1

2ncCoo

)
€

where the equality holds as Z;ﬂ:l mjvjva = I, and the last inequality is by (3.1) and
a = y/n/e. Therefore,

(35 1(lem) ~ 3 an) <Ele | Sl < (o) - 3 et 2o,

1€ESL 1 i€St-1

Next we bound the expectation of ¢;,. By the probability distribution of i,
1

Eles, | Si-1] = ¢ 37 el - @)1 - 20 (vl 4,7%)
i€S;_,
1
= %( Z c¢i(l—m;) — 2 Z ci(l— xi)(viviT,Atl/2>>
€S, 1€S]_,
- %( t— 1 Z CiTy — Z Ci(l — LI,‘Z')
1€St_1 2€St71\si 1
— 20 Z ci(1 — ;) (viv; r A1/2))
€Sy

We would like to bound the last two terms of the right-hand side. Recall that S;_; :=
{i € Si_1 | 4afvvl A1/2> < 1}. This implies that

[S:—1\S;_q| < Z 404(11111 Ay /2> < 4o Z (vw?,Az/2>
i€Si—1\S;_, 1€Si—1

(n + af )\mm(Zt 1))

| /\

?a
where the second to last inequality uses Lemma 2.5 and the last inequality is by

a = y/n/e and the assumption that Apin(Z;—1) < 1. Since z € [0,1]™ and ¢ > 0, it
follows that the second to last term is

8ncoo

0< Z (1 =) < oo |Si—1\Si_1] <
i€5-1\S;_,
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Similarly, for the last term,
0 <2« Z ci(l— xﬁ(vw?,Ai/Q) <20 - Z (Uiv;f,Atl/2>
€S, 4 1€St—1
< 2000(” + Oé\/ﬁ : )\min(thl))
4ncso

< .
€

Plugging back these upper and lower bounds for the last two terms, we obtain

- ) < Ele;, | Se-1] < %(C(St—l) - Z Cﬂ%)

i€St_1 1€St_1

12nco

The lemma follows by combining the bounds for the expectations of ¢;, and c;, in
(3.5) and (3.6). O

To bound the difference between ¢(S;) and (¢, z), we consider the following se-
quences of random variables where

(3.7 Yi:=c¢(S) —(c,x)fort>0 and X,:=Y,-Y,_1=¢;, —¢, fort>1.

Note that Lemma 3.10 shows that the sequence {Y;}; has the “self-adjusting” property
that if Y; is (more) positive, then E[Y;11] — Y; is (more) negative and vice versa,
so intuitively Y; cannot be too far away from zero. The sequence {Y;}; is not a
martingale, and so we cannot apply Freedman’s inequality to prove concentration.
Instead, we will use Theorem 3.9 to prove that the absolute value of Y; is small with
high probability. To apply Theorem 3.9, we need to bound the conditional second
moment of X; and the moment generating function of the initial solution Sy.

LEMMA 3.11. Suppose Amin(Zi—1) < 1. Then
Coo
k
Proof. Since ¢; > 0 for all 1 < i < m,

E[(cjt - c’it)Q | Stfl] <

) ((c, x) + e(Si—1) + 2nc°°).

]E[(Cjt - Cit)2 | Stfl] < I;.H%.X|Cjt - Cit| : ]EHCjt - Cit| | Stfl]
< coo - Elej, + ¢4, | Se-i]

< 5= (teo) +e(Si-) +

2NCoo )

where the last inequality is by (3.5) and (3.6). d

We use the fact that the initial solution Sy is generated randomly to bound its
moment generating function.

LEMMA 3.12. Fora € [—1/¢x,1/¢s0),
E [ano] < 6a2000(c,3c).

Proof. Let x; be the indicator variable where x; = 1 if i € Sy and x; = 0
otherwise. Since the algorithm constructs Sy by sampling each vector independently
with probability x;, it follows that

E [e“c(s‘))} =F [e“zyél XW} = ﬁE [e™Xic] = (1 —m; + z%).
i=1

—-

i=1
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Note that ac; <1 as a € [—1/coo, 1/¢s0) and ¢; < coo, and thus e < 1+ ac; + a?c?
as e? < 1+ p+ p? for p < 1. Therefore,

E [e“c(so)} < H (14 aciz; + a®cix;) < exp (Z (acﬂi + azcoocixi>>

P i=1
= exp ((a + GQCoo)<Cv $>) )

where the second inequality uses 1 +p < e? for p € R and ¢; < ¢ for 1 < i < m.
The claim follows as Yy = ¢(So) — (¢, x). d

We are ready to apply Theorem 3.9 to bound the cost.

THEOREM 3.13. Suppose the iterative randomized swapping algorithm terminates
at the Tth iteration. Let c € RY'. For any 0, € [0, 1],

€ €

pe[ets0) < (4o en) + 222 21 - o[-0 (21)].
Also, for any 62 € [0,1] and d3 > 0,
Pr [C(ST) > (1—d2){c,z) — 5371000} >1—exp ( — O (min{d263, €5} - n) )

Proof. As the algorithm terminates the first time when the minimum eigenvalue
of the solution is at least 1 — 2¢, we can assume that Apnin(Z:) < 1 — 2¢ < 1 for
0 <t < 7. We will apply Theorem 3.9 on the sequences {X;}; and {Y;}; as defined
in (3.7). First, note that |X;| < cs by definition for all ¢ > 1. Second, as E[X; |
Yo, ..., Y21 = El(¢j, —¢i,) | Si—1] and Vi1 = (¢(Si—1) — (¢, x)), Lemma 3.10 implies
that

E[Xt|}/b’,,,7}/t71]§

1l4nc, Y1 ldncs
) +

((e2) = e(Se) + " e

T =

and .
E [Xt ‘ YO7 cee 7)/;571] > <<C7 $> - C(Stfl)) = — t];1 .

Third, since E[X? | Yo,...,Y;—1] = E[(¢j, — ¢;,)? | St—1], Lemma 3.11 implies that

el

Coo 2ncCo0 Coo 2¢o0 NCoo
E[X? | Yo, Yim] £ 22 (e @) +e(Sem) + o) = 22y + 22 (o, 0) + 222 ).

Finally, Lemma 3.12 states that E[e®¥°] < exp(a®cs(c, 7)) for a € [~1/co0, 1/co0]- By

setting

1l4ncs 250 NCoo
e A=0 o= (e £ 52),

we can check that all the conditions of Theorem 3.9 are satisfied, including the condi-
tions on the range of parameters (in particular, v, € (0, %),'yg >0, and 1 < v2/R).
Applying Theorem 3.9 with 7 = d1(c, ) + ncs /€ for §1 € [0, 1],

1 c
R:Coou ’71:E7 VQZ%a ﬁu:

HC@DG+M@w+Wﬁﬂﬁ%hzm+ﬂ

71
r 2
n°71/72 }
<exp|—
=P\ 40/ + Bujm) + 21
r 2
_ B n°/Coo
P | 8(c,x) + 64ncoo /e + 217}
<exp —Q(Mﬂ )
€
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where the last inequality is because 7 = O({¢,z) + nc/€) and thus the denomina-
tor is O({c, ) + ncs/€), and the numerator is 1?/coe = 1(d1{c, T) + NCoo/€)/Co0 >
(n/e)01({c, z) + ncoo /€).

Similarly, for the cost lower bound, we apply Theorem 3.9 with n = da{c,x) +
d3nceo for 02 € [0, 1] and d3 > 0 to obtain

Prle(S;) < (1 82)(c, 2) — dsnea] = Pr {yt < B n}

Y1
2
/e
< __a rre
<o |-
r 2
_ _ n?/Coo
s | 8({c,z) + ncoo/e€) + 77]
<oxp |0 d3n(da2{c, x) + dsncoss)
(¢, &) 4+ ncoo /€ + 03NCo0

< exp [—Q (min{0285, €55} - n)]

where the second to last inequality is by similar calculations as in the previous case.]

3.1.3. Exact one-sided spectral rounding. Theorem 3.3 follows directly from
Theorems 3.8 and 3.13. This shows that the iterative randomized swapping algorithm
will return a solution S with Y, _ ¢ vv] = (1—2¢)I,, and ¢(S) ~ (¢, z) with high prob-
ability for any c € R'P".

