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Approximating Fair Clustering with Cascaded Norm Objectives

Eden Chlamt4c* Yury Makarychev' Ali Vakilian®

Abstract

We introduce the (p, q)-Fair Clustering problem. In this problem, we are given a set of points P and a
collection of different weight functions W. We would like to find a clustering which minimizes the £4-norm of
the vector over W of the £,-norms of the weighted distances of points in P from the centers. This generalizes
various clustering problems, including Socially Fair k-Median and k-Means, and is closely connected to other
problems such as Densest k-Subgraph and Min k-Union.

We utilize convex programming techniques to approximate the (p, ¢)-Fair Clustering problem for different

values of p and q. When p > ¢, we get an O(k(pfq)/@pq)), which nearly matches a =)/ (r) Jower
bound based on conjectured hardness of Min k-Union and other problems. When ¢ > p, we get an
approximation which is independent of the size of the input for bounded p,q, and also matches the recent

O((logn/(loglogn))*/P)-approximation for (p, oo)-Fair Clustering by Makarychev and Vakilian (COLT 2021).

1 Introduction

Clustering is one of the fundamental problems in various areas including theoretical computer science, machine
learning and operations research. Due to its broad range of applications, different researchers have considered
different cluster models. A typical model in theoretical computer science is the centroid model which contains the
classic k-Median, k-Means, k-Center and more generally, k-Clustering with £,-norm objective. In k-Clustering
with £,-norm objective, we are given a set of points in a metric space and the goal is to find a set of k centers C
so as to minimize the total ¢, distance of points to C'. These problems are all known to be NP-hard and admit
various efficient approximation algorithms [Gonzalez, 1985, Hochbaum and Shmoys, 1985, Charikar et al., 2002,
Kanungo et al., 2004, Gupta and Tangwongsan, 2008, Li and Svensson, 2016, Ahmadian et al., 2020].

Recently, clustering has been widely studied under fairness constraints to prevent or alleviate the bias and
discrimination in the solution constructed by the existing algorithms [Chierichetti et al., 2017, Ahmadian et al.,
2019, Bera et al., 2019, Bercea et al., 2019, Backurs et al., 2019, Schmidt et al., 2019, Huang et al., 2019,
Kleindessner et al., 2019, Chen et al., 2019, Micha and Shah, 2020, Jung et al., 2020, Mahabadi and Vakilian,
2020, Kleindessner et al., 2020, Brubach et al., 2020]. In particular, the notion we consider in this paper is inspired
by the notion of Socially Fair Clustering introduced by Abbasi et al. [2021], Ghadiri et al. [2021]. In Socially
Fair Clustering, points in the input belong to different groups and the goal is to pick k centers so as to minimize
the maximum clustering cost incurred to any of the different (demographic) groups in the input. We note that
the objective of Socially Fair Clustering was also previously examined by Anthony et al. [2010] in the context of
Robust k-Clustering where a set of possible scenarios (i.e., a set of clients) are given in the input and the goal is
to find a set of centers which is a good solution for all scenarios.

Here, we consider a generalization of both Socially Fair Clustering and Robust Clustering which is denoted as
(p, q)-Fair Clustering and is formally defined as below. Besides the fact that (p,q)-Fair Clustering generalizes
various known problems, the new formulation is a generalization of the classic k-Clustering problem and
understanding the complexity of the problem under different values of p and ¢ is of interest in itself.

DEFINITION 1.1. ((p, q)-Fair Clustering) An instance Z consists of a metric space ([m],d) on m points, n
different groups of points which are represented by non-negative weight functions wy, ..., w, (for each i € [n],
w; : [m] = R>¢) and a target number of centers k. For each ¢ € [n], the £,-cost of group ¢ w.r.t. a set of centers
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C C [m] is defined as

1/p
m

(1.1) costg(C’, w;) = Zwi(j) -d(j,C)P ,

where d(j,C') = minjcc d(j, j'). Moreover, the (£p, {,)-cost of a set of k centers C' C [m] is defined as the £;,-norm
of the vector consisting the £,-cost of the groups w.r.t. C'is defined as

a/p\ /4
n m

n 1/q
(1.2) costiq(C) = <Z cost, (C, wi)q> = Z w;(5) - d(j,C)?

i=1 \j=
In (p, ¢)-Fair Clustering, the goal is to find a set of k centers C' C [m] so as to minimize cost?  (C).

REMARK 1.1. In the above definition, we may omit the superscript T indicating the instance relative to which we
compute the cost when it is clear from the context.

By setting ¢ = o0, (p, ¢)-Fair Clustering captures Socially Fair Clustering with ¢,-cost. Moreover, compared
to Socially Fair Clustering, the formulation of (p, ¢)-Fair Clustering allows for a “relaxed” way of enforcing the
fairness requirement. In particular, by varying the value of ¢ from p to oo, the objective interpolates between
the objective of classic k-Clustering with £,-cost and that of Socially Fair Clustering with £,-cost.! Depending
on how accurate the group membership information is, the user can set the value of ¢ accordingly and aim for a
clustering with a “reasonable” fairness constraint w.r.t. the extracted group membership information: the more
accurate the group membership information gets, the higher value can be assigned to gq.

We remark that the special case of (0o, 1)-Fair Clustering was previously studied by Anthony et al. [2010] under
the name of Stochastic k-Center where the intuition is that we have a potential set of (client) scenarios and know
that one of them is likely to happen but do not know which one. Anthony et al. proved that Stochastic k-Center is
as hard to approximate as the Densest k-Subgraph. In particular, (oo, 1)-Fair Clustering with 0-1 weight functions
can be seen to be equivalent to the Min s-Union problem (a generalization of Densest k-Subgraph) [Chlamtac
et al., 2018, 2017], in which we are given a collection of m sets and an integer s € [m] and the goal is to choose
s sets from the input whose union has minimum cardinality. In addition to the hardness result for Stochastic
k-Center, Anthony et al. also provided an O(logm)-approximation for the Stochastic k-Median problem which is
equivalent to (1,1)-Fair Clustering with arbitrary weight functions wy, - - , wy,.

In a different direction, Goyal and Jaiswal [2021] designed constant factor approximation FPT algorithms for
Socially Fair k-Median and k-Means and provided hardness results as well.

