Local Correlation Clustering with Asymmetric Classification Errors

A. Proof of Theorem 3.1

In this section, we present the proof of our main tech-
nical result — Theorem 3.1 — an algorithm for partition-
ing a given metric space (X, d) into a number of clusters
P = (Py,...,P;) (where k is not fixed).

Recall our iterative process for obtaining this partitioning
— Algorithm 2 — which makes use of Theorem 5.1 in each
iteration to select a cluster from the set of not-yet clustered
vertices.

The proof of Theorem 5.1 is presented in Appendix B.
We now present the proof of Theorem 3.1 assuming Theo-
rem 5.1.

Proof of Theorem 3.1. Property (a) of Theorem 5.1 guaran-
tees that diam(P;) < 2R forevery ¢ € [k] and thus property
(1) of Theorem 3.1 holds.

We now show that property (2) holds. Fix v € X. Consider
iteration ¢ € [k]. Note that set P; satisfies property (b)
of Theorem 5.1 regardless of what set X; we have in the
beginning of iteration <. That is, for every set Y C X and
u €Y, we have

> <Pr{5pi(u,v):1|Xi:Y}

vEBall(u,R)NY

d +
— Dj (7“]”%“) Pr{Vp (u,v) = 1| X; = Y})
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veBall(u,2R)NY

(A.1)

We observe that inequality (A.1) can be written as follows
(for all u € X).

veBall(u,R
d(u, v) i
—Ds— Pr{Vp, (u,v) =land u,v € X;| X; =Y}
d
S B E{ Y A )
vEBall(u,2R)

If u ¢ Y, then all terms in (A.2) are equal to 0, and the
inequality trivially holds. If u € Y, then corresponding
terms in (A.1) and (A.2) with v € Y are equal to each other;
all terms in (A.2) with v ¢ Y are equal to 0. Denote the
event that u,v € X; by &,; (that is, £,; happens if both
points u and v are not clustered at the beginning of iteration

Z (Pr{épi(u,v):1andu,v€Xi|XZ-:Y}
)

1). We take the expectation of (A.2) over X; = Y and add
up the inequalities over all ¢ € [k]. Using the subaddivity of
function « — 21, we obtain

Z <ZPr{§pi(u,v):1and8m}

veBall(u,R) \i€[k]
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i€ (k]
+
d
— Dp (‘I;”) Pr{Vp, (u,v) = 1 and gm-}>
q d(u,v)
< BIE Z 7 Vp, (u,0)-1{E} |-
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(A.3)

Now consider any v € X \ {u}. If v and v are separated by
the partitioning P, then they are separated at some iteration
i. That is, for some ¢ € [k]:

e &,; happens (in other words, u and v are not clustered
at the beginning of iteration 7)

e 0p (u,v) = 1 (exactly one of them gets clustered in
iteration 7)

Further, there is exactly one ¢ such that both events above
happen. On the other hand, if  and v are not separated by
P then 0p, (u,v) = 0 for all ¢ € [k]. We conclude that

H{P(u) #P)} = Z 1{0p,(u,v) = 1and &,;}.
1€[k]
(A4)
In particular, the expectations of the expressions on both
sides of (A.4) are equal:

Pr{P(u) #P(v)} = Y _ Pr{dp,(u,v) = 1and &,}.
i€ (k]

(A.5)
Now consider the first iteration ¢ at which at least one of
the vertices u and v gets clustered. Note that (i) event &£,;
happens and (ii) V p, (u, v) = 1 (that is, (i) both points » and
v are not clustered at the beginning of iteration ; (ii) but at
least one of them gets clustered in iteration ¢). Further, for
Jj <1, Vp,(u,v) = 0and for j > i, &,; does not happen.
We conclude that event “Vp, (u,v) = 1 and &,;” happens
exactly for one value of ¢ € [k]. Therefore,

> Ve (u,v) 1{€} =1

ick

(A.6)
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and

> Pr{vp,(u,v) = Land £,;} (A7)

i€ k]

=3 EVp (u,0)1{E:}] = 1.

i€ k]

Plugging (A.5) and (A.7) into (A.3), we obtain

+
_ d(u, )
> <ﬂ{ﬂ@Pw»DB}%)

veBall(u,R)
< pe- E{ Z d(u,v)} .

veBall(u,2R)

We conclude that property (2) holds. Next, we show that
property (3) holds for every «w € X. As in the analysis of
property (2), we consider some iteration i. Then property
(c) of Theorem 5.1 guarantees that if u € X; then