To prove Theorem 1.8 where the goal is to return a solution S with -, s viv! =
I,,, our idea is to scale up the fractional solution = and then apply Theorem 3.3. The
following is the detailed description of the algorithm.

Exact one-sided spectral rounding
Input: v1,...,v, € R” and = € [0,1]™ with /", z;v;,0] = I,,, and an error
parameter € € (0, ).
Output: a subset S C [m] such that Y, .gviv] = I, and ¢(S) =~ (c,z) for any
¢ € R with high probability.

1. Define y; := x;/(1 — 2¢) and u; := /1 —2¢-v; for i € [m]. Note that
i yiuiug = I.

2. Let Shig := {i € [m] : y; > 1}, Seman := {t € [m] : 0 < y; < 1}, and
Znig = ziesbig yiuul .

3. Define w; := (I, — Zbig)’%ui for each ¢ € Sgman, so that
Y i€ Suman yiw;wl = I,1.

4. Apply the iterative randomized swapping algorithm with {w; | i € Ssman}
and {y; | i € Ssman} as input to obtain a solution set S’ __;; € Ssman with
Ziesgma“ w,wZT = (1 —2e)I,.

5. Return S := Shig U S, as the solution.

LIf I,, — B is singular, we first project the vectors to the orthogonal complement of the nullspace
before applying the transformation. We can add dummy coordinates to keep the vectors to have the
same dimension n for simplicity of the analysis.
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Proof of Theorem 1.8. We first analyze the spectral lower bound. By the defini-
tions of w; and wu;,

Z wyw! = (1 —2e)I, = Z wiug; = (1 —2€) (I — Zpig)

1€S! €S’

small small

For the vectors in Syig, as z; € [0,1],

T
D owwl = Y mow! = Y yiwu! = Ziig.

ZESb,g lESb,g iESbig

Therefore, it follows that

Z%‘U Z vv + Z VV; = — Zvig) + Zbig = L.

€S €S’ 1€ Shig

small

Next, we prove that c¢(S) = (c,z) with high probability for any vector ¢ € R
Let (¢, Z)sman := Ziesma“ c;z; and (¢, T)pig == Ziesbig ¢;iz;. For the vectors in Shyg,
as y; > 1 for ¢ € Spig and y; = x; /(1 — 2¢) for all i € [m], it follows that

<Ca 5E>big

<Ca z>big S C(Sbig) S <C7 y>big - 1_ 2 .

For the vectors in Ssyan, applying Theorem 3.3 with 6; = ¢, the returned set S’
in step 4 satisfies the cost upper bound

small

15ncs (14 €){(¢,T)sman ~ 15nCxo
/ _ ,
C( small) ( + 6) <C, y>small + € - 1— % + 6

with probability at least 1 — exp(—€(n)), which implies that for € € (0, 1),

1+e
1—2e

< (1+6e) (e, ) +

15ncs

IN

(<C ‘r>b1g + <Ca ‘r>small) +

15ncs

c(8) = ¢(Svig) + ¢(Siman) <

€

Similarly, by Theorem 3.3 with do = € and §3 = § for some § > 0, the returned set

S! o 10 step 4 satisfies the cost lower bound
, 1—e€
C( small) 2 (]— - 6) <C7 y>small - 677,000 = 1 — 2 <Ca x>sma11 - 5ncoo Z <C7 I>small - 571000

with probability at least 1 — exp(—Q(min{ed, €%} - n)), which implies that

c(S) = ¢(Shig) + c(Siman) = (€, T)big + (¢, T)sman — Incoe = (¢, T) — dNcso. O

3.1.4. Proof of the concentration inequality for self-adjusting process
(Theorem 3.9). The proof is by computing the moment generating function of Y;
and applying Markov’s inequality, which is standard in concentration inequalities.
In the following, we write the conditional expectation as E;[-] := E[-|Yp, ..., Y;_1] for
simplicity.
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Upper tail. We start with the proof for the upper tail. For any a € [0,71/72],
the conditional moment generating function of X; with any given Yjy,...,Y;_1 is

S
|
—

X7 < (aR)'
1 + CLXt + ﬁ l'
=2
e —1—aR
RZ

Et I:eaXt:I = ]Et

<E,

=1+ aB¢[Xy] + B[ X7] -
<1+ aBy[Xy] + a®By[ X7
<1—anYio1 +afu+a*pYe +d’o
< exp (a®0 + aBy — (11 — ay2)aYi_1),
where the first inequality is by the bounded difference property that | X;| < R always,
the second inequality is by aR < 1 for a € [0,71/72] because 71 < 72/R and the
inequality e? < 1 + p + p? for p < 1, the third inequality is by the self-adjusting
property and the bounded variance property and a > 0, and the last inequality uses
1+ p < eP for p € R. Then we can bound the moment generating function of
Y; as
EYD,m:Yt [ant] = EYOw--;YVt—l [ant_l Ky [eathI]
< EYow--,thl [exp (aza +afy + (1 - (71 - CL’YQ))GY;:_1>]
< exp (a’0 +afu) - By,,..vi, [exp (a (1= (71 — ay2)) Yeo1))]
= exp (a’0 +afy) - Ey;....v,y [exp (f(a) - Yio1)],
where we define f(a) := a(1— (71 —avz2)). Note that v; —avys € [0,1] for a € [0,v1 /2],

which implies f(a) € [0, a]. Define the sequence a(yy = a and a(;y = f(ag—y)) fori > 1.
Applying the same argument inductively, it follows that

t—1
Ey,,...v, [e""] < exp lE (a?yo +a@Bu) | -Ex, 0]
=0
t—1 a2 o
<o [ (s o) + 7).
i=0 1

where the last inequality follows from the initial concentration property of Yy for
a@y < 71/v2 < 1/R. To bound the moment generating function, we use the following
claim, whose proof follows from the definition of the sequence {a;}-

CrAIM 3.14. The sequence {a;)}i>o is decreasing and dominated by the geometric
sequence {ar'};>q with common ratio r := 1 — (y1 —avy2). The sequence {a?i)}i is also
decreasing and dominated by the geometric sequence {a®r*};>q with common ratio
r2. Furthermore, r> < r < 1 when a € [0,7v1/72).

Using Claim 3.14, when a € [0,71/72), we can upper bound the moment gener-
ating function by

= a’ort
b1 2 7]
i=0 1

1—7r aort]

- {(GQU * aﬁu) 17 24!
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2 2 t
exp [T (g ey 20T
Y1 — a2 71
2
< exp {Mﬂﬁ] 7
Y1 — a2

where the last inequality uses a € [0,71/72). By the Markov inequality, for any
a € [0,71/72) and any n > 0,

Pr [Yt > % + 77} =Pr {e“yt > ea(iqlb+n)} <Ey,. . v, [anz] /ea(%”rn)
1

< exp [’o +ab, - a(ﬂ“ )]

L 71— av2 Y1

— exp [a*(0 +72Bu/1) W?]
L 71— a2
[a*(a /72 + Bu/1) an} .

Y1/72 —a

= exp

To prove the best upper bound, we optimize over a and set

([l N ([
T (1 \/(0/72+ﬂu/71)+n) 72 <1 V+7i)’

where we use v := 0 /y2+ 8, /71 as shorthand. Notice that a € [0,v1/72) as 0,72, > 0
and (3, > 0, so the above probability bound applies. Putting this choice of a back
into the exponent on the right-hand side, the exponent is

a0/t Bu/v) o (A=Vv/rm)?v (0 [T
/72 —a TI*VZ ( v/(v+mn) <1 \/E) 77)-

()

Simplifying the second term on the right-hand side,

0 o 7)o )
= u(u+n)+v\/z2yn+n\/z

=—2v+n)+2/v(v+n)

=—2v+n)+vQ2v+n)?—n?

2

n
=—Q2v+n)+2v+ 11—
( n) + ( n) )2
/2
=~ 21/—'-777
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where we used /1 —p < 1—p/2 for p € [0,1] in the last inequality. Therefore, we
conclude that

a?(o/v2 + Bu/1) /72
Pr(Y; > n) < exp ( ja—a ‘”’) < oxp (4(0/72 + Bu/m) + 2n> ’

which completes the proof for the upper tail.