REMARK 1.1. Chakrabarty and Swamy [2019] observed that a slightly modified variant of standard existing
algorithms for k-Median (e.g., Charikar et al. [2002]) can be applied to obtain a constant factor approximation
algorithm for the more general (weighted) k-Clustering with £,-cost (for p € [1,00)). This can also be achieved by
applying the algorithm of [Makarychev and Vakilian, 2021] for (p, co)-Fair Clustering when the number of groups
is one.

1.1 Our Results and Techniques. In this paper, we design approximation algorithms for (p,q)-Fair
Clustering for all values of p, ¢ € [1,00). The following theorems are our main contributions in this work.

THEOREM 1.1. (p > q) In the regime p > q, there exists a polynomial time algorithm that computes an O (k‘%) -

approzimation for (p,q)-Fair Clustering.

TWe remark that in Socially Fair Clustering with £p-cost as defined by Makarychev and Vakilian [2021], the goal is to minimize
the maximum over all groups % of cost,(C,w;)P. However, in (p, co)-Fair Clustering the goal is to minimize the maximum over all
groups 4 of costy,(C,w;). Note that an a-approximation algorithm for (p, co)-Fair Clustering implies an aP-approximation guarantee
for Socially Fair Clustering with £,-cost and vice versa.
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This approximation may be nearly optimal in the following sense. As we show in Appendix B, assuming certain
hardness conjectures for Min s-Union and related problems, it is in fact not possible to get an algorithm for (p, ¢)-
Fair Clustering in the regime p > ¢ with an approximation factor less than m((P=9)/(9)) (note that k < m). See
Theorem B.1 for details. Moreover, when k < m our algorithm achieves a much better approximation which is
independent of m.

THEOREM 1.2. (p < q) In the regime p < q, there exists a polynomial time algorithm that computes an

1/p
(@) <<ln(1—?—q/p)> )—approximation for (p, q)-Fair Clustering.

Note that (p,p)-Fair Clustering (i.e., p = ¢) with 0-1 weight functions is equivalent to the classic k-Clustering
with £,-cost. In this setting, Theorem 1.2 gives a constant factor approximation which is essentially optimal.

logn
loglogn

This bound implies an O (( ) p)—approximation for (p,o00)-Fair Clustering®, which matches the recent

approximation algorithm of [Makarychev and Vakilian, 2021] and the hardness result of [Bhattacharya et al.,
2014]. Thus, for any value of p, the approximation guarantee of Theorem 1.2 smoothly interpolates between the
optimal approximation bounds for the previously studied special cases of ¢ = oo and g = p.

Finally, we remark that for any p,q it is possible to get an O(n'l/ p=1/ q') approximation by approximating
the outer ¢;-norm in the formulation of (p,q)-Fair Clustering with ¢,-norm and solving the obtained instance
of (p,p)-Fair Clustering with one of the existing constant factor approximation algorithms of k-Clustering with
£p,-cost.

Overview of our algorithms. At a high-level, our approach is to solve a convex programming relaxation
of (p, g)-Fair Clustering and then round the fractional solution to get an approximate integral solution. However,
even coming up with an efficient convex program of the problems is non-trivial and introducing such a relaxation
is one of our contributions in this paper. While a generalization of the standard LP relaxations for clustering
problems (e.g., k-Median [Charikar et al., 2002]) results in a natural convex programming relaxation of (p, ¢)-Fair
Clustering when p < ¢, it is less clear how to even come up with a valid convex program relaxation of (p, q)-Fair
Clustering for the other scenario, p > ¢. In particular, the natural constraint we need to add is not convex when
p > q. In the p < q regime, we cannot use the natural convex relaxation, or even the stronger relaxation which
generalizes the LP-relaxation for (p, 0o)-Fair Clustering used by Makarychev and Vakilian, since even the latter
has a simple Q(n(q’p)/ ‘12) integrality gap construction. To overcome this polynomial lower-bound, we use the
round-or-cut framework (see Carr et al. [2000], An et al. [2017], Li [2017], Chakrabarty and Negahbani [2019)]):
we have an exponential family of constraints with a separation oracle based on our rounding algorithm; we add a
constraint from the family only if the rounding algorithm detects that it is violated. These constraints are needed
to bound different moments of the cost function applied to a set of clusters generated by the first step of our
rounding.

Next, we employ a slightly modified version of a reduction technique introduced by Charikar et al. [2002]
which yields a simplified instance of the same problem along with a corresponding convex programming solution.
After performing the reduction on the input instance and solution to the corresponding convex program, we will
get a sparsified instance (i.e., the number of points becomes O(k)) along with an adjusted feasible solution that
together satisfy several useful properties which relate to our convex programming relaxations and are crucial
for our rounding algorithm. More details on the reduction and the properties guaranteed by it are provided in
Section 3.

Finally, we perform a rounding procedure on the sparsified instance and obtain an approximate integral
solution. By the properties of the reduction, using the output integral solution for the sparsified instance, we
can construct an integral solution of the original instance without increasing the cost by more than a constant
factor. We remark that the analysis of our rounding algorithm crucially relies on the properties guaranteed by
the “non-standard” constraints we added to the relaxations of the problem in both p < ¢ and p > ¢ regimes.

1.2 Paper Organization. We start with providing the convex programming relaxations of (p,q)-Fair
Clustering in Section 2. In Section 3, we concisely state the properties of the reduction by [Charikar et al.,
2002] that is used in our rounding algorithm — its proof is deferred to Appendix A. Then, in Section 4, we

2This is the case, since the (£p, £oo)-cost objective is equal to the (Lp, lrog n )-cost objective up to a constant factor.
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describe our rounding algorithm and in Sections 5 and 6 we analyze the approximation guarantee of the rounding
algorithm in the regimes p > ¢ and p < ¢ respectively. Finally, in Appendix B, we explore the connection of
(p, q)-Fair Clustering to Min s-Union and prove polynomial hardness of approximation for the problem assuming
standard hardness conjectures for Min s-Union.

2 Convex Programming Relaxations

We will use somewhat different convex programming relaxations in the two parameter regimes, when p > ¢ and
p < q. However, the relaxations for both regimes will use the following common assignment/clustering polytope,
which is often used for problems such as k-Median or Facility Location:

PX e i= {(z,y) €[0,1]™>™ x [0,1]™ satisfying the following}

(2.3) ixﬂ =1 Vj € [m]
(2.4) ;;elﬁ Ye = Tee vj € [m], L € [m]\ {j}
(2.5) Zm:yj <k

(2.6) ;;12 0 Vi, € € [m]

In the intended solution, x;, is a 0-1 variable which is 1 if and only if ¢ is a center and j is assigned to a
cluster centered at . The variable y; = x;; is 1 if and only if j is a center.

