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A Proofs of Section 3

Proof of Lemma 2.2. Fix an 7 and consider a grid G;. For each center z;, denote X; , the indicator random variable for the
event that the distance to the boundary in dimension « of grid G; is at most A/(2i71d). Since in each dimension, if the
center is close to a boundary, it contributes a factor at most 2 to the total number of close cells. It follows that the number
of cells that have distance at most A/(2°714) to z; is at most,

N = 22i=1 X

Defining Y; o, = 2Xi.a we obtain,
d
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We have that Pr[X; , = 1] < 1/d and so we get,
ElYjo] SE[1+ X4 =1+ E[X;.] <1+1/d.
Thus E(N) = []*_ E[Yj 4] < (1+1/d)?® < e. Thus the expected number of center cells is at most (1+1/d)?|Z| < e|Z|.

a=1
By Markov’s inequality, the probability that we have more than e| Z|(L+1)/p center cells in each grid is at most p/(L+1).
By a union bound, the probability that in any grid we have more than e|Z|(L + 1)/p center cells is at most p. O

Proof of Lemma 3.4. Let L' = L + 1. Note that for each point p € P, |d(c}, Z) — d(ci™!, Z)| < AV/d/2'. Denote
A= Yopesld(cy, Z) —d(cpt, Z)) [miand A =37 reecy(d(c), Z) — d(c,", Z)). We have that E(A) = A. Let

Xp = 1Ipes(d(cy, Z) — d(c,™, Z)) /i,
where I,¢ is the indicator function that p € S. Then we have that Var(X,) < A%d/(4'm;) and b := max, |X,| <
AV/d/(2'7;). By Bernstein’s inequality,
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“A A| > t} < 26 2|P|A2d/(4%m;)+2bt/3

3x2t= 142,

S 2¢ (BOPT#»%)A\/E (7)
By setting t = ¢OPT/L’, we have that

PT 1 Adk
Pr{|A Al > GOL ]g%‘“‘”f gﬁ. (8)

Thus with probability 1—p/ (L' A%), A is an €OPT/L’ additive approximation to the sum veP d(c,, Z)—d(cptt, Z). O

B Proof of Theorem 3.6

Before we prove this theorem, we first present Lemma B.1 and Lemma B.2. In Algorithm 1, for each level ¢ € [0, L], let H;
be the set of cells in G; whose frequencies are returned by HEAVY-HITTER in the RetrieveFrequency procedure.
For each C € H;, let |C| be the returned frequency of C. Let H] be the set of cells in G; whose frequencies are returned by
a K-set in the RetrieveFrequency procedure. Then H; and H] are complements in G;.

LemmaB.1. Let L' = L+1. Fixe, p € (0,1/2). Let Z* C [A]* be a set of optimal k-centers for the k-median problem of
the input point set. For each i € [0, L], if at most ek L’/ p cells C in G; satisfy d(C, Z*) < A/(2i71d), then with probability
1 —p/L’, the following two statements hold:

ZCeHi(@ —c]) (d(e(C), Z) — d(c(CF), 2 ‘ < 6g]-{p/Tfor every Z C [A]4
2. ZCEH; |C|diam(C) < BOPT for 8 = 3d*/?

Proof of Lemma B.1. Let L' = L+ 1. Fix avalue i € [0, L] and then W = A /2 is the width of a cell in G;. Since at most
ekL’/p cells in G; satisfy d(C, Z*) < W/(2d), then of the remaining cells, at most 2kL’/p cells can contain more than

dOPT w _ pOPT
pdOPT/(WEL') points. This is because each such cells contribute at least =" 57 = 5

OPT. Therefore, at most (e + 2) L'k /p cells contain more than pdOPT/(WkL’) points.

The number of cells in grid G; is at most N = (1 + 2%)¢ (and perhaps as few as 29, depending on the random vector
v), so HEAVY-HITTER receives cells of at most NV types. Enumerating all cells C' € G; such that |C;| > |C}41], define
fj = |C;|. Algorithm 1 sets k' = (e + 2)L'k/p, and the additive error of the estimator of f; of HEAVY-HITTER is given

to the cost which sums to
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by E/N/Z?]:kua f7. We know that for all j > k' the value f; < pdOPT/(WkL'). Moreover, the sum Z;’V:k/-l-l fi <
2dOPT /W because each point is at distance at least 1W/(2d) to a point of Z*. Under these two restraints, the grouping of
maximal error is with f; = pdOPT/(WkL') for k' < j < k' +2kL’/pand f; = 0for j > k' +2kL’/p. Then the additive

error becomes €' /2p/(kL")dOPT/W.