Lower tail. The proof for the lower tail is quite similar to that for the upper tail.
The main difference is that we work with the moment generating function E[e~¥t],
instead of E[e?¥t]. For any a € [0,71/72], the conditional moment generating function
of —X; is

cox _ [N~ ()X X~ (aR)!
]Et[e ]—Et ;T S]Et 17@Xt+ﬁl:2 T

e® _1—aR
=1 —aF[Xy] + B[ X7 - —
<1 — aFy[X] + 6y [ X7
<1+ anYioy +aB + a*yY;_ 1 +d’c

< exp (a®0 +af + (11 + aye)aYi—1)

where the first inequality is by the bounded difference property | X;| < R and a > 0,
the second inequality is by aR < 1 for a € [0,71/72] because 71 < 72/R and the
inequality e? < 1 + p + p? for p < 1, the third inequality is by the self-adjusting
property and the bounded variance property and a > 0, and the last inequality is by
14 p < eP for p € R. Then we can bound the moment generating function of Y; as

Evp,..vi [67] =By, v,y [V By [e7 Y]]
< Eyy...viy [exp (a%0 +af — a(l — (11 + av2))Yi-1)]
<exp (a0 +af) By, v, , [exp(—a(l — (71 + ay2)) Yi-1)]
= exp (a’0 +af) - Ey,,..v,_, [exp (—g(a) - Yi-1)],
where we define g(a) := a(1— (v +av2)). By the given condition v, € (0, 1), it holds
that 1 + aye € [0,1] for a € [0,71 /2] which implies g(a) € [0, a].

Define the sequence a(g) = a and a(;) = g(a(—1)) for i > 1. Applying the same
argument inductively, it follows that

t—1
EYO,.H,Yt [e—aYt] < exp [ (a%i)o + a(i)ﬁl)

-Ey, [e—amYO]

Y
= O

a2 (2
< exp [Z (a?i)O' + a(i)ﬁl> + EZ] )

i=0

where the last inequality follows from the initial concentration property of Y, for
a@y <71/v2 < 1/R. To bound the moment generating function, we use the following
claim, whose proof follows from the definition of the sequence {a;}-

CraiM 3.15. The sequence {a;)}i>o is decreasing and dominated by the geometric
sequence {ar'};>q with common ratio r := 1 — (y1 +avy2). The sequence {a?,-)}i is also

decreasing and dominated by the geometric sequence {a®r*};>¢ with common ratio
r?. Furthermore, r € (0,1) for a € [0,71 /2] with v1 € (0,3) and 2 > 0.
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Using Claim 3.15, when a € [0,71/72], we can upper bound the moment generat-
ing function by

i = alort
Evy....vi [e™] Sexp | (a®o +aB) d_r'+ — ]
- 1
L 1=0
1 _ gt 2t
= exp (a20—|—aﬁl)~ r aar}
L ].—7”' Y1
[ a2 2t
= exp ao._FaBl,(l_rt)_FaUT‘:l
L V1 +0/‘/2 ol
[ a2 2t
< exp (MJrClﬂl.(l_Tt)+ao—r:|
L 71 "
ro2
< exp Mﬂﬁl} 7
4t

where we used ay2 > 0 and r € (0,1) in the second to last inequality.
By the Markov inequality, for any a € [0,71/72] and any n > 0,

8 8
Pr [Yt < b 77] =Pr [e“Y* >e" ”H")} < Ey,..v; [e”*] /e )
7
2
< exp {a o+ apB (BZ‘HY)]
71 71
=exp |— —an
71

When n < 20 /72, we set a = (n71)/(20) € [0,71/72], so the above probability bound
applies and gives

2
Pr {Yg < —& —7':| < exp [_77 n
4o

Al

<exp |- /72
- do/v2+mn]"

When 7 > 20 /72, we simply set a = 71 /72, and the above probability bound gives
2
Pr I:Y;‘/S_Bl_'r]:| Sexp |:71 (U—n>:| Sexp |:_W:| ,
" Y2 Y2 do/v2 + 1

where the last inequality holds by the assumption that n > 20 /2. This finishes the
proof for the lower tail and thus the proof of Theorem 3.9.

3.2. Some examples. We provide two examples suggesting why the additive
error term O(ncy/€) may be needed in Theorem 1.8.

First, consider the following simple example, which shows the nc,, additive error
term is necessary.

Ezxample 3.16. There are m = 2n vectors vii,v12,...,Un1,Un2 € R™, a vector
x € [0,1]™, a vector ¢ € R, and a parameter €. They are defined as follows:

Ti1 = ]., Vi1 — V 1—e¢- €, Ci1 = 0 and
Tiog =€, Vj2 =2¢€;, Ci2=Cx Vie{l,...,n}.

Note that (¢, z) = ence and Y1 3. 5 Tijvijvl; = In.
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CramM 3.17. For any constant a > 1, any z € {0,1}™ satisfying the spectral
lower bound in Example 3.16 must have (c, z) > alc, z) + Q(ncoo).

Proof. Note that if a vector z € {0, 1}™ satisfies the spectral lower bound exactly,
then z;, = 1 for all é’s. Since ¢;; = 0 for all ¢’s, it holds that (c,z) — afc,z) =
NCoo — MENCoo = (1 — a€)neo. For any a > 1, there exists € such that (c, z) — a{c, )
is at least, say, nceo /2. 0

Next, we modify an integrality gap example in [59] to show that, even if ¢ = T
and we are allowing an integral solution instead of a zero-one solution, the additive
error O(nceo/€) in Theorem 1.8 is best possible.

Ezxample 3.18. The example contains m = (g) vectors vy, . .., v, € R, avector

x € [0,1]™ and a vector ¢ = I,,. Let I € RO=1X" he the orthogonal projection
onto the (n — 1)-dimensional subspace orthogonal to the all-one vector. Given some
parameter k, we define

n—1 2k .
v =g M) end ey = gETy Visi<isn
.’L‘ijvl‘j’UT

Note that {(c,z) = k and },_; i
all vectors satisfying > a:ijvijv;"; =1, 1.

= I,—1 and z has the smallest ||z||; among

We will use the following result from [59].

THEOREM 3.19 (Theorem 7.2 in [59]). Let G = (V, E) be a graph with average
degree dave = 2m/n, and let Lg be its unnormalized Laplacian matriz. Then, as long
as davg 15 large enough, and n is large enough with respect to dayg,

)\2 (LG) < davg —p davga

where Ao(Lg) is the second smallest eigenvalue of Lg, and p > 0 is an absolute
constant. Furthermore, the upper bound for Ao(Lq) still holds for graphs with parallel
edges.

Using the above theorem, we can prove the following lemma.
LEMMA 3.20. Let {vi;},c,x be defined as in Ezample 3.18. For any z € ZT', if
Zl§i<j§n zijvijviTj = 1I,_1, then we have

(¢,2) > k+ Q(Vkn +n).

Proof. Given any z € ZT', let G, be the multigraph corresponding to z with
Laplacian matrix

2k
L= ¥ suluoalteox) =0 30 sl |1
fsresEn 1<i<j<n

2
?k<In_1Jn>a
n—1 n

where the last inequality holds by the assumption on z. Therefore, Ao(L,) > 2k/
(n—1).

On the other hand, since the average degree of G is davg = 22|, /7, we apply
Theorem 3.19 with properly chosen n, and for some constant p we have

2||z 12||z
)\2(Lz) S davg_p davg — )\2([12) S ||nH1 —p HnHl
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Combining with Ao(L,) > 2k/(n — 1), we have

2k 2zl [2E

< — 2% <2|zlls - pv/20]=s.
n—1 n n

For the quadratic inequality 2y% — pv/2ny — 2k > 0, we know that the nonnegative
solution for y should satisfy

y> oV2n + +/2p%n + 16k
iy 4 .

Therefore, letting y = \/|z||;, we have

(e, 2) = ||zl > (pV2n + v/2pn + 16k)* /16
= p*n/4+ k + p\/4p?n + 32kn /8
> k4 pV2kn/2 + p*n/4
> k4 Q(Vkn +n). 0

Suppose we set the parameter k = gn for ¢ > 16 in Example 3.18. If we apply
Theorem 1.8 to the vectors vy, ..., v, € R" ! and z € [0,1]™ defined in Example 3.18
with e = \/n/k < 1/4, then there exists a z € {0,1}™ such that

15ncs

Z zijvijviTj = In 1 and (c,z) < (1+6¢){c,x) + =k+ OWVkn),

1<i<j<n

where the last equality uses (¢, z) = k. Note that if the additive error term O(e{c, )+
NCso/€) has a better dependency on €, then we can set e accordingly such that the
cost upper bound will contradict the lower bound in Lemma 3.20. For example, if
Theorem 1.8 were improved to (¢, z) < (1 + 6¢€){c, z) + 15nceo/\/€, then we could set
¢ = (n/k)?/3, which would imply that (¢, z) < k+O(kY/3n?/3), contradicting the lower
bound (c, z) > k 4+ Q(v/kn) when k is large enough. This shows the 1/e dependence
in the additive error term ncy, /€ is unavoidable.