2.1 Convex Relaxation for the Case p > ¢q. Our algorithm will use the following convex program. We think
of B as a fixed parameter of the convex program, which we can use in a binary search.

min B
(2.7) s.t. ZZ’ < B
(28) ( ) € Pcluster
p/a\ VP
(2.9) z; > sz Z d(4,7") 240 Vi € [n]
Jj=1

The variable z; represents the cost incurred by group i, raised to the ¢. The natural constraint to express the
connection between z; and the clustering variables x;;» would be

q/p

(2.10) z 2 (D wi( Z (4,3 w50
j=1 =1

However, this is not a convex constraint in the p > ¢ regime, so we further relax this connection and write
Constraint (2.9) instead.

2.2 Convex Relaxation for the Case p < ¢. To motivate our relaxation, first consider the natural convex
relaxation which is identical to the relaxation in the previous section but with Constraint (2.9) replaced by the
more natural Constraint (2.10) above (which is convex in the p < ¢ regime). Consider even a simple case where
all distances are 1, and the points can be partitioned into sets (Ji, J2) such that y; = 1 for every j € Js, and for
every j € Jy there is exactly one j' € Jy such that zj;; = ¢ and y; = z;; = 1 —¢, and z;;» = 0 for all j” & {j,j'}.
Also suppose every weight function w; is an indicator function for some set P; C J; of cardinality |P;| =t (see
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Figure 1: In this example, the natural convex program has a large integrality gap.

Figure 1). Note that in this case, the natural cost constraints would give us z; > (ZjePi d(j,7")P-€)¥/P = (e-t)a/P

1/q
and B > (Z ) zl> >nl/9. (¢-t)"/?. Tt would be natural to apply the following randomized rounding:
e assign each j € J; to center j' independently with probability y;;» = ¢, and otherwise make j a center;
e make each j € Jy a center (since y; = 1).

Denote the obtained set of centers by C. Let us see what the cost of group ¢ w.r.t. C' is. We have

{cost (C,w;) ] [Z d(j,C }

JEP;

qa/p
Now, we are interested in the expectation ]EKZJGP,; d(y, C)P) ], as out ultimate goal is to upper bound the
expectation of costy, ;(C)? (see formula (1.2)). Observe that if €-¢ = Q(logn), then ) .

around the mean and .
E[(3 d6.c) "] ~ e = (),
JEP;

jep, d(j, C)P is concentrated

as desired. However, if et = o(1), then Zm d(j,C)? is close to a Poisson random variable with rate et. Thus,

a/p
the expectation of (Z;nﬂ d(y, C)p> is at least ~ et, which is much greater than (¢)%/? (in this regime). Thus,

1/q

B[S (S dvor)”] | z i,

i=1 j=1

which is a factor of ( t)(q p)/(eg) larger than our bound for B.

To overcome this potentially polynomially-large gap, we need to introduce different constraints to handle
different moments in the randomized rounding (we will use Latala’s inequality in the analysis, which basically
allows us to handle the two cases above separately). For instance, to decrease the integrality gap and improve
the performance of the rounding w.r.t. the relaxation in the above example when et = o(1), we may want to add
constraints of the form

2 0= )G, Il )

However, it is not enough to introduce such constraints for the original points, since we apply our randomized
rounding to an instance produced by the reduction of Charikar et al. Loosely speaking, the reduction partitions
the set of points [m] into O(k) initial clusters {V;}; it is guaranteed that there is a k-clustering that for each
¢, assigns all points in V; to the same center, and has cost at most a constant times greater than the optimum
clustering. In our algorithm, for every ¢, we will find one center that serves all points in V, using randomized
rounding. For this approach to work, we need to introduce new constraints that depend on the partition {V;}.
The challenge is that sets {V;} returned by the reduction depend on the convex program solution, so we do not
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Figure 2: To compute vol;(U), we find the distance from every point j in U to the closest point outside of U.

know them when we solve the convex program. To deal with this problem, we introduce a family of exponentially-
many constraints for all possible choices of sets {V;}. Since we only need these constraints to hold for the set of
clusters arising in the reduction and not all possible collections of clusters, we will check these constraints with a
“rounding separation oracle.” That is, we will only check that the constraints hold for the set of clusters arising in
the reduction, and if they do not, we will use a separating hyperplane to continue solving the convex program with
the Ellipsoid Method. In order to describe our non-standard constraints, we introduce the following definition
(see Figure 2).

DEFINITION 2.1. Consider a set of points U C [m]. Let vol;(U) = 3, wi(4)d(4, [m] \ U)*.

We briefly discuss the motivation for this definition. Consider a set of points U C [m] (later this set will
be one of the clusters returned by the reduction). Assume that our algorithm opens a set of centers C. By
Definition 1.1, cost,(C, w;)? = Z;":l w;(7)d(4,C)P. We want to lower bound the contribution of points in U to
cost, (C, w;)P assuming that there are no centers from C in U. We show that this contribution is at least vol;(U).

Indeed, observe that d(j, C') > d(j,[m] \ U) for every j € U, since C' C [m] \ U. Therefore,
(2.11) > wi(§)d(i, C)P = > wi(§)d (G, [m] \ U)P = vol;(U).
jeu jeu

In the following claim we generalize this inequality for the case where we have many disjoint sets.

CrLaM 2.1. Consider a collection (Vi)eep of pairwise disjoint subsets of [m], indexed by some set of indices A.
Let C C [m] be a set of centers. Then for every group i € [n], the following lower bounds on cost,(C,w;) hold.

(2.12) cost, (C, w;)P > Z vol;(Vy)  and
LeA:V,NC=0)

(2.13) cost, (C, w;)? > Z vol; (V))?P if p < q.
EGA:VgﬂC:@

Proof. Using Definition 1.1, inequality (2.11), and that sets V; are pairwise disjoint, we get,

cost, (C, w;)? Zwl (j,C)P > Z Z w;(§)d(j Z vol; (Vp),

LEN:V,NC=D jEV, LEN:V,NC=0

by (2.11)

as required. We obtain inequality (2.13) from inequality (2.12) by applying the inequality [la|; > [la|,/, (note
that p < ¢) to the vector a = (vol;(V¢))sea:vinc=o- 0

We rewrite inequalities (2.12) and (2.13) as follows.

q/p
(2.14) cost, (C, w;)? (Z max (0,1 — |C' N V) vol; (‘/g)> ,
LeN
(2.15) cost, (C,w;)? > Z max (0,1 — |C N Vy|) (Voli(w))q/p )
e
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Note that the term max (0,1 — |C'NV,|) equals 1 if C NV, = () and equals 0 otherwise. To state our convex
relaxation, we will use the following notation for disjoint collections of sets:

II(m) := {(A, (Ve)een) | A € [m] and (Vp)sen are disjoint subsets of [m]}.