The error from a single cell C; is at most |f; — f;|v/dW, and HEAVY-HITTER gaurantees with probability 1 — § that
Ifi — fil < €+/2p/(kL")dOPT/W for every j. Therefore to ensure total error over all &’ cells is bounded by eOPT/(2L’),

we set ¢ < e, /m. Setting § = p/L’, the above bound holds with probability at least 1 — p/L’.

For the second claim, we must bound } .. H |C|. H; consists of the top &’ cells when ordered by value of f;. This

may differ from the top &’ cells when ordered by value of f;, but if j and j’ change orders between these two orderings
then |f; — fi/| < 2€/\/2p/(kL")dOPT/W. Since the sum may swap up to k' indices, the difference is bounded by

2k'€' \/2p/(kL")dOPT/W. By setting ¢ < , /m, we can ensure that the difference is at most JOPT/WW. We
know that Z;V:k,H fj < 2dOPT/W, and so ZCEH; |C| < 3dOPT/W. For all cells C € G;, diam(C) = v/dW . Therefore
Scen |Cldiam(C) < 3d3/20PT.

O

Lemma B.2. Let L' = L+ 1. In Algorithm 1, fixing €,p € (0,1/2), 0 € O and i € [0, L], if OPT/2 < o < OPT, then
with probability 1 — p/(L' A*%), at most (2+i3” + 24‘1;”3’“ 1n% cells of G; contain a point of S; .

Proof. Similar to the proof of Lemma B.1, there are at most &' = (2+¢)L'k/p cells C in G; that satisfy |C| > pdOPT/(Wk)
and/or d(C, Z*) < W/(2d). Considering the other cells, together they contain at most 2dOPT /W points. So by a Chernoff
bound, with probability 1 — p/(L'A¥) at most O(2dm; ,OPT/(Wp)) < 24d*L"3k1n %/62 points are sampled. The claim
follows since each non-empty cell must contain at least one point. O

Proof of Theorem 3.6. Let L' = L+ 1. W.1.o.g. we assume p > A~%, since otherwise we store the entire set of points and
the theorem is proved. By Lemma 2.2, with probability at least 1 — p, for every level ¢ € [0, L], at most ekL’/p cells C in
G; satisfy d(C, Z*) < A/(2+1d). Conditioning on this event, we will show 1) in the query phase, if 0* < OPT, then with
probability at least 1 — 4p, S is the desired coreset; 2) there exists 0 < OPT in the guesses O = {1,2,4,..., A%} such
that with probability 1 — 4p, none of the K -set structures return Nil. 1) and 2) guarantee the correctness of the algorithm.
Note that one can always rescale p to p/9 to achieve the correct probability bound. Finally, we will bound the space, update
time and query time of the algorithm.

To show 1), we first note that the coreset size is at most O(K L) as desired. Then by Lemma 3.2, we only need to show
that with probability at least 1 — 4p, for any k-set Z C [A]? and any level i € [1, L],

eOPT
L’
where the value of each |C] is returned by RetrieveFrequency. For each level i, we denote C; as the set of cells

that gets frequency from a HEAVY-HITTER instances in the RetrieveFrequency procedure, and S; = {p € C :
C & C;, ho» i(p) = 1} be the set of points sampled in the rest of cells. Since K S, ; does not return Fail, then for each

CeG\Ci|Cl =15; ﬂC|/7ri( *). Fix a k-set Z C [A]?, we rewrite the cost as,
cost(Gi, 2) = > [C] (d Z) —d(e(CP), 2)) + Y (d(e}, Z) = d(¢,7, 2))) [mi(0"),

ceC; pES;

|cost(Gi, Z) — cost(Gi, Z)| <

where CF is the parent cell of C in grid G;_;. By Lemma B.1 we have that, with probability at least 1 — p/L’, for every
Z C [A]4,
P P P eOPT

> [0 (d(e(€). 2) = d(e(€™), 2)) = Y le] (dle(C), 2) = dle(c™), 2)) | < G

Cec; cec;
and that, } g\ ¢, [Cldiam(C) < 3d*/20PT. Conditioning on this event, by Lemma 3.4, with probability at least 1 —
P/ (I 5F),

eOPT

< .
- 2r

> (d(c, 2) —d(ey 2) /m— Y el (d(e(C), Z2) — d(e(C”), 7))

PES; Cegi\C;
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By a union bound, we show with probability at least 1 — 4p, for any k-set Z C [A]? and any level i € [—1, L],
eOPT

|COSt(gia Z) - C/OBJ(gi, Z)| < I’

as desired.