4. Two-sided spectral rounding. In this section, we show that the two-sided
spectral rounding result in Theorem 1.6 can be extended to incorporate one non-
negative linear constraint that is given as part of the input.

There is a standard reduction used in [65] to construct spectral sparsifiers that
satisfy additional linear constraints. Suppose Corollary 1.7 were to work for rank two
matrices; then we can simply incorporate the linear constraint to the input matrices
as A; = (””'é”‘T Ci/&w) so that >.0"  2;4; = Iny1, and any z € {0,1}™ so that
St ziA; & I, would have (c,z) = (c,z). But the rank one assumption is crucial
in the proof of Theorem 1.6 and it is an open problem to generalize it to work with
higher rank matrices.

Our idea is to use the following signing trick, suggested to us by Akshay Ra-
machandran, to essentially carry out the same reduction using only rank one matrices.

LEMMA 4.1. Let vi,...,vy, € R", © € [0,1]™, and ¢ € RT. Suppose that
||ZZT;1 xww?”op <X and ||lvi|| <1 for 1<i<m. Then there exists a signing s, ...,

Sm € {&1} such that if we let ulz(gqm) € R, then |31, iniU?HOP
<A+ IV
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Proof. By the definition of w,,

Ci\
m Z:il l‘i’Ui’U;»T 2111 S; T4 <017:E>vi
inuiu? - CiA i
i—1 m . . 1 T m (ad2
K Ez:l Sids4 <C, x> U5 Zz:l <C, :U>
CiA
0 Mg | —— .
_ <Z;21 giviv;‘r ?\) N . D iy SiTi o) v
Yo s GA_ T 0

(c,z)
The operator norm of the second matrix is bounded by || siziv/ci M/ {c, z)v;||. Tt

follows from triangle inequality that || | zju;ul’ Hop <M siwin/eiN (e, z)vg .
We show that there is a signing si,..., s, € {£1} such that

Zs ziv/ N (e, )i || < IV,

and this will complete the proof. Take a uniform random signing and consider

m 2

3w s
8;T; v;

et 1l <C,Z‘> A

AC; A\ /CiCs
E, [5125012 l[vi)® } +ZES {siijixj@i,vﬁ]

(¢, x) oy (¢, x)

)\cl )\clxi
2 il o Z = P
i=1 i=1

Ese{:tl}m

where the last line uses that s? = 1, E[s;s;] = E[s;]-E[s;] = 0, and z; € [0,1], |Jv;]| <
in the inequality. This implies that there exists such a signing. a

We apply the signing in Lemma 4.1 to incorporate one nonnegative linear con-
straint into the two-sided spectral rounding result of Kyng, Luh, and Song [45].

THEOREM 4.2. Let vi,...,v,, € R", 2 € [0,1], and ¢ € RT'. Suppose that
||Z;11 wivinTHOp < Xand ||vi]] <1 for 1 < i < m. Suppose further that coe <

(c,z) /X and | < /\. Then there exists z € {0,1}™ such that

E Ti0;V; E ZiV; vT

Proof. Let u; = (Sm) for 1 < i < m, where s1,...,S., is the signing

81
<8IV and |{c,z) — (¢, 2)] < ﬁ@,x).

op

given in Lemma 4.1. By the assumption that co < [2(c,z)/A, it follows that |jus||> =
vl +e)/ (e, z) < 202, Let & be a zero-one random variable with probability z; being
one. Applying Theorem 1.6 on wy,...,u, and &1,...,&y,, there exists z € {0,1}™
such that

§ TiU;U § ZiU; U

1/2 1/2

4[| S Varle (i
=1

4 in g wsuel
i=1
< 4\/212(A 4 1VN),

op op op
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where we use that Var[§;] = 2;(1 — ;) < 2, |Jwi||> < 212, and I>r, xiuiuiTHOp <

X+ IvVA by Lemma 4.1. By looking at the top left n x n block, this implies that

|20 wiviol = 30 ziviviTHOp < 44/22(A + 1vV/X) < 81V, where we use the as-

sumption that < v/A. By looking at the bottom right entry, we have

<4220+ IVR) < SIVA = |(e,2) — (e, 2)] < %(c,m).
0

This proves Theorem 1.9 that incorporates one nonnegative linear constraint into
Corollary 1.7, by plugging A = 1 and [ = € into Theorem 4.2.

i xici)\ i Z;C;
(¢, ) (c.x

i=1 i=1

>

~

5. Applications. In this section, we will show that the spectral rounding results
in section 3 have many applications including survivable network design (section 5.1),
experimental design (section 5.2), and network design with spectral properties (sec-
tion 5.3).

5.1. General survivable network design. We will show that the spectral
rounding results provide a new approach to design algorithms for the survivable net-
work design problem. The main advantage of this approach is that it significantly
extends the scope of useful properties that can be incorporated into survivable net-
work design.

The organization of this subsection is as follows. We begin by writing a large
convex program that incorporates many useful constraints into survivable network
design in section 5.1.1, and explain how the spectral rounding results can be used
to find a solution for this general survivable network design problem in section 5.1.2.
Then we will see the implications of Theorem 1.8 to network design in section 5.1.3
and of Theorem 1.9 to network design in section 5.1.4. Finally, we discuss how these
new results make some progress toward Bansal’s question [10] of designing an ap-
proximation algorithm for survivable network design with concentration property in
section 5.1.5.

5.1.1. Convex programming relaxation. We can write a convex program-
ming relaxation for the general network design problem incorporating all these con-
straints as discussed in section 1.4. In the following, the input graph is G = (V| E)
with |[V| = n and |E| = m. The fractional solution is z € R™ where the intended
solution is to set z. = 1 if we choose edge e and z. = 0 otherwise. We first present
the convex program and then explain the constraints below.

min {c, )
P
z(6(5)) > f(S) VSCV (connectivity constraints)
z(6(v)) < d, YveV (degree constraints)
Az <a AeRE*™ aeRY  (linear packing constraints)
(CP) Bx>b B eRY™ beRY  (linear covering constraints)
Reff,(u,v) <ryy Yu,v €V (effective resistance constraints)
L, =M M=0 (spectral constraints)
A2(Ly) > A (algebraic connectivity constraint)
0<z., <1 Vee E (capacity constraints)
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Let us explain the constraints one by one. For the connectivity constraints, we have a
connectivity requirement f,, , that there are at least f, , edge-disjoint paths between
every pair u, v of vertices. For each subset S C V, we let f(S5) := max, ,.ues,v¢s fu
and write a constraint that at least f(S) edges in §(S) should be chosen, where
z(6(5)) denotes 5.5y Te- By Menger’s theorem, if an integral solution satisfies all
these constraints, then all the connectivity requirements are satisfied. For the degree
constraints, each vertex has a degree upper bound d, and we write a constraint
that at most d, edges in 6(v) can be chosen, where 2(5(v)) := > c5(,) Ze- For the
linear packing and covering constraints, all the entries in A, B, a,b are nonnegative,
and we assume that A, B have at most a polynomial number of rows in n,m. For
effective resistance constraints, we have an upper bound r,, ,, on the effective resistance
between every pair u,v € V. As in section 2.2, we write Reff, (u,v) = b%,Libg; as the
effective resistance between v and v in the fractional solution x where each edge e has
conductance x.. In the spectral and the algebraic connectivity constraints, we write
L, = ZSGE zeLe as the Laplacian matrix of the fractional solution = where L. is
the Laplacian matrix of an edge as defined in section 2.2. In the spectral constraint,
we require that L, = M for a PSD matrix M. One could have polynomially many
constraints of this form (just as linear packing and covering constraints), but we
write only one for simplicity. In the algebraic connectivity constraint, we require the
second smallest eigenvalue of the Laplacian matrix of the solution is at least A, which
is related to the graph expansion of the fractional solution as described in section 2.2.