We are now ready to present our relaxation for the case p < q.

min B
(2.16) st. (2,9) € PYustor
(2.17) Z”: z; < B
- m m a/p
(2.18) 2 > (Z ’wl(j) Z d(j,j/)pa?jj/> Vi € [n]
g . a/p
(2.19) 2z > <Z max (0,1 — Z Y;) ~voli(Vg)) Vi € [n],Y(A, (Vi)een) € TI(m)
LeEN JEV,
(2.20) 7>y max(0,1— > y;) - voly(Vy)4/? Vi € [n],V(A, (Vi)een) € II(m)
LeA JEVL

It follows from inequalities (2.14) and (2.15) that this is a valid relaxation.
As noted in the following remark, it will be easy to check Constraints (2.19) and (2.20) once the set of clusters
is fixed.

REMARK 2.1. The correctness of the reduction of Charikar et al. does not require Constraints (2.19) and (2.20),
so they do not need to be checked before applying the reduction. The reduction will yield a set of centers K along
with the corresponding Voronoi cells (Vy)eex. To check that Constraints (2.19) and (2.20) hold for these sets for
any A C K, it suffices to check that they hold for A ={¢ € K | > ..y, y; <1}.

REMARK 2.2. Let us briefly compare our relaxation with the one used by Makarychev and Vakilian for solving
(p, 00)-Fair Clustering (let us call the latter the (p, co)-relazation). The (p, co)-relaxation has Constraints (2.16)—
(2.18) and additional non-standard constraints. These non-standard constraints are essentially equivalent to
Constraints (2.19) for a very special family of (A, (Vi)eea): |A] =1 and set V; is a ball around some point in [m)]
(note that Constraints (2.19) and (2.20) are equivalent when |A| = 1). Since there are polynomially many different
balls in ([m],d), the (p, co)-relaxation has polynomially-many constraints. However, if we simply adapted this
relaxation to the (p, q)-Fair Clustering problem, we would get a relaxation with a polynomially large integrality

gap.

3 Reduction & la Charikar et al.

We will use a slight modification of the reduction, which was used by Charikar et al. to get the first constant factor
approximation algorithm for k-Median. We use the same reduction to solve the (p, ¢)-Fair Clustering problem in
both regimes, p < g and p > p.

We will refer to a not-necessarily-optimal solution (x,y, z) that satisfies Constraints (2.7)—(2.9) when p > ¢
and Constraints (2.16)—(2.18) but when p < ¢ as a fractional clustering solution (when p < ¢, the solution might
not satisfy Constraints (2.19) and (2.20).

THEOREM 3.1. There is a polynomial-time reduction that given an instance I of (p, q)-Fair Clustering, a fractional
clustering solution (x,y,z) of value B, and a parameter v € (0,1/2) returns an instance ' on a subset of points
K C [m] of size |[K| < % with weights w;(¢) (where i € [n] and £ € K ), and a fractional clustering solution
(2',y,2") such that the following properties hold.

1. The cost of (',y',2") is at most twice that of solution (z,y, z).
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2. Let o(f) € K be the closest point to £ € K other than £ itself. The solution (z',y’,z") assigns each point
¢ € K only to centers £ and o(£). Specifically, for all £ € K :

x%é = 92a 1‘20(@) =1- yé? x%j =0 fOTj §é {€7U(€)}
Further, J;ZU(@ <n.

3. Let {Vi}eck be the Voronoi partition of [m] induced by the set of centers K (Voronoi sites). Then, for every
¢, y, = min (17 ZjEVe yj>.

4. The costs of combinatorial solutions for T and I’ are related as follows: For every set of centers L C [m]
there is a set of centers L' C K of cost

! 4
(3.21) costiq(L/) < QCOStf,q(L) + 71/uB’

and moreover for any set of centers L C K, the cost of L as a solution for T is bounded by

B.

(3.22) Costiq(L) < costf,’q(L) + S

5. If A C K is a set of centers such that o(£) € A for every £ € A, then the cost of centers K\ A w.r.t. instance

T is bounded by

1/q
n

a/p
6
costqu(K \A) < vl/VB +2 Z (Z V01¢(Vg)>

i=1 \leA

Charikar et al. presented this reduction and proved that it satisfies properties 1-3 and (3.22). As far as we know,
Property (3.21) has not been explicitly stated or used before, but its proof is similar to that of Property (3.22).
Finally, Property 5 is new — we need it to use our new CP Constraints (2.19) and (2.20). We will also use the
following observation from [Charikar et al., 2002].

OBSERVATION 3.1. We can efficiently find a partition (K1, Ks) of K such that o(K;1) C K, 0(K2) C K3, and

/ |K| —k
D Tioy = g
LeK,

For completeness, we provide proofs of Theorem 3.1 and Observation 3.1 in Appendix A.

4 A Randomized Rounding

In this section, we describe two steps that will be used in the rounding algorithms for both parameter regimes.
All our algorithms will begin by applying the reduction from Theorem 3.1 for v = 1/5. Let K be the set of
points obtained by applying this reduction, let (z’,y’, 2") be the corresponding convex programming solution, as
described in the theorem, and let K be as in Observation 3.1. Note that if |K| < k, then the current centers
already give a constant factor approximation (since their cost in the new instance is 0, and so by Property (3.22)
in Theorem 3.1, the cost in the original instance is at most 2B/y'/* < 10B (and we can simply add |K| — k
centers to K from [m] \ K in the original instance only reducing the cost). Thus, we assume that |K| > k below.
Consider the following rounding:

o Let K|k

! /
w={ees |z Sy |

and note by Observation 3.1 that

, , |K| -k , |[K| -k |K|-k |K| -k
E Loy > E | Tho(0) TUK K\ K| > 5 T 1 2 1
LeEK' LeEK,
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e Let L = K'. Independently close (remove from L) every center £ € K’ with probability 5m20(€) (recall that
x%am <~ =1/5 by item 2 of Theorem 3.1).

o If |L| < k, reopen (add to L) an arbitrary collection of k — |L| centers at no additional cost.