2 >

i€ k] veBall(u,r)NX;

52g.p§.<

i€[k]

op, (u,v) < (A.8)

Z d(tjt%’v) VP, (’LL, 'U))

veBall(u,2R)NX;

We rewrite (A.8) as follows:

2 2

i€[k] veBall(u,r)

5 Z 6D?3< Z @'\/H (’U,,U)~1{5vi}>.

ic[k] veBall(u,2R)

6131‘ (u,v) ’ 1{5“} /S

Note that this inequality holds for all w € X: if u € X, it
is equivalent to (A.8); if u ¢ X, then both sides are equal
to 0, and the inequality trivially holds. Using formulas (A.4)
and (A.6), we get

> 1{P) #P)} < BDs

veBall(u,r)

d(u,v
s dn,

vEBall(u,2R)

Therefore, property (3) holds. O

B. Proof of Theorem 5.1

In Section 5.1, we describe an iterative approach to find-
ing a probabilistic metric decomposition for Theorem 3.1.
In this section, we show how to find one cluster P of the
partitioning. Given a metric space (X, d) and positive num-
bers r and R, our algorithm selects a subset P C X that
satisfies the three properties listed in Theorem 5.1. Re-
call that 5 = r/R, Dg = 2(q + 1)Inl/s, Ry = £/Ds,
Ri = R — Ry and p,(B) = (1/8)9"! (see Figure 3). In

Ry e t

~v—light shell
of width r

Figure 3. Light Ball
R>r>0,gq>1,8=r/R,Dg=2(¢+1)Inl/s,
Ry =R/Dg, Ry = R — Ry.

this proof, we assume that 3 = r/R is sufficiently small
. * * 1

(ie, B < 8 for some small 3; = @(m) and, conse-
quently, Ry = /D is also small. Specifically, we assume

thatr < Ryg < Ry < Rand Ry + r < R;/100.

Our algorithm for selecting the cluster P starts by picking
a pivot point z that has the most points within a ball of
small radius Ry. That is, 2 is the optimizer to the following
expression:

z = argmax | Ball(u, Rp)|. (B.1)
u€eX
The algorithm then checks if the ball of a larger radius, R;,
around z has significantly more points in it in comparison
to the ball of radius R around z. If the ratio of the number
of points in these two balls exceeds p,(/3), the algorithm se-
lects the set of points Ball(z, Ry) as our cluster P. We refer
to this case as the “Heavy Ball” case. In Section B.2, we
show that this set P satisfies the properties of Theorem 5.1.

If, however, | Ball(z, R1)| < pq(8)-|Ball(z, Ry)|, then the
algorithm outputs cluster P = Ball(z,t) where ¢ € (0, R]
is chosen as follows. First, the algorithm finds the set S
of all radii s € (3Ry, R1] for which the set P = Ball(z, s)
satisfies Definition 5.2. Then, it chooses a random radius
t in S (non-uniformly) so that random set P = Ball(z, t)
satisfies property (b) of Theorem 5.1. In Appendix C.1, we
discuss how to find the set S and show that ;(S) > R/2
(where u(S) is the Lebesgue measure of set S). Finally,
in Appendix C.2, we describe a procedure for choosing a
random radius ¢ in .S.

B.1. Useful Observations

In this section, we prove several lemmas which we will
use for analyzing both the “Heavy Ball” and “Light Ball”
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cases. First, we show an inequality that will help us lower
bound the right hand sides in inequalities (b) and (c) of
Theorem 5.1.

Lemma B.1. Assume that z is chosen according to (B.1).
Consider tin (3Ry, R1]| and win X with d(z,u) € [2Ry, R].
Let P = Ball(z,t). Denote:

Z d(u,v) Vp (u,v).

Yp = =

veBall(u,2R)

Then,

P| < 2DgYp.

Remark: Note that in Theorem 5.1, the right side of in-
equality (b) equals S7E[Yp], and the right side of inequality
(c) equals 3 - D% Y.

Proof. Observe that P C Ball(u, 2R). Hence,

Yo=Y szdw)_

R
veBall(u,2R) vEP

For every v € P\ Ball(u, Ry), we have d(u—R’”) > % =
Dgl. Thus,

Yp > Dy |P\ Ball(u, Ro)|.