This convex program can be solved by the ellipsoid method in polynomial time
in n and m. There are exponentially many connectivity constraints but we can use
a max-flow min-cut algorithm as a polynomial time separation oracle for these con-
straints (see, e.g., [43]). Other linear constraints can easily be checked efficiently, as
we assume there are only polynomially many of them. Next we consider the nonlinear
constraints. For the effective resistance constraints, it is known [38] that Reff, (u,v)
is a convex function in x. For the algebraic connectivity constraint, it is known [37]
that Ao is a concave function in x. For the spectral constraint, the feasible set is a
PSD cone and is convex in x. So the feasible set for these nonlinear constraints form
a convex set. Also, these nonlinear constraints can all be checked in polynomial time
using standard numerical computations. Therefore, we can use the ellipsoid algorithm
to find an e-approximate solution to this convex program in polynomial time in n and
m with dependency on € being log(1/¢).

5.1.2. Spectral rounding. Suppose we are given an optimal solution x to the
convex programming relaxation (CP). To design approximation algorithms, the task
is to round this fractional solution x into an integral solution z so that z satisfies all the
constraints and (c, z) is close to (¢, z). There are many different types of constraints
and it seems difficult to handle them simultaneously. In the spectral approach, the
main observation is that if we can find an integral solution z such that Zee g Zele =
Y ecr Tele and (c,z) = (c, ), then all the constraints can be (approximately) satisfied
simultaneously. We state this observation in the following lemma.

LEMMA 5.1. Let z € R be a feasible solution x to (CP). For e € [0,1], any
z € L7 satisfies
2(6(8) = (1= f(S) VSTV,

R ’ S 1+2 uvv 5 E‘/,
ZzeLe = (1 _E)Z%Le — eff.(u,v) < ( )rup YU, v
Lz = (1_6)]\47

eckE eck
Ao(Ly) > (1— ).
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For e € [0,1], any z € ZT satisfies

ZzeLe < (1—+—e)§:xeLe = z(6(v)) < (1+¢€)d, YveW.
e€E ecE

Proof. Let Ly := ) cp®ele and L, := Y p2.L.. We start with the connec-
tivity constraints. For any S C V, let x5 € R™ be the characteristic vector of S with
xs(i) =11if ¢ € S and zero otherwise. It is well-known that

X§Loxs = X& (Z zeLe> Xs =Y zeXbLexs = D 2= 2(5(9))

eclE ecE e€d(S)
and similarly x%L,xs = z(6(S)). So, if L, = (1 — €)L,, then for all S C V we have
2(6(9)) = x§L2xs = (1 — €)x§Laxs = (L — €)x(6(5)) = (1 — ) f(5).

For the effective resistance constraints, since L, = (1 — €)L,, it implies that Ll <
(1—¢) 'Ly < (14 2€)L, for e € [0, 3], and thus

Reff, (u,v) = b1, Liby, < (14 2€)bL, Liby, = (1 + 2¢)Reff, (u,v) < (14 2€)70 -
The statements about the spectral lower bound and the algebraic connectivity con-
straint follow directly from the assumption that L, > (1 — €)L,. Finally, for the
degree constraints, suppose we are given L, < (1 + ¢)L,; then it follows that

2(00)) = X" Laxo < (14 OXT Laxe = (14 a(3(v)) < (1+ )y 0

Lemma 5.1 says that if z satisfies the spectral lower bound L, > L,, then the
solution z will simultaneously satisfy all connectivity constraints, effective resistance
constraints, spectral constraints, and the algebraic connectivity constraint exactly.
Moreover, if z also satisfies the spectral upper bound approximately, then the solution
z will approximately satisfy all degree constraints as well.

5.1.3. Applications of one-sided spectral rounding. We apply Theorem 1.8
to design approximation algorithms for network design problems that significantly
extend the scope of existing techniques.

cp := min (¢, x)
x

z(6(S)) > f(S) VSCV (connectivity constraints)

Az <a AeRY™ aeRY  (linear packing constraints)

Bz >b B eRY™ beR%  (linear covering constraints)
(CP1) Reff, (u,v) < ryp Yu,v €V (effective resistance constraints)

L,>=M M =0 (spectral constraint)

Ao(Ly) > A (algebraic connectivity constraint)

0<z. <1 Ve € £ (capacity constraints)

In network design, a zero-one solution corresponds to a subset of edges where
each edge is used at most once (satisfying the capacity constraints). The following
theorem is a consequence of Theorem 1.8.
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THEOREM 5.2. Suppose we are given an optimal solution x to the convex pro-
gram (CP1). For any € € (0, i), there is a polynomial time randomized algorithm to
return a zero-one solution z € {0,1}™ to (CP1) satisfying all the constraints exactly
with probability at least 1 —exp(—Q(n)) except for the linear constraints. The solution

z has objective value
15ncs

(¢, z) < (14 6€)cp +
with probability at least 1 — exp(—Q(n)), and satisfies

15n | A;
(Ai, z) < (1+6€)a; + %

where A; is the ith row of A, with probability at least 1 — exp(—£(n)) for each linear
packing constraint, and satisfies

(Bj,z) > bj —on||Bj|  ,

where Bj is the jth row of B, with probability at least 1 — exp(— min{ed, €%} - Q(n))
for any 6 > 0 for each linear covering constraint.

Proof. We apply the following standard transformation to reduce to the one-sided
spectral rounding problem. We assume without loss of generality that the graph G,
formed by the support of the fractional solution z is connected, and so L, has rank
n—1 LetIl =1, — %Jn be the orthogonal projection onto the n — 1 dimensional
subspace orthogonal to the all-one vector, where J, is the n x n all-one matrix. For
each edge e € F, we define a vector v, := LJrG/fl_Ibe which is contained in the n — 1
dimensional subspace orthogonal to the all-one vector. Then

> wever! = LY/ (Z mebebeT> NLY/? = Li2nL,nri/? =1, _,.

eck eck

For any € € (0, ), we apply Theorem 1.8 to € [0,1]™, {vc}ecp to find a zero-
one solution z € {0,1}™ such that ) _p 2evev! = I,_1 with probability at least
1 — exp(—Q(n)), which implies " _p zebebl = L, , thus the zero-one solution z
satisfies all the constraints in (CP1) except for the linear constraints by Lemma 5.1.

Theorem 1.8 also guarantees that with probability at least 1 — exp(—(n)) the

objective value of z is at most

(e, z) < (14 6€){c,z) + 1oncoo

€

The guarantees for the linear packing constraints follow the same way as for the
objective function, and the guarantees for the linear covering constraints follow from
the lower bound part of Theorem 1.8. O

We demonstrate the use of Theorem 5.2 in some concrete settings. The first
example shows that Theorem 5.2 provides a spectral alternative to Jain’s iterative
rounding algorithm to achieve O(1)-approximation for a fairly general subclass of the
survivable network design problem.

Example 5.3. Theorem 5.2 is a constant factor approximation algorithm as long
as Nco, = O(cp). Suppose that in our network design problem the average weighted
degree of an optimal fractional solution to the convex program is at least dave and the
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costs on edges are positive integers with coo = O(davg) (e.g., in the minimum k-edge-
connected subgraph problem every vertex has degree at least k and 1 < ¢, < O(k) for
e € E, or the solution requires a connected subgraph and 1 < ¢, < O(1) for e € E,
etc). Then cp > Q(davgn) > Q(cson) and Theorem 5.2 provides a constant factor
approximation algorithm.

The additive error term nce is the reason that we could not achieve constant fac-
tor approximation in general, but this term is unavoidable in the one-sided spectral
rounding setting when we need to satisfy the spectral lower bound exactly. See sec-
tion 3.2 for examples showing the limitations. Heuristically, we can compute cp and
if ncso = O(cp) then we know Theorem 5.2 will provide good approximate solutions.

The second example shows that Theorem 5.2 returns a good approximate solution
to survivable network design while incorporating many other constraints simultane-
ously.

Ezxample 5.4. Suppose the connectivity requirement is to find a k-edge-connected
subgraph, or more generally f, ., > k for all u,v € V. Assume the cost c. of each
edge e is at least one. Then cp > Q(kn).

When the cost function satisfies c¢o, = O(k), then Theorem 5.2 implies that
there is a polynomial time randomized algorithm to return a simple k-edge-connected
subgraph satisfying all the constraints in (CP1) except for the linear constraints (with
some nontrivial guarantees), and the cost of the subgraph is at most a constant factor
of the optimal value.