The expected number of centers that we close in the second step is 5, ng(@ > 5(|K| — k). By a

Chernoft bound this number is at least |K| — k centers w.h.p. (unless |K| — k is bounded by some sufficiently
large constant, in which case we can enumerate over all possible solutions to get a constant factor approximation).
While the analysis of the cost of this rounding depends on the specific parameter regime we are in, we introduce
the following notation which we will use in both cases. For every group 7 and center £ € K’, we define random
variables specifying the per-center and total costs incurred to every group i € [n] by this rounding:

(4.23) 7, { vol;y(Vy) if we close center /,
' i0 =

0 otherwise,

and Zi = Z Zig.

leEK'

For the simpler analysis in Section 5, it will suffice to analyze the cost in the new instance Z’ (produced by
the reduction from Theorem 3.1), for which we define the following variables:

and Z = Zl,.
i Z il

leK'

(4.24) ;[ wi)d(¢,o(€))P if we close center £,
' w0 otherwise,

CLAIM 4.1. The (€y,4,)-cost in T of the clustering found by randomized rounding is bounded by®

n 1/q n 1/q
min { 30B + 2 (Z Zf“’) ,10B + (Z(z;)q/l’>

i=1 i=1

Proof. Note that if we close a center ¢ then we do not close o (), since (i) we only close centers ¢ in K’ C K; and
(ii) if £ € K’ then o(¢) € Ky. Therefore, we can apply item 5 of Theorem 3.1 with A = K \ L (the set of centers
we closed). We get,

1/q

n a/p n 1/q
6 6
costy, o(L) < B2 > <§ voli(\/'g)) = B2 (Z Zf“’) _

i=1 \e¢L i=1
where v = min(p, q), v = 1/5, and thus 6/ < 30. Also, the cost of L w.r.t. instance Z' is

1/q a/p\ /1

n q/p n n 1/q
Z(Zwmd(u)p) =[S X wiwade, o) =<Z<Z§>q/p> .

i=1 \LeK i=1 \LeK\L

Here, we used that d(¢, L) = 0 if £ is not closed and d(¢, L) = d(¢,o(¢)), otherwise. By Theorem 3.1, item 4, the
cost of L w.r.t. instance 7 is

n 1/q n 1/q
2
cost,{,q(L) < WB + (Z(z{)q/z’> <10B + (Z(Zg)q/r)> .

=1 =1
0
3Note that terms 308 and 10B only add a constant to the approximation factor of the randomized rounding scheme, since B is at

1/
most the cost of the optimal clustering. Thus, the main challenge will be to upper bound either (Z?zl ZE/P) / or (Z?zl (Zlf)q/P) 1/q.
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5 Approximation Algorithm for the Case p > ¢
In this section, we present our rounding algorithm for the convex program from Section 2.1.

We start out by applying the reduction described in Theorem 3.1. We now consider two cases. If |K|—k > VE,
then we apply the randomized rounding from Section 4. Otherwise, we re-weight the points and run an
approximation algorithm for k-Clustering with £,-norm objective. Let us first analyze the the performance
of randomized rounding when p > gq.

pP—a

LEMMA 5.1. The expected cost of the randomized rounding is at most O (B (k/(K| = k))W)

Proof. By Claim 4.1, it suffices to bound the expectation of (Z?Zl(Z{)‘I/p) 4 Let us do that now. By Jensen’s
inequality, and linearity of expectation, we have

n 1/q
(5.25) E (Z(z;)q/p> < (E

i=1

n 1/q

Sz

i=1

1/q n 1/q n
) =<ZE[<Z§>W}> s(ZE[Z;W)

Let us now bound the expectation E[Z!]. First, recall that by definition of K’ and Theorem 3.1, for every
¢ e K', we have

(Kl—k _ IK|-k_ [K[-k _ |K[-Fk
> > =

2 ! > =
(5-26) T = YK T 4K T 4k/(1— ) 5k

From the definition of Z/, using that (2,4, z") satisfies Constraint (2.9) by Theorem 3.1, we have

E(Z])= Y ElZ] =5 aj,qwi0)d(t,o(0)"

LeK’ LeK'
5k O\ o
<5 () | X Wl o0y by (5.26)
leK’
Sk % "\p/q i
-5 ®F (2Pl by Constraint (2.9)

Plugging this bound back into (5.25), we get

n 1/q p—gq 1/q p—q n
5k » Sk »d
E § ’ 7\a/p < |59/ ! — 5l/p . E n1/q

i=1 i=1

By Constraint (2.7) and Theorem 3.1 (37, 2/)1/7 < 2B. We get

g Ve 5k O\
E zZha/p <10 [ —— -B
(Z( ! ) <0 (i) o

i=1
as required. ]

Thus, as mentioned earlier, the randomized rounding indeed gives the desired approximation when |K|—k >
Vk. Let us see a different rounding algorithm, which gives the desired guarantee when K| -k < Vk. In this
rounding, we define a new weight function @ : K — R as follows:

n

W(e) =Y wj(0)/P

i=1

Recall that for any ¢ € [1,00), k-Clustering with ¢4-cost can be approximated up to a constant factor (see
Remark 1.1). Our rounding algorithm in this case is simple:
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e Apply a constant-factor approximation for k-Clustering with £,-cost to the current input (on K) with new
weights W and return the set of centers L chosen by this algorithm.

Let us analyze the approximation guarantee. Recall that the new instance (obtained by the reduction from
Theorem 3.1) has optimum value B’ = O(y~/9)(B* 4+ B) = O(B*), where B* is the optimum value of the original
instance. Then for the above algorithm applied to the new instance, we have the following guarantee.