We need to lower bound the size of P\ Ball(u, Ry). On the
one hand, we have

|P\ Ball(u, Ro)| > |P| — | Ball(u, Ro)|
> |P| — | Ball(z, Ry).

Here, we used that Ball(z, Ry) is the largest ball of
radius Ry in X. On the other hand, Ball(z, Ry) C
P\ Ball(u, Ry), since d(z,u) > 2Rg. Thus, |P \
Ball(u, Rp)| > |Ball(z, Rg)|. Combining two bounds
on |P \ Ball(u, Ry)|, we get the desired inequality |P \
Ball(u, Ry)| > |P|/2. O

We now provide a lemma that will help us verify property
(b) of Theorem 5.1 for that point w.

Lemma B.2. Consider an arbitrary probability distribution
of t in (3Ry, R1]. Let P = Ball(z,t), where z is chosen
according to (B.1). If for each point u € Ball(z, R) at least
one of the following two conditions holds, then P satisfies
property (b) of Theorem 5.1 for all points u in X.
Condition I:

E|Ball(z, )]

> . < petl A
Pr{t > d(z,u) — Ro} < B8 | Ball(z, Ro)]

(B.2)

Condition II: For every v € Ball(u, Ry), we have

Pr{6p(u,v) =1} — ng(uTgv) Pr{Vp(u,v) =1} <

< patl, (B.3)

Remark: This lemma makes the argument about the dis-
tribution of ¢ from the proof overview section (Section 5)
more precise. As we discuss in subsection Light Ball 5.2.2,
we have chosen the distribution of ¢ (Cumulative distribu-
tion function F', Definition 5.4) to satisfy two properties:
(Property I) the probability that v and v are separated by P
is upper bounded by the probability that w or v is in P times
O(Dg); and (Property IT) The probability that ¢ is close to
7 (R/2) is small. Thus, Condition I of Lemma B.2 holds
for u with d(z, u) that are sufficiently close to 7"V (R/2),
and Condition II holds for « with for smaller values of
d(z,u).

Proof. Consider one term from the left hand side of prop-
erty (b) of Theorem 5.1 for some u in X:

d(u,v)
R

(Pr{(;p(um):l}fD/j ~Pr{\/p(u,v):1})+.

Note that {dp(u,v) = 1} denotes the event that exactly one
of the points u and v lies in P; whereas {Vp(u,v) = 1}
denotes the event that at least one of v and v lies in P.
Thus, Pr{Vp(u,v) = 1} > Pr{op(u,v) = 1}. Hence,
this expression is positive only if Dg-d(u, v)/R < 1, which
is equivalent to

d(u,v) < R/Dﬁ = Ry.

Thus, in the left hand side of property (b), we can consider
only v in Ball(u, Ry) (rather than Ball(u, R)). Moreover,
if d(z,u) > R, then for all v € Ball(u, Ry), we have
d(z,v) > R — Ry = R; and, consequently, p(u,v) = 0.
Therefore, for such u, the left hand side of property (b)
equals 0, and the inequality (b) holds trivially. We will
thus assume that d(z,u) < R (which is equivalent to u €
Ball(z, R)). Similarly, since ¢ > 3Ry, we will assume
that d(z,u) > 2Ry (otherwise, u € P and every v €
Ball(u, Ry) is in P, and thus dp(u,v) = 0).

We now show that if Condition I or IT of Lemma B.2 holds
for u € Ball(z, R) then property (b) is satisfied for that w.

I. Suppose, the first condition holds for v € Ball(z, R). If
dp(u,v) = 1 then eitheru € P, v ¢ Porv € P, u & P.
In the former case, ¢ > d(z,u); in the latter case, ¢t >
d(z,v) > d(z,u) — Ry. In either case, t > d(z,u) — Ry.
Using that | Ball(u, Ry)| < |Ball(z, Ry)| by our choice of
z (see (B.1)), we bound the left hand side of (b) as follows

> Pr{op(u,v) =1}

veEBall(u,Ro)
< |Ball(u, Ro)| Pr{t > d(z,u) — Ro}
< |Ball(z, Ro)| Pr{t > d(z,u) — Ro}
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We now use the inequality from Condition I to get the bound

> Pr{op(u.v) =1} < B7VE|Ball(z, 1))
veBall(u,Ro)

= BITIE|P|.