When the cost function satisfies coo = O(1), then Theorem 5.2 implies that there
is a polynomial time randomized algorithm to return a k-edge-connected subgraph
satisfying all the constraints in (CP1) except for the linear constraints, and the cost
of the subgraph is at most 1 + O(1/vk) factor of the optimal value by setting e =

o(1/Vk).

The third example shows when the linear packing and covering constraints can
be satisfied up to a multiplicative constant factor. See also section 5.1.5 for a related
question asked by Bansal [10].

Ezxample 5.5. For linear covering constraints, suppose that they are of the form
ZeeF Ze > b; for some subset F' C E where b; > n; then the returned solution z
will almost satisfy this constraint as ) . ze > b; — 0n || Bj||, > (1 — §)b; for some
0 > 0. So, these unweighted covering constraints with large right-hand side can be
incorporated into survivable network design, even though they can be unstructured.
By a similar argument, any unweighted packing constraints with large right-hand side
will be only violated by at most a multiplicative constant factor with high probability.
It was not known that Jain’s iterative rounding can be adapted to incorporate these
linear covering and packing constraints.

We will present more applications of Theorem 5.2 in section 5.3, where they can
be used to design approximation algorithms for network design problems with spectral
requirements. These problems were studied in the literature before but not much is
known about approximation algorithms with performance guarantees.

5.1.4. Applications of two-sided spectral rounding. If we can achieve two-
sided spectral rounding in network design, then we can also approximately satisfy the
degree constraints by Lemma 5.1. However, to apply Theorem 1.9, we need to satisfy
the assumption that the vector lengths are small. It is known that the vector lengths
in the spectral rounding setting correspond to the effective resistance of the edges
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in the fractional solution x. In the following, we describe when two-sided spectral
rounding can be applied and discuss the implications for network design.

cp := min (¢, )
x

x(6(S)) = f(9) VSCV (connectivity constraints)
z(d(v)) < dy YveV (degree constraints)

(CP2) Reff, (u,v) < ryq Yu,v €V (effective resistance constraints)
L,=M M =0 (spectral lower bound)
Aa(Ly) > A (algebraic connectivity constraint)
0<z. <1 Vee & (capacity constraints)

THEOREM 5.6. Suppose we are given an optimal solution x to the convex pro-
gram (CP2). For any e € [0, 1], if Reff,(u,v) < €2 for everyuv € E and co, < €2{c, ),
then there exists a zero-one solution z € {0,1}™

(1—0(e)Ly < L. < 1+ 0(e)Ly and (1 —O(e)){c,z) < (e, 2) < (1+0(e))(c, z).

This implies that all the constraints of (CP2) will be approximately satisfied by z (e.g.,
z2(6(S)) > (1 = O(e))f(S) for all S CV and z(6(v)) < (1 4+ O(e))d, for allv € V)
and the objective value of z is at most (1 + O(e))cp.

Proof. We apply the same standard transformation as in Theorem 5.2 to reduce to
the two-sided spectral rounding problem. Let II = I,, — %Jn as defined in Theorem 5.2.

For each edge e, we define a vector v, := LL/QHbe which is contained in the n — 1
dimensional subspace orthogonal to the all-one vector. Then Zee B xevevg =1,_1 as
in Theorem 5.2. Using the assumption that Reff, (i, j) < € for every edge ij € E, it
follows that

[vijl|> = b, LLbi; = Reff, (i, §) < € Vij € E,
and thus the assumption in Theorem 1.9 is satisfied. We can then apply Theorem 1.9
on {v.}. and ¢ to conclude that there exists z € {0,1}" such that

(1-0(e) -1 = Z 20,08 < (14 O0(€)) 1 and (¢,z) < (14 0(¢)){(c,x).
eceE

By the definition of v, = Ll/ 2Hbe, this implies that

(1= 0(€)La < L =Y _ zebeb! < (14 O(€)) L.
ecelE

By Lemma 5.1, the zero-one solution z satisfies all the constraints of (CP2) approxi-
mately. 0

In the following, we compare Theorem 5.6 to Theorem 5.2.

1. Approximation guarantees: When Theorem 5.6 applies, it can handle de-
gree constraints as well and basically preserves all properties of the fractional
solution (e.g., upper bound and lower bound on every cut). It also gives a
strong approximation guarantee for the objective value, getting arbitrarily
close to the optimal value. However, the constraints are only approximately
satisfied, while in Theorem 5.2 they are exactly satisfied. Theorem 5.6 can
handle only one linear constraint, which is used for the objective function,
while Theorem 5.2 can handle many linear constraints simultaneously with
an additive error term.
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2. Assumptions: Theorem 5.2 applies without any assumptions, but Theo-
rem 5.6 applies only when Reff, (u,v) < €2 for all uv € E and co, < €2(c,z).
The assumption about the cost is moderate, as it only requires that the max-
imum cost of an edge is at most an €? fraction of the total cost of the solution,
which should be satisfied in many applications with small e. The main re-
striction is the first assumption about effective resistances, which may not be
satisfied in network design applications, and we would like to provide some
combinatorial characterizations under which the assumption will hold. Let
Reffgiam := max,, , Reff(u,v) be the effective resistance diameter of a graph;
note that the maximum is taken over all pairs (not just for edges as required
in Theorem 5.6). For example, it is known that [21] a d-regular graph with
constant expansion has Reffgiam < O(1/d). So, if the fractional solution x is
close to a d-regular expander graph, then Theorem 5.6 can be applied with
€ > 1/v/d. Tt is proved in [2] that a much milder expansion condition guar-
antees small effective resistance diameter. For example, in a d-regular graph
G, as long as for some 0 < 6 <1/2,

5S) =2 (S)HH) VSCV  —  Reflyum <O (;5) |

Note that a d-regular graph with constant expansion satisfies the much stronger
assumption that |6(5)] > Q(d|S]). Informally, the above result only requires
|6(S)| to be roughly the square root of d|S| to show that the graph has a
small effective resistance diameter (e.g., three-dimensional mesh). So, as long
as the fractional solution z is a mild expander as defined in [2], the assump-
tion in Theorem 5.6 will be satisfied with small €. As another example, if the
algebraic connectivity \o(L,) of the fractional solution is at least, say, 1/2€2,
then we have Reffgiam < €2 so that Theorem 5.6 can be applied. Heuristically,
if one could add the constraints that Reff,(u,v) < €2 for uv € E so that the
convex program (CP2) is still feasible without increasing the objective value
too much, then one could then apply Theorem 5.6 to bound the integrality
gap of the convex program.

3. Algorithms: There are polynomial time algorithms to return the solu-
tions guaranteed in Theorem 5.2, while the proof of Theorem 5.6 is non-
constructive. In network design, Theorem 5.2 give us approximation al-
gorithms, while Theorem 5.6 only gives us integrality gap results for the
convex programming relaxation (that there exists a zero-one solution al-
most satisfying all the constraints with objective value close to the optimal
value).

5.1.5. Concentration property in survivable network design. Recently,
Bansal [10] designed a rounding technique that achieves the guarantees by iterative
rounding and randomized rounding simultaneously. Suppose there is an iterative
rounding algorithm for a problem satisfying some technical assumptions. Bansal’s
algorithm will satisfy essentially the same guarantees of the iterative rounding algo-
rithm, and simultaneously the following concentration property with 8 = O(1) with
respect to linear constraints as if the algorithm does independent randomized round-
ing.

DEFINITION 5.7 (f-concentration). Let 8 > 1. For a vector-valued random vari-
able X = (X4,...,X,,), where X; are possible dependent zero-one random wvariables,
we say X is S-concentrated around the mean x = (x1,...,Z,;y) where x; = E[X;] if for
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every a € R™ with M := max; |a;|, {(a, X) is well-concentrated and satisfies Bernstein’s
inequality up to a factor of B in the exponent, i.e.,

t2/8
Prl(e )~ (o) 20 o (s )

Bansal showed various interesting application of his techniques, with x being the
fractional solution to the linear programming relaxation and X being the zero-one
solution output by the approximation algorithm. However, he left it as an open
question whether there is an O(1)-approximation algorithm for survivable network
design (the guarantee achieved by Jain’s iterative rounding algorithm) with O(1)-
concentration property.