T’ . P—q
LEMMA 5.2. The cost costy, (L) is at most O (B’ (|K|— k) »a )

Proof. Since we use a constant-factor approximation for the ¢, objective, it suffices to show that for every set
K C K of k centers, the following values

e the (£,,¢,)-cost of K w.r.t. the original weights w/ (from the reduction of Theorem 3.1), and

o the {,-cost of K w.r.t. the new weights 1

are within a factor of (|K|— k)7 of each other. Indeed, let K C K be any set of k centers. Then

" a/p\ /4
costZI):q(K) = Z ( < )p>
i=1 \leK
n 1/q
< ( wl-(f)q/pd(g K)q> since || - ”p/q <l
i=1LeK
n 1/q
Zw q/ﬁ) JA()q) ,
ZGK =1
w (L)

which is exactly the ¢, objective of our new instance applied to this set of centers.
On the other hand, again for any set K C K of k centers, we can bound the g-norm objective of the instance
with weights w as follows

<Zw(£)d(€,f{)q>q | 3 awdery) = 2 Zw (0)/Pd(¢, k)

=
Q|-
<

leK LER\K LeK\K =1
1
- (2 % wiorraesr
i=1 (e K\K
P—a q L
by Holder n P i ~ !
S DD > wi)de, Ky
=1 \veK\K LeK\K
!
n 7\ ¢
= [K\ K[ Y (Z Ué(@d(f,ff)p> = (|K| = k)" costy, (),
i=1 \LeK
and the proof follows. ]

Proof. (Proof of Theorem 1.1.) We solve the convex programming relaxation for the problem and then apply the
reduction from Theorem 3.1. If the set of points K found by the reduction is of cardinality |K| < k, we add k—| K|
points from [m] and return the resulting set, which as noted earlier has cost O(B). Otherwise, if |K|—k > vk, we
run the randomized rounding procedure, which by Lemma 5.1 yields an O(k(p_‘”/ (QPQ))—approximation. Finally,
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if0<|K|—k< vk, we run a constant-factor approximation for the ¢, norm k-Clustering with weights @ and
obtain a solution L. Let B}, be the (£,,£,)-cost of the optimal solution for Z' and B* be the (¢,,¢,)-cost of the
optimal solution for Z. By Lemma 5.2,

costz/ (L) < O(kP~9/(2pa)) B2,

By Theorem 3.1, item 4:

costy 4(L) < costg:q(L) +10B

(22) O(k(pﬂ)/(%q))B;, +10B
(321) O(k(p_Q)/(2PQ))(2B* +20B) + 10B = O(k(p—q)/(%q))B*’
here we used that B < B*. We conclude that the algorithm gives an O(k%) approximation, as required. |

6 Approximation Algorithm for the Case p <g¢q

In this section, we upper bound the cost of the solution produced by the rounding procedure. In the analysis, we
will use Latata’s inequality.

THEOREM 6.1. (LATALA [1997], COROLLARY 3) There exists a universal constant M such that if Z1,...,Zy
are independent non-negative random variables and o > 1, then

N a\ e N "
(El(S2)) = mrteg (e (e )

a/p
We will use Latala’s inequality with o = ¢/p. Denote M,, = (m> . Then,

(6.27) E [(i Zi)q/p} < M,, ((i ]E[Zi]>q/p + iv:]E[zg/P]).

1=

The algorithm for (p, ¢)-Fair Clustering in the case p < ¢ simply solves the convex problem, applies the reduction
from Theorem 3.1, and then runs the randomized rounding procedure. We denote the obtained set of centers by
L. Now we are ready to prove the main result of this section.

1/p
LEMMA 6.1. The rounding procedure outputs a solution for I of cost at most O <(ln(1+qq/p)) > B in expectation.

Proof. We use random variables Z;; defined in (4.23). By Claim 4.1, the cost of the solution for instance Z’ found by

1/q
the rounding procedure is (Z?:l (ZéeK’ Zig)q/p) . We upper bound this cost using Latala’s inequality (6.27).

For every i € [m], we have

B[(3 Z”)q/p] =M, (( (> Zu ) +y Ezq/P>

LeEK' LeEK' leEK’
Now,
S[3(5 2)") < (S50 )+ 3 3 )
1=1 feK’ =1 e K/ i=14e K’

Using that E[Zi¢] = 52}, ;) - vol(V}), we get

zn:(]E[Z ZM])Q/I) < 5q/pzn:( Z Ty (0) -VOli(W))q/p.

i=1 LeEK'’ i=1 (eK'
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By items 2 and 3 of Theorem 3.1, x%g(e) =1—y, =max(0,1 -3 ,y, yj), so from Constraint (2.19) we get

SCONER LI WELLS
=1

i=1 leK'

We also have,
n

STS E[ZYY] < 5‘”?2 > ey - voli(Ve) VP

i=1 e K’ i=1leK'

And by the same argument as above, but using Constraint (2.20), we also get
Z Z Zq/p < 5q/pzz < 59/PBY,
i=1 LK’ i=1

We conclude that the expected cost of the clustering is at most,

1/q

n e av X 1/p
S5 20" (G (5 m) ) = otmr - ollmtzm) )

=1 leK' i=1 \leK’

|

Proof. (Proof of Theorem 1.2.) We solve the convex programming relaxation for the problem, apply the reduction,
1/p
and run the randomized rounding procedure. This gives us a solution of cost at most O (m) ) B in

expectation. ]
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A Proof of Theorem 3.1 and Observation 3.1
Proof. (Proof of Theorem 3.1.) Let v = min(p, ¢). We define the Convex Program (CP) cost of point j € [m] as

1/v

(A1) Clx)=CH) = D d,5)"

3’€lm]
We sort all points according to the value of C(j). Renaming the points if necessary, we may assume that
C(1) <--- < C(m).

Now we choose a subset of points K and assign each point to exactly one point in K. Initially, K = & and all
points are unassigned. Then we process points one by one, starting with 1 and ending with m. When we process
point j, we perform the following steps if j has not been assigned to any vertex j’ yet.

e Add j to K and assign j to j.

e For every unassigned j' > j, if d(j,5') < W%C(j’), assign j’ to j.

v

After all the points are processed, each of them is assigned to some ¢ € K (some points are assigned to
themselves). For ¢ € K, let

e U; be the set of points assigned to £.
e 1V, be the set of points that are closer to £ than to any other point in K (we break ties arbitrarily).

e o({) be the closest point to ¢ in K other than ¢ itself. We break ties arbitrarily but consistently; then the
set of edges (¢,c(¢)) forms a forest.
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For a set of points A C [m], denote w;(A4) = >, 4 wi(j). Define new weights w; for £ € K by
wi(l) =wi(Up) = Y wi(3).
J€U

We obtained the desired instance Z’ of (p, ¢)-Fair Clustering on K with weights {w}(j)};jex. Now we define the
CP solution.

yp = min(1, Z )
JEVE
Th = Yy3 9520(4) =1-y; x%j =0 for j ¢ {{,0(0)}
2 =29z
We verify that all the required properties hold.