To show 2), we will consider some OPT/2 < o < OPT. By Lemma B.2 with probablity at least 1 — p/ AFe the total
number of cells occupied by sample points in each level is upper bounded by K = (2+e)L’k + 24‘1;”3’“ In L. Thus by the
guarantee of the K-Set structure, with probability at least 1 — p, none of the KS, ¢,KS,,1 ...,KS,,, will return Fail.
The memory requirement of the algorithm is determined by the L instances of HEAVY-HITTER and the dL? instances
of K-set. By Theorem 3.5, each instance of HEAVY-HITTER requires O ((k’ + E%) log % log m) bits of space. Here
N < (14 A/W)? < A? and m is the maximum number of elements active in the stream. Since we require that at most
one point exists at each location at the same time, we have that m < N. The parameters are set to k' = (2 4+ e¢)Lk/p,

€ = (e, /W), and § = p/L. This translates to a space bound of O (dL + log %) % bits. For each
K-Set data structure, it requires

d°Lk  dkL? dkL
O(KdLlog(KL/p)) :O( 5 — + >log
€ €p

bits of space. In total, there are O(dL?) K-Set instances and thus all K-Set instances cost O % + % lo %
bits of space. By the same argument as in the offline case, the last paragraph of the proof of Theorem 3.3, the size of the
coreset is at most O((k' + K)L) = O(d*kL*¢~2 + kL?/p) points. Finally, to derandomize the fully random functions, we
use Nissan’s pseudorandom generator (Nisan, 1992) in a similar way used in (Indyk, 2000b). But our pseudo-random bits
only need to fool the sampling part of the algorithm rather than whole algorithm. We consider an augmented streaming al-
gorithm A that does exactly the same as in Core Set but with all the HEAVY—-HITTER operations removed. Thus all K -set
instances will have identical distribution with the ones in algorithm CoreSet. A uses O(KdLlog(K L/p)) bits of space.
To fool this algorithm, using Nissan’s pseudo-random generator, the length of random seed to generate the hash functions

we need is of size O(KdLlog(K L/p)log(|O]A%)) = O ((% + %) log dg—f . This random seed is thus sufficient

to be used in Algorithm CoreSet. Thus the total space used in the algorithm is O ((% + @) log deTL + %)
bits.

Regarding the update time, for the HEAVY-HITTER operations, it requires O(Llog N) = O(dL?) time. For the K-
set operations, it requires |O|LO(log(KL/p)) = dL*log(dkL/(pe)) time. The de-randomized hash operation takes

O(dL) more time per update. The final query time is dominated by the HEAVY-HITTER data structure, which requires
poly(d, k, L, 1/¢) time. O

C Full Construction of Positively Weighted Coreset

In this section, we will introduce a modification to our previous coreset construction, which leads to a coreset with all
positively weighted points. The high level idea is as follows. When considering the estimate of the number of points in
a cell, the estimate is only accurate when it truly contains a large number of points. However, in the construction of the
previous section, we sample from each cell of each level, even though some of the cells contain a single point. For those
cells, we cannot adjust their weights from negative to positive, since doing so would introduce large error. In this section,
we introduce an ending level to each point. In other words, the number of points of a cell is estimated by sampling only if
it contains many points. Thus, the estimates will be accurate enough and allow us to rectify the weights to be all positive.
This section is organized as follows. We reformulate the telescope sum in Subsection 4.1, provide a different construction
(still with negative weights) in Subsection 4.2, modify our different construction to output non-negative weights in Sub-
section 4.3, and move this construction into to the streaming setting in Subsection 4.4. For simplicity of presentation, we
will use A1, Az, . .. to denote some fixed positive universal constants.

C.1 Reformulation of the Telescope Sum

Definition C.1. A heavy cell identification scheme H is a map H : G — {heavy, non-heavy} such that, h(C_1) =heavy
and for cell C € G; fori € [0, L]

1 if|C| > 2E2OPT then H(C) = heavy;
2. If H(C) = non-heavy, then H(C') = non-heavy for every subsell C' of C.