Our iterative randomized swapping algorithms satisfy similar but weaker concen-
tration properties. Let = € [0, 1]™ be the fractional solution to the one-sided spectral
rounding problem. The algorithm in Theorem 1.8 will output a vector-valued random
variable X € {0,1}™ such that for any a € R} with M := max; a;,

El(a. X)) < (14 0(@){a,2) + O(") and

€

02
Pr((a, X) — El(a, X)] = n) < exp [ 0 (02 +Mn)} ,

where n is the dimension of the problem (i.e., the dimension of the vectors) and
0% = O(M({a,x) +nM/e)) is a term related to the variance of the randomized swap-
ping process. In other words, the random variable (a, X) is concentrated around
the expected value E[(a, X)], but the expected value E[{a, X)] could derivate from
(a,z) by O(e{a,x) + nM/e) and the concentration property is weaker than the one
required in -concentration, as the upper bound of o2 we can obtain is larger than the
term > ", a?z;(1 — ;) in the B-concentration definition. We note that both Bansal’s
proof and our proof use Freedman’s concentration inequality or its variant. Using
Theorem 5.2, we made some progress toward Bansal’s question.

COROLLARY 5.8. Let « € [0,1]™ be an optimal fractional solution to the sur-
vivable network design problem (i.e., (CP1) with only connectivity and capacity con-
straints). Suppose nco, = O({c,x)). Then there is a randomized polynomial time
algorithm to return a solution z € {0,1}™ to the survivable network design problem
so that (c,z) < O({c,x)) with probability at least 1 — exp(—§(n)). Furthermore, for
any a € R and § € (0,1) it holds that (a,x) —dn|lal, < (a,z) < O((a,z)+nlal )
with probability at least 1 — O(exp(—Q(82n))).

We remark that one can add linear constraints a to the convex program in our
framework before we apply the rounding, so that we have some control over (a,z) of
the fractional solution 2 and hence some control over (a, z) of the zero-one solution z.
But it may not be possible to add linear constraints to the relaxation in Bansal’s set-
ting, as adding constraints may make the underlying iterative rounding algorithm stop
working (e.g., we do not know of an iterative rounding algorithm for the survivable
network design problem with additional linear packing or covering constraints). See
Example 5.5 for a related discussion. Our results suggest that the spectral approach is
perhaps more suitable for achieving the concentration property for survivable network
design.

5.2. Experimental design. In this subsection, we will apply the one-sided
spectral rounding results to design approximation algorithms for weighted experi-
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mental design problems, extending the work in [4, 5] for (unweighted) experimental
design problems. The presentations will mostly follow those in [4, 5].

5.2.1. Previous work. Experimental design is classical in statistics and has
found new applications in machine learning [61, 8, 5]. In the general problem, we would
like to select k points from a large design pool {vy,...,v,,} € R™ to maximize the
statistical efficiency regressed on the selected k design points. This can be formulated
as a discrete optimization problem of choosing a subset S C [m] of at most k vectors,
so that its covariance matrix Yg := Y, v;v] has the smallest function value f(Xg)
for some objective function f. Some popular choices of f include

A(verage)-optimality: fa(X) = tr(X71)/n;
D(eterminant)-optimality: fp(X) = (det X)~/";
E(igen)-optimality: f£(X) = Amax(S71);

V (ariance)-optimality: fy(3) = tr(VE~1VT);
G-optimality: fg(X) = maxdiag(VE~1VT).

Many of these optimization problems are known to be NP-hard [25, 59|, and we are
interested in designing approximation algorithms for these problems. There are two
settings in experimental design.

1. With repetition: A vector can be chosen multiple times. This is equivalent to
finding a vector z € Z7 to minimize f(}_!", z;v;v] ) subject to the constraint
that > 1", z; < k. This is common in statistics literature, where multiple
measurements with respect to the same design point lead to different values
with statistically independent noise.

2. Without repetition: A vector can be chosen at most once. This is equiva-
lent to finding a vector z € {0,1}™ to minimize f(> ", z;v;v]) subject to
the constraint that 27;1 z; < k. This is more relevant in machine learning
applications, as same data points often give the same result.

To design approximation algorithms for these discrete optimization problems, the
approach in [4, 5] is to first solve a convex programming relaxation to obtain = € [0, 1]™
that minimizes f(3°/~, x;v;0] ) subject to the constraint that > ;- z; < k, and then
round it to z € {0,1}™ with >* | z; < k and f(O -, zivvl ) < v f(>im, zvvl) for
some small constant v > 1. Under some mild assumptions on the objective function
f (which are satisfied for all the popular choices above), Allen-Zhu et al. [4, 5] showed
that designing a polynomial time ~y-approximation algorithm for the experimental
design problem can be reduced to the following one-sided spectral rounding problem.

PROBLEM 5.9. Given x € [0,1]™ with ", x; < k and Y i~ xvv] = I, find
z € {0, 1™ with 31" z; < k and Y i~ zivv] = %In in polynomial time.

Theorem 1.5 proves that this one-sided spectral rounding problem is always solv-
able with v = 1+ € as long as k > Q(n/e?), using the regret minimization framework.
This implies a (14 ¢)-approximation algorithm for a large class of experimental design
problem as long as k > Q(n/e?), in both the with repetition and without repetition
settings. The assumption that k > Q(n/e?) is shown to be necessary in achieving
a (1 + e)-approximation for E-optimal design [59]. For some other objective func-
tions, it is possible to relax the assumption k = Q(n/€?): Singh and Xie [67] and
Madan et al. [54] gave (1 + €)-approximation algorithms for D-optimal design when
k = Q(n/e), and Nikolov, Singh, and Tantipongpipat [59] gave a (14 ¢)-approximation
algorithm for A-optimal design when k = Q(n/e).
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5.2.2. Weighted experimental design. We consider the generalization of the
experimental design problem where different design points may have different costs.
In this problem, we are given design points {vy,...,v,,} € R", and a cost vector
c € RT and a cost budget C'; the objective is to choose a subset S C [m] that
minimizes f(}";cqviv]) subject to the constraint that >, 4 ¢; < C. The problem in
the previous bubsectlon is the special case when c is the all-one vector and C = k. We
believe that this more general problem will be useful in applications, as it is natural
that different experiments have different operation costs.

The approximate spectral rounding Theorem 3.3 implies the following one-sided
spectral rounding results that satisfy the more general cost constraint (which includes
the cardinality constraint as a special case).

THEOREM 5.10. Let vl,.. JUm € R" and x € [0,1]™. Let ¢ € R} and C =
(c,z). Suppose > ;" xviv] =1, and C > 15ncs/€2. For any e € (0, 1], there is a
randomized polynomial time algorithm that returns an integral solution z € {0,1}™
such that (c,z) < C and Y i~ zvwl = (1 — 4e)I, with probability at least 1 —
exp(—Q(n)).

Proof. The idea is to scale down x then apply Theorem 3.3. We let o = 1 — 2¢
and set y := ax and wu; : f’ which implies

(¢,y) = afc,z) = aC and Zylul szvz =1,.

=1

We apply Theorem 3.3 on us,...,u, and y,c with §; = €,q = /n to obtain z €
{0,1}™ so that

m

Zzlu ul = (1-20)I, = Zzlvz (1 —2e)1, = (1 —4e)I,

and
(e,z) < (14 e€){e,y) + 15ncos/e < (1 +€)(1 —26)C + eC < C,

where we use the assumptions that 15nc., /e < C. The failure probability is at most
exp(—Q(n)). O

Using the same reduction in [4, 5], Theorem 5.10 implies the following approxi-
mation algorithms for weighted experimental design, including the weighted version
of A/D/E/V /G-design.

THEOREM 5.11. Suppose we are given m design points that are represented by
n-dimensional vectors vi,...,v, € R", a cost vector ¢ € R, and a cost budget
C € R,. Assuming that the objective function f satisfies the monotonicity, reciprocal
sub-linearity, and polynomial time approzimability conditions as described in [4, 5]
(which hold for A/D/E/V/G-design), we have the following approzimation results for
weighted experimental design.

For any fized € < 1, if C > 15nce. /€2, then there exists a polynomial time ran-
domized algorithm that returns an integral vector z € {0, 1}™ such that with probability
at least 1 — exp(—8(n)) it holds that

(Z Zi0;v; ) (14+0O(e)) - - 111;11& e (Z YiVi0; ) and (e,z)y < C.
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We note that the algorithms in Theorem 5.11 can incorporate some additional
linear packing and covering constraints, with the same guarantees as in Theorem 5.2.