We verify that (2/,y',2') is a fractional clustering solution and item 1 holds. From the definition of
(',y', 2"), it follows right away that Constraints (2.3), (2.4), (2.5), and (2.6) are satisfied. We need to check that
Constraints (2.9) and (2.18). We rewrite CP Constraints (2.9) and (2.18) uniformly using notation C(j).

q/p

(A.2) 22 | Do wili)CG)”

Note that for all j € Uy, j > ¢ and therefore C(¢) < C(j). We have,

2> 3 wi(HOGP =Y S wiHCGY = Y0 N wi()owr = 3 w0 C )P

jelm (EK jeU, (EK jeU, (EK

Now consider £ € K and j ¢ V. Let us say j € V. Then d({,5) > d(¢,j) and d(¢,5) + d(¢',5) > d(¢, ).
Therefore,

(A.3) d(t, 5) = d(¢,€')/2 > d(¢,0 (L)) /2
here we used that o(¢) is the closest to ¢ point in K other than /¢ itself. We have,

oy = 3 dt Yy > S dit ) ey > Y (‘W>x - (d“;’“”) >

j€[m] ¢V JEVe JEVe

Sy =1- Y2 1- Xy =1- v =ty

JEVe JEVe JEVE

If y, < 1 then

If y, =1, then 3~ oy, x¢; 2 0=1—y; =}, . In either case,

(A.4) w21y =
JEVe

Similarly to (A.1), define C'(¢,2") = C'(€) = (X ey xze,d(ﬁ,f’)”)l/y =d(¢,o(0)) - (még(z))l/”. Then,
E v > 1 f g v, ./ _ 1 /‘€ v
c)” = 2T,d( ;o (0)) Loo(e) = 2—1/0( )"
We conclude that C(£) > C’(¢)/2 and hence 2//¢ > 35 Y per Wi(O)C'(0)P. Therefore,

(=2 220 gi > wiOC (0 =Y wi()C' ()",

LeK LeK

2679 Copyright (© 2022 by SIAM
Unauthorized reproduction of this article is prohibited



Downloaded 06/30/22 to 205.178.84.197 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

as required by CP Constraints (2.9) and (2.18). Note that since z; = 2%z;, cost B’ of solution (2,3, 2) is at most
twice that of (z,y, 2).

Now we verify that item 2 holds and |K| < k/(1 — 7). Formulas for 2’ and ¢’ follow from their definitions.
First, we show that 1 —y, <~. By (A4),1 -y, < ngw x¢j. Applying (A.3), we get

Zyev i)’ (o)
LS 2 S T Sy S AP

Now, both points ¢ and o(¢) are in K. Therefore, neither ¢ was assigned to o(¢) nor o(¢) was assigned to ¢. This
means that d(¢,o(¢)) > 71% max(C(¢),C(o(f))) > 25%) We conclude that 1 —y; < v, as required. Finally, the
bound |K| < k/(1 — ~) follows from the following inequality k > 3", v, > (1 —7)|K].

It is immediate that item 3 holds.

Now we verify that item 4 holds. We first prove inequality (3.21). Consider a set of centers L C [m]. Note
that points in L are not necessarily in K. So L is not necessarily a valid set of centers for instance Z'. However,
we can think of L as a set of Steiner centers and then compute the cost of L with respect to instance Z’. Formally,
we write

1/q a/p\ /1

n a/p n
> (Z d(l, L)”) =13 (D> wig)-ace, Ly

i=1 \leK i=1 \teK jeU,
a/p\ V4
<[22 D wil) - (@l ) +d(, D)
i=1 \teK jeU,
Consider function | - || : R™ — R defined by
a/p\ V4 a/p\ /4
=3 Zw fosl? = D3 D 3) SO RETE
i=1 \j=1 i=1 \leK jeU,

Let A; be a linear map that sends v € R™ to (w;(1)Y/Pvy,...,w;(j)/Pv;,...,wi(m)/Pv,,). Note that

.., |Apv|lp|| - Therefore, || - || is a seminorm on R™. In particular,
q
a/p\ /4
DD D wilg) - (de,5) + d(j, L))
=1 \leK jeU,
a/p\ V4 a/p\ /4
22 Do wl) - d gy [ S w i
i=1 \leK jeU, i=1 \leK jeU,

The second term on the right is simply the cost of L with respect to instance Z and thus equals cost%yq(L). Now,
we upper bound the first term. Since every j € Uy is assigned to ¢, d(¢,j) < 71%C(j). Thus the first term is
upper bounded by

a/p\ /4

ST S ww (me0)’

i=1 \leK jeU,

2 (& \Y o
1/v (ZZ7‘> = ,yl/l/B'
i=1
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We conclude that
1/q

n a/p
Z (Z wh(0) - d(e, L)p> < costgq(L) + %B
’ /V v

i=1 \leK

Now we construct a proper solution L’ for K. For every point in j € L, we choose a closest to j point £ in K
(breaking ties arbitrarily) and add it to L'. It is immediate that for every ¢ € K, d(¢, L") < 2d(¢, L). Thus,

costZ, (L) =( 32 (D wit) - ace, L/)p)q/p)l/q < 2{costl (1) + % B).

i=1 (eK

As required, we constructed a feasible solution for Z' of cost at most 2cost] (L) + Wfl/y B.

Now we prove that inequality (3.22) holds. The proof is almost identical to that of inequality (3.21).

cost? (L) = (2”: ( Z w;(7) - d(j,L)p)Q/P)l/q (Z (Z Z il QL )q/p)l/q

i=1  j€[m] i=1 [(eK jeU,

(i(z Z w;i(7) - (d(¢,5) + d(¢, L))P )q/P)l/q

i=1 [(eK jeU,

s<i<zmd@, P 5 i s

i=1 tcK jeU, i=1

As we showed above, the first term is at most ~ —7> B; the second term equals cost ( ). Therefore,
T (L) < cost?, (L) + — B
costy, (L) < costy, (L) + B

Now we verify that item 5 holds. Take a point £ € A and point j € V,. Let j' be the closest point to j
outside V; and let ¢ be the closest point in K to it (so j' € Vjr). Then we have

d(j, K\ A) < d(j,0(0)) since o(f) € A
< d(j,¢) +d(l,a(0)) by triangle inequality
< d(j,0) +d(e, ') by choice of o(¢)
<d(j,0) +2d(j', 0) by (A.3)
< d(4,0) +2d(5',5) +2(4, ) by triangle inequality
= 3d(j,0) + 2d(j, j') = 3d(j, K) + 2d(j, [m] \ V&)