3. Forevery cell C in level L, H(C) = non-heavy.
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4. Foreachi € [0, L],

{C € G; : H(C) = heavy}| < Al/fL, where A1 < 10 is a positive universal constant.

The output for a cell not specified by the above conditions can be arbitrary. We call a cell heavy if it is identified heavy
by H. Note that a heavy cell does not necessarily contain a large number of points, but the total number of these cells is
always bounded.

In the sequel, heavy cells are defined by an arbitrary fixed identification scheme unless otherwise specified.

Definition C.2. Fix a heavy cell identification scheme H. For level i € [—1, L], let C(p, i) € G; be the cell in G; containing
p. The ending level [(p) of a point p € P is the largest level i such that H(C(p, 1)) =heavy, and H(C(p,i+1)) =non-heavy.

Note that the ending level is uniquely defined if a heavy cell identification scheme is fixed. We now rewrite the telescope
sum for p as follows,

I(p)

p:Z(cp—c )Jrc é(p),

i=0
where ¢, ! = 0 and ¢} = p. For arbitrary k-centers Z C [A]4, we write,
d(p, 2) = 3% (A(c), Z) = d(cj ' 2)) + d(cy, Z) — d(e;”, Z) +d(0, Z)
Let P, be all the points with ending level I(p) = [. We now present the following lemmas.

Lemma C.3. Let P; be the set of points with ending level i. Let Z* C [A]? be a set of optimal k-centers for the k-
median problem of the input point set. Assume that for each i € [—1, L], at most ek(L + 1)/p cells C in G; satisfy
d(C,Z*) < AJ(2F1d). Then

A\f

|P)| - < X\od®/?0PT,
where Ny > 0 is a universal constant.

Before we prove this lemma, we first introduce the following lemmas to bound the cells with a large number of points.

Lemma C.4. Assume that for each i € [0, L), at most ek(L + 1)/p cells C in G; satisfy d(C, Z*) < A/(2°+1d). Then for
(e4+2r)k(L+1) . 2t pdOPT

any r > 0 there are at most *=—"-=== cells that satisfy |C| > m.

Proof of Lemma C.4. Let L' = L+ 1. Fix avalue i € [0, L] and then W = A /2% is the width of a cell in ;. Since at most

ekL/p cells in G; satisfy d(C, Z*) < W/(2d), then of the remaining cells, each contribute at least £ [f/‘(/)kPLT W= g?kF;T to the
cost, and the cost of these cells is at most OPT. Therefore there can be at most 2rr L'k / p cells such that d(C, Z*) > W/(2d).
Along with the at most ek L’ /p cells (by the assumption) such that d(C, Z*) < W/(2d), there are at most (e + 2r)L'k/p
cells that contain at least pdOPT/(rWkL') points. O

Lemma C.5. Assume that for each i € [0, L], at most ek(L + 1)/p cells C in G; satisfy d(C, Z*) < A/(2F1d). Then for
2(e+6)k(L+1)

; groups, G1,Go, . .., Gy, such that for each

€ [—1, L), the points of P; can be partitioned to at most k:’ =

dePT
k(L+1) '

j € [K'), there exists a C € G,

Proof of Lemma C.5. Let L' = L+ 1. For each heavy cell in G;, if the number of points falling into its non-heavy subcells

(in G;41) is less than %, we group all these subcells into a single group. Let the groups formed this way be called

type I, and by Property 4 of Definition 4.1 there are at most (e + 4)kL’/p type I groups.

For each of the remaining heavy cells in G;, we group its subcells into groups such that each group contains a number

'pdOPT 2"~ pdOPT
EL’A > kLA

of points in the interval [ ) This can be done since each non-heavy subcell contains less than

itl i—1 . . . . i
2 kag(A)PT =42 k?j,lgPT points, and the total number of points contained in them is at least %OPT (otherwise we

would have formed a type I group). Let the groups formed this way be called type II. By the assumption of of Lemma C.3,
at most Eka/ of these non-heavy subcells are within distance ﬁ from an optimal center of Z*. Since each type II group

21’1dePT
kL'A >
distance ﬁ from an optimal center is at most %. We conclude that,

(¢ + KL (c+ L
p P

contains at least points, by the same argument as in Lemma C.4, the number of type II groups further than