Finally, by Lemma B.1, we have the following bound on
B9 E| P

BITIE|P| < BT . 2DsE[Yp] < BIE[Yp].  (B4)

Here, we used that 26Dg = 2r/Ry < 1 by our choice of
B;- The right hand side of the inequality in property (b)
equals S7E[Yp]. Thus, property (b) holds.

II. Suppose now that the second condition holds for v €
Ball(z, R). Then, each term in the left hand side of (b) is
upper bounded by O(391). Hence, the entire sum is upper
bounded by O(39"| Ball(u, Ro)|), which in turn is upper
bounded by O(3971| Ball(z, Ro)|). Then,

BT Ball(z, Ro)| < 87T Ball(z,t)| = BT E|P|
< BIE[Yp].

The last inequality follows from (B.4). We conclude that
property (b) of Theorem 5.1 holds. O

B.2. Heavy Ball Case

In this subsection, we analyze the case when
| Ball(z, R1)| > pq(B) - |Ball(z, Ro)|. If this condi-
tion is met, then the algorithm outputs P = Ball(z, Ry).
We will show that Theorem 5.1 holds for such a cluster P.

We first prove properties (a) and (b). Since the radius of P is
Ry < R, its diameter is at most 2R. So property (a) of The-
orem 5.1 holds. To show property (b), we apply Lemma B.2
(item I) with t = R;. Trivially, Pr{t > d(z,u) — Rp} <1
and E|Ball(z,t)| = |Ball(z, R1)| > pe(5)|Ball(z, Ry).
Thus, (B.2) is satisfied and property (b) also holds.

We now show property (c) of Theorem 5.1. Observe that
if d(z,u) ¢ [Ry — r, Ry + r], then dp(u,v) = 0 for all
v € Ball(u,r) (because P = Ball(z, R;1)). Hence, for
such u, property (c) holds. Thus, we assume that u €
[Rl -, Rl + 7"] Q [QR(), R}

‘We bound the left hand side of (c¢) as follows:
Z 0(u,v) < |Ball(u,r)| < |Ball(u, Ry)|

vEBall(u,r)
< |Ball(z, Ro)],

here we first use that r < Ry and then that z satisfies
(B.1). Since we are in the Heavy Ball Case, we have | P| >
pq(B)|Ball(z, Ry)|. Therefore,

Y 6(u,) <|P|/pg(B).

veBall(u,r)

By Lemma B.1, the right hand side is upper bounded by
2DsYp/pq(B) = 2D 87 Yp < BD3 Yp.

The right hand side of (c) equals BD?, Yp. Hence, property
(c) is satisfied.

Thus we have shown that Theorem 5.1 holds for the case
of Heavy Balls. To complete the proof, we show that Theo-
rem 5.1 also holds for the case of Light Balls — we give this
proof in Appendix C.

C. Light Ball Case

We now consider the case when | Ball(z, R1)| < pq(8) -
| Ball(z, Rg)|. Recall that S is the set of all radii s €
(3Rg, Ry] for which property (c) of Theorem 5.1 holds (Def-
inition 5.2). The set .S can be found in polynomial time since
the number of distinct balls Ball(z, s) is upper bounded by
the number of points in the metric space. We now recall
map 7g used in Algorithm 3.

Map 7g. In Section 5.2, we define a measure preserv-
ing transformation mg that maps a given measurable set
S C [0, R] to the interval [0, u(S)] (Definition 5.3). We
need this transformation in Algorithm 3. If .S is the union
of several disjoint intervals (as in our algorithm) then 7g
simply pushes all intervals to the left so that every two con-
secutive intervals touch each other. We show the following
lemma.

Lemma C.1. For any measurable set S, Tg is a continuous
non-decreasing 1-Lipschitz function, and T5" is a strictly
increasing function defined for all y in [0, 1(S)]. Moreover,
there exists a set Zy of measure zero such that for all y €
[0, u(S)] \ Zo, we have T (y) € S.