Of course, if £ € K\ A and j € Vp, then d(j, K \ A) = d(j, K). Thus, for any center £ € K we have

d(]7K \ A) < 3d(.7’ K) +2- ]IEEA . d(]> [m] \W)

Using that || - || is a seminorm as in the proof of item 4, we get
costI JEN\A) (Z (Z w;i(j) - d(g, K \ A)P )q/p> ta
~( Y n )
<3(32 (S wit-ar) ")+ 2 3w -at bl i) )
=1 5=l i=1 e jEV,
= 3cost, (K) + 2 (Z (Z VOli(W))q/p) &
i=1 LeA
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By item 4, the cost of K w.r.t. instance Z, that is, costiq(K), is at most the cost of K w.r.t. instance Z’, which
is 0, plus 2y~Y/¥B. We conclude that

costya (K \8) < 6775+ 2(3 (S vor(v) ™).
i=1 (eA

d

Proof. (Proof of Observation 3.1.) Recall that o(¢) is the closest to ¢ point in K other than ¢ itself. We break
ties arbitrarily but consistently so that the set of edges (¢, o (¢)) forms a forest on K. We choose an arbitrary root
in every tree in the forest (K, (¢,0(¢)). Then we let K; be the set of vertices of odd depth and Ks be the set of
vertices of even depth. Clearly, o(K7) C Ky and o(K>) C K;. Now,

Zx;zg(e):ZO*W K| - Zye K| -

LeK leK leK

Therefore, D¢ 5 x’éa( 0= |K|2 kor > ek, T tot) = |K|2_k. We are done if the former inequality holds. Otherwise,

we simply swap K; and K.

B Connection to Min s-Union and Conjectured Hardness

Let us see how known hardness conjectures for other problems imply polynomial hardness of approximation for
(p, q)-Fair Clustering when ¢ < p — Q(1).

In the Min s-Union problem, we are gives a collection of m sets Si,..., S, C [n], and a parameter s € [m],
and wish to find a collection J C [m] of (indices of) sets of size |J| = s as to minimize the cardinality of their
union | J;¢; 5[ It has been conjectured (see Chlamtac et al. [2017]) that the following distinguishing problem,
slightly rephrased here, is hard (and implies polynomial hardness of approximation for Min s-Union):

CONJECTURE B.1. (DENSE VERSUS RANDOM CONJECTURE) For any constants 0 < € < 6 < 1, it is hard to
distinguish between the following cases when s < y/m:

e Random: n = m® and each of the sets Si,..., Sy is sampled independently by selecting 10Ilnm elements
in [n] independently at random.

e Dense: n = 10mf Inm, and an adversary may select the sets, with an additional guarantee that there exist
sets J C [m] and I C [n] such that |J| = s and |I| = (10slnm)°, and for every j € J, S; C I (that is, there
are s input sets contained in a single set of cardinality O(s°)).

This conjecture is supported by Sherali-Adams integrality gaps (cf. Chlamt4¢ et al. [2017], Chlamt4¢ and
Manurangsi [2018]) and is related to similar conjectures for related problems, and in particular to the Projection
Games Conjecture. Bhaskara et al. [2012] show a somewhat weaker (but still polynomial) lower bound for this
problem is also supported by a matching integrality gap in the Sum of Squares hierarchy.

A straightforward reduction gives the following:

THEOREM B.1. For any 1 < q¢ < p and constants 0 < ¢ < § < 1, where € < %,

Conjecture holds for 0,¢, then (p, q)-Fair Clustering is hard to approzimate to within less than me(=0)(p=a)/(pa)

if the Dense versus Random

Proof. Let us see a reduction from Min s-Union with these parameters to (p, ¢)-Fair Clustering, and analyze the
optimum clustering value in both cases.

Given an instance (Si,...,Sm,,s) of Min s-Union, construct a clustering instance as follows: Identify the
points [m] with the sets Si,..., Sy, and let the distance between any two points be 1. For all ¢ € [n] and j € [m],
let w;(j) = lies,. Finally, let the target number of centers be k = m — s. In the context of the reduction, let us
consider instances for which s = m®(< y/m).

Consider first the random case. By a Chernoff bound, w.h.p., for any set J C m of cardinality |J| = s = m*,
we have

1
U S;| > img Inn.

jeJ
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Thus, for any set of centers K of cardinality |K| = k, the cost of K is bounded from below by

a/p\ /4

costy, q(K) = Z Z]liesjd(j»K)p

i=1 \j=1

M=

1/q
= < I{jG[m]\KIiESj}lq/”)

1
1/q
<_ ]liEUje[m]\K SJ‘)
?

1/q . 14
= S > <2m€ lnm) .
\K

v
i

je[m

On the other hand, consider the dense case. Let J be the “dense” set as defined in the conjecture, and let
K = [m]\ J. Then as before, the cost of these centers is bounded from above by

n 1/q
costy ¢(K) = (Z {iedlie SjH‘””)
i=1

1/q

=| X WieJliesyr

iereJSj

1/q

=<Z|{j€J|i€Sj}|Q/p> sinceVje J:S5;C1I

icl

a/p\ V1
< [ |1|ta=P/P (Z HjelJl|ie Sj}|> by Holder
iel

1/p

IN

|]|(qu)/(pq) Z 1S5

jeJ
< (10sInm)°®P=9/D (105 Inm)'/?
= (10m® Inm)OP-0+a)/(va)

Thus, if the conjecture holds for these parameters, then (p,¢)-Fair Clustering cannot be approximated to
within less than the ratio between these bounds (the random optimum divided by the dense optimum), which is
at least

20*1/4(10m5 In m)(l/q)*(5(p7q)+q)/(pq) — 20’1/q(10m5 In m)(1*5)(p7q)/(pq) > mE1=0)(—a)/(pe)
O

While not every setting of 0 < e < § <1 withe < % in the conjecture is supported by the same evidence (the
Sum of Squares result, for instance, gives a much smaller polynomial gap), it is worth noting that any setting
yields a lower bound of m®((P=a0)/(9) for (p, q)-Fair Clustering, and in particular, if € and ¢ are arbitrarily close

to %, as is permissible in Conjecture B.1, then we get a lower bound of m(%_")% for any constant n > 0.
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