Finally, we mention that the two-sided spectral rounding result can also be applied
to weighted experimental design. Assuming all the vectors have length at most €, it
shows that there is a zero-one solution which achieves (1 + O(e))-approximation in
weighted experimental design, but it does not provide a polynomial time algorithm
to find such a zero-one solution.

5.3. Spectral network design. There are several previous works on network
design problems with spectral requirements. In this section, we will see that these
problems are special cases of the general network design problem and the weighted
experimental design problem in sections 5.1 and 5.2, and our results provide improved
approximation algorithms for these problems and also generalize these problems to
incorporate many additional constraints.

5.3.1. Maximizing algebraic connectivity. Ghosh and Boyd [37] study the
problem of choosing a subgraph that maximizes the algebraic connectivity (the second
smallest eigenvalue of its Laplacian matrix) subject to a cost constraint. The problem
can be formulated as follows:

Aopt = max Ay (Z xebebeT)

[E|
z€eR ey

(5.1) subject to Z Cete < C,

ecl
z. €{0,1} Ve € E,

where ¢, is the cost of edge e for e € E and C' is the given cost budget. As mentioned
in [37], the algebraic connectivity is a good measure on the well-connectedness of a
graph, as

n|6(9)| - 16(9)]
Yelbe) < Wi Tgs) = ety T
where the first inequality is proved in [29]. Thus, any graph with large Aopt has no
sparse cuts, which also implies that the mixing time of random walks is small.

Ghosh and Boyd show that if the constraint z. € {0, 1} is relaxed to z. € [0, 1],
then the relaxation is convex and can be written as a semidefinite program. They
proposed a greedy heuristic based on the Fiedler vector for the zero-one cost setting,
but they do not provide any approximation guarantee of their heuristic algorithm.

Kolla et al. [44] provide the first algorithm with non-trivial approximation guar-
antee in the zero-one cost setting. Using subgraph sparsification techniques, they give
an algorithm that returns a solution which violates the cost constraint by a factor
of at most 8 and having algebraic connectivity at least Q()\gpt /A) where A is the
maximum degree of the graph (the dependence on A can be removed according to
the authors).

We observe that if we project the vectors b. onto the rank n — 1 subspace orthog-
onal to the all-one vector, then the objective function of (5.1) is simply the reciprocal
of the objective function of the E-optimal design problem described in section 5.2.
This immediately implies that the result of Allen-Zhu et al. [5] can be applied to give
a (1 + €)-approximation algorithm for the unweighted problem as long as C' > 5n/€,
although this connection was not made before. Theorem 5.11 implies the following
approximation result for the general nonnegative cost function.
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THEOREM 5.12. Suppose C > 15ncs./e? for some € € (0, %] There is a poly-
nomial time randomized algorithm which returns a zero-one solution z € {0,1}™ for
(5.1) with with probability at least 1 — exp(—Q(n)) such that

Ao (Z zebeb:{) > (1 —=0(€))Aopt and Z Ceze < C.

eckE ecEl

Remark 5.13. To be precise, the problem posed by Ghosh and Boyd [37] is using
k edges from a candidate edge set to augment a base graph so that the algebraic
connectivity is maximized (this is equivalent to having zero-one edge cost in our
setting). Due to the assumption C' > ncy/€? (or k 2 n/e?), Theorem 5.12 does
not provide a constant approximation when k& = o(n). Thus, we are not solving the
general case of the original problem. We also remark that Kolla et al. [44] can achieve
a nontrivial approximation to find a solution with objective value Q()\gpt) when k < n,
with a constant factor violation in the cardinality constraint.

As shown in section 5.1, the constraint Aa(D .. p Tebebl') > Aopt can be incorpo-
rated into network design, and so Theorem 5.2 implies the following result.

THEOREM b5.14. There is a polynomial time randomized algorithm which returns
a zero-one solution z € {0,1}™ with probability at least 1 — exp(—Q(n)) such that

Ao (Z zebebeT> > Aopt and Y ceze < (14 0(e))C + o(”CTW),

eck ecel

Furthermore, this can be done while incorporating other constraints (e.g., connectivity
constraints) as described in Theorem 5.2.

5.3.2. Minimizing total effective resistance. Ghosh, Boyd, and Saberi [38]
study the problem of designing a network that minimizes the total effective resistance.
The problem is formulated as follows:

. 1
Ropt := min 3 Z Reff, (u, v)

z€RIZI u,veV
(5.2) subject to Z e <k,
eckE

z. €{0,1} Vee E.

They showed that if the constraint z. € {0,1} is relaxed to z. € [0,1], then the
relaxation is convex and can be written as a semidefinite program. They did not
provide any result for the discrete optimization version in (5.2).

Ghosh, Boyd, and Saberi [38] also show that the total effective resistance is a
useful measure in different problems, e.g., average commute time, power dissipation in
a resistor network, Elmore delay in an RC circuit, total time constant of an averaging
network, and euclidean variance. Furthermore, they established a connection between
(5.2) and the A-design problem described in section 5.2. To see this, note that the
objective of (5.2) can be written as

1 1 1
3 > Reff, (u,0) = 3 > bl Libu, = <ch,2 > buvb5v> = (Ll ,nl, —1,17)

u,veV uFveV uFveV
=ntr (LD ,
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where the last equality follows as L} is orthogonal to 1,. Hence, minimizing total
effective resistance is equivalent to minimizing tr(LTGI) = tr(X.cp Tebeb!)T, which
is the same as the A-design objective function after we project the vectors onto the
subspace orthogonal to the all-one vector.

With this connection, all the recent algorithms for the A-optimal design can be
applied to solve (5.2). For instance, the regret minimization algorithm in [5] gives
a (1 + e)-approximation algorithm when k > €(n/e?), and the proportional volume
sampling in [59] achieves (1 + €)-approximation with weaker assumption k > Q(n/e).

Theorem 5.11 implies the following approximation result for the more general
weighted setting, where every edge has a cost ¢, and we are given a cost budget C as
in (5.1).

THEOREM 5.15. Suppose C' > 15nce, /€. There is a polynomial time randomized
(1 + O(e))-approximation algorithm for the weighted version of (5.2).

As shown in section 5.1, the effective resistance constraints can be incorporated
into network design, and so Theorem 5.2 implies the following result.

THEOREM 5.16. There is a polynomial time randomized algorithm which returns
a zero-one solution z € {0,1}™ with probability at least 1 — exp(—§(n)) such that

% Z Reff,(u,v) < Ropt  and Z%%S (1+O(6))C+O(nc<>°)_

€
u,veV eckE

Furthermore, this can be done while incorporating other constraints (e.g., connectivity
constraints) as described in Theorem 5.2.

5.3.3. Network design for effective resistances. In [20], together with Chan,
Schild, and Wong, we consider the following new problem about network design for
s-t effective resistance. Given a graph G = (V| E) and two vertices s,t € V, find a
subgraph H with at most k edges to minimize the effective resistance between s and t.
The main result in [20] is a constant factor approximation algorithm for the problem.
This result motivates the current paper.

Using the results in section 5.2, we can generalize the problem by allowing the
edges to have costs and considering the sum of effective resistance of multiple pairs.
The approximation guarantee is similar to the one in Theorem 5.15. Using the results
in section 5.1, we can add the effective resistance constraints for multiple pairs with the
objective of minimizing the cost of the solution subgraph, while incorporating other
constraints as described in Theorem 5.2. The approximation guarantee is similar to
the one in Theorem 5.16. We remark that the constant factor approximation algorithm
in [20] is not subsumed by the result in this paper (in particular when k& < n).

Concluding remarks. We propose a spectral approach to design approximation
algorithms for network design problems. We show that the techniques developed in
spectral graph theory and discrepancy theory can be used to significantly extend the
scope of network design problems that can be solved. We believe that this connec-
tion will bring new techniques and stronger results for network design and will also
introduce new formulations and interesting questions to spectral graph theory and
discrepancy theory. It also gives extra motivation to design a constructive algorithm
for the method of interlacing polynomials, as this will lead to very strong approxima-
tion algorithms for network design. We leave it as an open question to improve the
spectral approach to fully recover Jain’s result.
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