Proof. Note that 7" (y) is a right inverse for mg(x):
ms(mi (y)) = y (but not necessarily a left inverse). Let

ifrelS
otherwise

be the indicator function of set S. Then wg(z) =
foz Is(t)dt (we use Lebesgue integration here). Since
0 < Is(t) < 1, function g is non-decreasing, 1-Lipschitz,
and absolutely continuous. By the Lebesgue differentiation
theorem, 7g(x) is almost everywhere differentiable and
d”jif”) = Is(z) almost everywhere. Let Xy = [0, R] \ S
and Zy = mg(Xy). Since 7g is absolutely continuous and

Is(z) =0 for x € Xy, we have
d’ﬂ's(m)

Z S/ 7d:17:/ Ig(z)dz = 0.
w(Zo) o do . s(z)

Now if y ¢ Zy, then 7s(72(y)) = y ¢ Zo, thus
i (y) ¢ Xo or, equivalently, 72" (y) € S, as required.
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Finally, we verify that 72" is strictly increasing. Consider
a,b € [0,u(S)] with @ < b. Note that a = mg(75(a))
and b = mg(72"(b)). Thus, (72 (a)) < ms(7E(b)).
Since 7g is non-decreasing, 7' (a) < w7 (b). O

Note that if S is a union of finitely many disjoint open
intervals, then Z; is the image of the endpoints of those
intervals under 7g.

C.1. Clusters Satisfying Property (c) of Theorem 5.1

We first show that if | Ball(z, R1)| < pq(B) - | Ball(z, Ro)|,
then p(S) > R/2. To this end, we define a ball with a
~-light shell of width r.

Definition C.2. We say that the ball of radius t > r around
z has a ~y-light shell of width r if

t—r
| Ball(z, t+7r)|—|Ball(z,t—7r)| < *y/ | Ball(z, )| dx.
0

We let S, be the set of all radii ¢ in the range (3R, R1] such
that Ball(z, t) has a ~y-light shell of width r. We now show
that (a) S, C S and (b) pu(S,) > R/2 for v = 25r/R2.
and, therefore, u(S) > R/2.

Lemma C.3. We have S, C S.

Proof. Consider a number ¢ from S, and the ball of radius
t around z: P = Ball(z,t). Let us pick an arbitrary point
u. We are going to prove that inequality (5.2) holds and
therefore ¢ € S. Consider v € Ball(u,r). Observe that
dp(u,v) = 1 only if both u and v belong to the r neighbor-
hoods of P and X \ P. Thus, if 6p(u, v) = 1, we must have
d(z,u),d(z,v) € [t —r,t+7r]. fd(z,u) & [t —r,t + 7],
then the left side of (5.2) equals 0, and we are done. Hence,
we can assume that d(z,u) € [t — r,t + 7).

Using the observation above, we bound the left hand side of
(5.2) as

Z op(u,v) < |Ball(z,t +r)| — | Ball(z,t — r)|.
veBall(u,r)

We now need to lower bound the right hand side of (5.2).
Note that Ball(u, 2R) contains Ball(z, t), since

d(z,u) <t+r<Ri+r=R—- Ro+r <R,
and t < R. Thus,
d(u,v)
Z Tvp(u7'l})2

veBall(u,2R)

veBall(
For all v € Ball(z,t) = P, we have Vp(u,v) = 1. Hence,

Z d(u,v) Vp (u,v) = Z

vEBall(z,t) veEBall(z,t)

==

z,t)

d(u,v) (C.1)

d(u, v)Vp(u, v).

By the triangle inequality, we have
d(u,v) > (d(z,u) —d(z,v))" > ((t —r) —d(z,v))".

Observe that

((t— 1) — d(z,0))* = /0 1{d(z,0) < 2} do.

Hence, (C.1) is lower bounded by

Z . 1{d(z,v) <z} dz =
!

vEBall(z,t

/0” >

1{d(z,v) <z} da =
veBall(z,t)

t—r
= / | Ball(z, )| dx.
0
Since the ball of radius ¢ has a ~-light shell of width r, the

expression above is, in turn, lower bounded by

| Ball(z,t 4 r)| — | Ball(z,t — )]
S .

Thus, the right hand side of inequality (5.2) is lower bounded
by

256D7 | Ball(z,t + r)| — | Ball(z,t — )|
R Y ‘

This completes the proof of Lemma C.3, since

(/) D3 (R/py)?

258D3 1 258D3RG
25R - Rr B

R ’y_

Lemma C.4. We have ,u(S,Y) > R/a,

To prove this lemma, we use the following result from Ap-
pendix D.

Lemma C.5. Consider a non-decreasing function ® :
[0,R] = R with ®(0) = 1and R > 0. Letr € (0, R]
and v < (0,1/r]). Then, for the subset S of numbers
t € [0, R — r] for which inequality

Bt + 1) > B(1) +7/t b(x)dr  (C2)
0

holds, we have ®(R) > ™) ~1 where n = \/7/(e—1)r,
and p(S) is the measure of set S.

Proof of Lemma C.4. We apply Lemma C.5 to the function

| Ball(z,t + 3Ry)|
d(t) =
®) | Ball(z, 3Ry)|
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with parameters v’ = 2r, " = Ry — 3Ry —r,and v =
25r/R3. Note that to be able to apply Lemma C.5 we
need v < 1/r" which is equivalent to 3Dg < 1/5v2. The
latter holds due to § being sufficiently small, i.e., § <
@(m). Observe that ®(0) = 1 and
|Ball(z, R)| _ py(8)| Ball(z, Ro)| _
< < = Pq (B)-
| Ball(z, 3Ry)| | Ball(z, Ry)]
Here, we used that the Ball(z, Ry) is light. From
Lemma C.5, we get that ®(R') > e7#(S )=1 where
7 = \/7/(e-1)r', and S’ is the set of ¢ for which Inequal-
ity (C.2) holds. Thus,

< 1+In®(R) < 1+Inpy(B) 14 Dg/2

o(R)

N(S/) n n' n’
_ Jle=1r"
- . (1+ Dg/2)
- 2(62;5:)70-130'(14‘1),8/2)
_ 2(627;1) - (Ro + R/2) < 0.A(R + Ro).

where we used Ry - Dg = R and that 1/2(e — 1) < 2.
Therefore for the measure of the set S” = [0, R'] \ S’ is at
least (S”) > ((R—Ro)—3Ro—7r)—0.4(R+Ry) > R/2.
Here, we relied on our assumption that Ry + r < Ry /100.

We claim that S” + 3Ry + r C S,,. Consider an arbitrary
t € S”. First, observe that ¢t + 3Ro + r € (3R, R1]. Then,

| Ball(,t + 3Ro + )| |Ball(z,t + 3Ry)|
| Ball(z, 3Ry)| | Ball(z, 3Ry)|

=P(t+1")—d(t) < 'y/o O (z)dx

B /t | Ball(z, z + 3Ry)|
N 0 |Ball(z7 3R(])|

dx.

Fort' = ¢+ 3Ry + r, we get
| Ball(z,t' 4+ r)| — | Ball(z,t' — )| <
t/*3R077‘
<7 / | Ball(z, z + 3Rg)|dx

0

t'—r t'—r
=7 / | Ball(z, z)|dx < 7y / | Ball(z, z)|dx.
3Ro 0

Thus, ¢’ € S,,. This finishes the proof. O

Lemma C.4 together with Lemma C.3 imply the following
corollary.

Corollary C.6. Let S be the set defined in Definition 5.2.
Then, u(S) > R/2.

C.2. Clusters Satisfying Property (b) of Theorem 5.1

We now show how to choose a random ¢ € S, so that the
random cluster P = Ball(z, t) satisfies property (b) of The-
orem 5.1. We first choose a random = € [0, R/2] with
the cumulative distribution function F(z) defined in Defi-
nition 5.4, and then let ¢ = 72"(z), where S C (3Ry, R1]
is the set obtained in the previous section. Note that by
Lemma C.1, t = 7"(z) € S with probability 1, since
Pr{z € Zy} = 0 (see Lemma C.1).

To show that property (b) is satisfied, we verify that for every
u in Ball(z, R), Condition I or Condition II of Lemma B.2
holds.

Pick a point u in Ball(z, R). We consider two cases:
ws(d(z,u)) > R/2 — Ry and wg(d(z,u)) < R/2 — Ry.
We prove that u satisfies Condition I of Lemma B.2 in the
former case and Condition II in the latter case.

First case: mg(d(z,u)) > R/2 — Ry. Write,
Pr{t > d(z,u) — Ro} = Pr{z > mg(d(z,u) — Ro)}.
Since mg is a 1-Lipschitz function, we have
ws(d(z,u) — Ro) > ms(d(z,u)) — Ro > R/2 — 2Ry.
Therefore,
Pr{t > d(z,u) — Ro} <1— F(R/2 — 2Ry).

We prove the following claim.
Claim C.7. We have

1— F(R/2 —2Ry) < BT

Proof. Write:

1 R 1 2,-Dg/2
— e2Ro . ¢ Ro —ee
F(R/2 - 2Ry) = _ ,
T S e
Note that e~ "4/ = 39+1, Then,
(62 -1) +1
1—F(R/2—2Ry) = W'ﬁq .

Since the denominator of the right hand side is greater than
1/3 (recall that we assume that (3 is sufficiently small), we
have 1 — F(R/2 — 2Ry) < B+ O

Claim C.7 finishes the analysis of the first case, since
| Ball(z,t)|/| Ball(z, Ro)| > 1 for every value of t > Ry.

Second case: 75(d(z,u)) < R/2 — Ry. In this case, for
every v € Ball(u, Ry), we have

ms(d(z,v)) < ms(d(z,u) + Ro) < R/2.
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Here, we used that 7g is a 1-Lipschitz function. We claim
that inequality (B.3) holds for every two points vy, vy € X
with wg(d(z,v1)),7s(d(z,v2)) < R/2 and d(vy,va) <
Ry. In particular, it holds for v; = w and vo = v. Without
loss of generality assume, that d(z,v1) < d(z,v2). Then,

Pr{dp(vi,v2) = 1} = Pr{d(z,v1) <t < d(z,v2)}

=Pr{ng(d(z,v1)) < x < wg(d(z,v2))}
= F(rs(d(z,v2))) — F(rs(d(z,v1))).

Here, we used that random variable « has distribution func-
tion F'. We show the following claim.

Claim C.8. Forall 1 < x5 in the range [0, R/2], we have

(z2 — 1)

(1= F(z1)+2B87).
Proof. We have

F(z) — F(z1) = /xQ F'(z)dx
<

<(zy—x1) max F'(z)

z€[z1,22]
e—l'l/RO/RO
= (= m) T,
(o — 1) e~"1/Ro

=Ds S

Here, we used that Ry = R/Dg. We now need to upper
bound the third term on the right hand side:

ef’”l/RO (1 _ efR/2R0) _ 67’”1/R0
e 1o
e_R/2R0
=1- F(l‘l) +

1 —ef/2Ro"

As in Claim C.7, let us use that e~ /2% = g¢+1 and 1 —
B > 1/2 to get

—‘El/RO

e +1
mgl—F(Cﬂl)‘l‘?ﬂq .

Combining the bounds above, we get the following inequal-
ity:

ro — I

R

F(xs) - F(a1) < Dy - (1= P + 2674,

O

Using Claim C.8 and the inequality

ws(d(z,v2))) — ms(d(z,v1) < d(z,v2) — d(z,v1)
< d(v1,v2),

we derive the following upper bound
Pr{dp(v1,v2) =1} <

wv) (1 pmg(d(z o)) + 267).

< Dg R

Then,

Pr{Vp(v1,v2) =1} = Pr{d(z,v1) < t}
=1-—F(rg(d(z,v1))).

Therefore,

d(Uh ’02)

Pr{dp(vi,vs) = 1}—Dg Pr{Vvp(vi,v2) =1} <

<2Dg 7d(vﬂv2)ﬁq“.

Thus, the left hand side of (B.3) is upper bounded by

2Dy - fIF1

d(U1 1}2)
——2 = < opatt,
R <25

Here, we use that d(vy,v2) < Rp and Ry = R/Dg.

D. Proof of Lemma C.5

We first prove Lemma C.5 for the case when S is a measure
zero set. Specifically, we show the following lemma.

Lemma D.1. Suppose, a non-decreasing function ®
[0, R] — R with ®(0) = 1 satisfies the following inequality
Sforallt € [0, R — r] \ Yo, where set Yy has measure zero:

t
B(t+7) > B(t) + 7/ b(x)dz, (D1
0
for some R > 0, r € (0,R/2] and v € (0,1/r], then
®(t) > max{e” 1 1} for all t € [0,R], where n =

\//(e=1)r. Consequently, we have ®(R) > e"~1,

Proof. Since ®(0) = 1 and ®(¢) is non-decreasing, we have
®(t) > 1 forallt > 0. We now prove that ®(t) > e~ 1,
We establish this inequality by induction. The inductive
hypothesis is that this inequality holds for ¢ € [0,1/n +
ir] N [0, R] for integer ¢ > 0. For ¢t < 1/7, we have ®(t) >
1 > e~ Thus, the inductive hypothesis holds for i = 0.
Suppose, it holds for i, we prove it for ¢ + 1.

First, consider an arbitrary t* € [1/n,1/n+ (i + 1)r] N
[0, R] \ (Yo + ), where Yy + r is the set Yj shifted right
by r. Lett = t* — r. Note that ¢ > 0, since r < 1/n.
Also, t ¢ Y. Then, by the inductive hypothesis, we have
®(x) > e~ forall z € [1/n,t]. Using Inequality (D.1),
we obtain the following bound

D) = B(t+71)
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t O (z)dx

1/m
> d(t) + 7/ O(x)dx + 7/
0 1/m

1/n t
> ent-t —|—7/ ldx + ’y/ e Ly
0 1/n

="yt (€7 = 1)
— entfl(l +’Y/7I)-

Since n = /7/(e—1)r, we have 7/n = (e—1)nr. Now, using
the inequality e® < 14 (e — 1)z for x € [0, 1], we get

O(t*) > ™1 +/n) = e H1 + (e — 1)n0)
> ent—l LM = en(t+r)—1 — ent*—1.

To finish the proof, we need to show that ®(+**) > e 1
fort** € [1/n,1/n+ (i + )r] N[0, R] N (Yp + 7). Since
Yy +r has measure zero, there exists an increasing sequence
ty of numbers in [0, 1/n+ (i4+1)r]N ([0, R]\ (Yo +7)) that
tends to t** as k — oo. Using that ® is a non-decreasing
function and €~ is a continuous function, we have

B(t*) > lim ®(t) > lim et = m L
k—o0 k—o0

O

We now show that Lemma D.1 implies Lemma C.5. Loosely
speaking, in the proof, we shift all intervals from the set
S to the left to obtain a single interval [0, ;1(.S)]. We then
apply Lemma D.1 to the transformed function.

Proof of Lemma C.5. Let g and 7"V be the maps defined
in Appendix C. Define ®*(¢) as ®*(¢) = ® (72" (t)) and
let Y be a measure zero set as in Lemma C.5. We claim
that ®*(¢) satisfies (D.1) for all ¢ € [0,7(S)] \ Yo. Fix
t € [0,7(S)]\ Yo. Write

O (t+7) = S(7L(t+ 7)) > S(7L(t) + 7).

Here, we used that (a) 72V (t + 1) > 7% (t) + r and (b) ®
is a monotone function. By Lemma C.5, wg”” (t) € S, thus

O (t+1) > B(rg"(t) +7)
) TG (t)
> ®(wg™(t)) + 7/ O(x)dx.
0

We now observe that ®*(¢) = ®(72*¥(¢)) and

(1)
/ O (z)dx
0

L0

> A B(z)-1(z € S)da
- Y a@ns @)
= /Ot O* (z)dx.

Here, we used that drg(z) = 1(z € S)dr and
ng(m(t)) = t. Thus, we showed that for all ¢ €
[0,7(S)] \ Yo, we have

*(t+1) > D () + /t & (z)dz.
0

We now use Lemma D.1 with function ®* and R’ = pu(S).
We obtain the following inequality:

" (u(S5)) = eI,

which concludes the proof of Lemma C.5. O

E. Integrality Gap

In this section, we present an integrality gap example for
the convex program (P) in Figure 1.

Construction. Letn = 1+ [/1/a]. Consider a com-
plete graph on n vertices. Let P be a path of length n — 1.
Denote its endpoints by s and ¢ and the set of its edges by
Ep. All edges in P are positive edges of weight 1. Edge
(s,t) is a negative edge of weight 1. All other edges are
positive edges of weight a.

The cost of the integral solution Clearly, every integral
solution P should violate some edge (u,v) € PU{(s,t)}
(since all these edges cannot be satisfied simultaneously).
Thus, dis, (P, E*,E~) > 1 and | dis(P, ET, E7)||, > 1.

The cost of the CP solution. We define the CP solution
as follows. Denote the distance between u and v along P
by dist p(u,v). Let ., = dist p(u,v)/(n — 1). Note that
zst = 1. The values of variables y, are determined by
constraints (P1) of the convex program.

Now we upper bound the contribution of every edge (u, v)
(incident on u) to y,, in formula (P1). The contribution of
(u,v) € Ep is WyypTyy = 1-1/(n — 1); the contribution of
edge (s,1) 18 wst (1 — x5¢) = 0 (whether or not it is incident
on u), and the contribution of every other edge (u,v) is
WyuTuy < a. Since every vertex u is incident on at most
2 edges from Ep, we have y, < 2/(n — 1) + an < /a.
Now,

lyllp < nt'/v. max |y, | < n'/Pat/? < al/2-1/(2p)
u

Integrality gap We conclude that the integrality gap is at
least Q((1/a)'/2=1/(20)),