E <
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Proof of Lemma C.3. Let ' = L+1. Fixavaluei € [—1, L] and then W = A /2 is the upper bound of the width of a cell
in G;. Let G1,Go, ... G} be group of points satisfying Lemma C.5. Thus, ZPGP 1 de m % A\f <

’\/’;L, . 21+1PL‘f(A)PT AVd < ), 13/20PT for some universal constants \’ and \g. O

Proof of Proposition C.10. First notice that the weighted set satisfies the about condition is an e-coreset. If we replace each

|C;| by the exact number of points in |C;|, then the new weighted set is an (e/2)-coreset. For each C € G, let bc be the new
value returned by the algorithm, and b, is the new value of a point ¢ € \S. The error of the cost introduced is at most,

A:EL: S l-bel+ S (ml_l_bp)‘ Af.

i=0 \Ce€g,;: heavy PESi_1
By the procedure, the new value of a cell is always smaller than its original value, thus

A:EL: S el -be+ Z( ) Af=§gm

=0 Ceg;: heavy pESi—1
where
AVd
gi = Z |C| —be+ Z 9 "
CeG;:heavy peES;i_1
Let
— 1S;-1 N C| AVd
fi= Z ‘|C\*|C|‘+ Z —— — P 90

CEG,:heavy C’€G;_1:heavy

Thus f; < €OPT/L by choosing appropriate M. Now consider heavy cell C € G;, let s¢ =
A lsine
be — ZCGQi+1:heavy |C| - ‘ﬂ.ir:" Then,

IR - S; NC
C'€Gj41:heavy ?
i~ )] Py Sl NnC
< |ee - fcl| +[lel-fel|+ > el - le +’W—|PimC|‘. ©)
C’€G;41:heavy i
Then
AVd 1 Af
Z sc 21i + Z - _bp 2 291 1+ fl 1 +fz (10)
CeGi1 pES;i_1 =1
Since g_1 = f_1 = 0, thus
-1 L L i3 L
9i < fi +3202]_1fj’ and Z(:)gi < Zofi(l +z;§) < 4;f¢ < 4¢OPT. =
J= 1= = J= 1=

Remark C.6. The multiset of centers of heavy cells with each assigned a weight of the number of points in the cell is a

O(d3/?)-coreset. This can be easily seen by removing the term ofd(clf, Z)— d(cé,(p), 7)) from Equation (C.1) together with
Lemma C.3, which bounds the error introduced by this operation.

C.2 The New Construction (with arbitrary weights)

For these heavy cells, we use HEAVY-HITTER algorithms to obtain accurate estimates of the number of points in these
cells, thus providing a heavy cell identification scheme. For the non-heavy cells, we only need to sample points from the
bottom level, G, but with a different probability for points with different ending levels. We present the following lemma
that governs the correctness of sampling from the last level.

Lemma C.7. If a set of points P; C P satisfies |P;|AVd/(2") < BOPT for some 3 > 2¢/(3(L + 1)), let S; be an
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independent sample from P; such that p € S; with probability
L+1)2A 2AF(L 41
m‘Zmin<3a( +1) fﬁ (L+ ),1
p

220

where 0 < o < aOPT for some a > 0. Then for a fixed set Z C [A]%, with probability at least 1 — p/((L + 1) Delta*?),
| Epes, (e, 2) = dp, 2))/mi = Tyep,(d(cy, 2) — dlp, 2))] < L

Proof. The proof is identical to that of Lemma 3.4. O

Lemma C.8. Consider a set of sets { P;}}, which satisfies | P;|Avd/(2}) < (L+1
For each i € |0, L], let S; be an independent sample from P; with sampling probability

> min <4aﬁk(L+1)3Aﬁl 2 )

5 OPT for some 3 > e/(3(L + 1)).

- -, 1
2ie2po 085

where 0 < o < aOPT for some a > 0, then with probability at least 1 — 0,

1SinP| A\f epOPT
Uy - k(L + )
Proof of Lemma C.8. The proof is simply by Bernstein inequality. Let { = \/3;(‘27%, X, L,es,/m;, then we have
that Var(X,) < 1/m; and b := max, | X,,| < 1/m;. By Bernstein’s inequality, for any j € [k’]
Pr H'Pjﬁsﬂ_ >t} < 9~ TV < §, O

We now describe the new construction. This essentially has the same gaurantee as the simpler construction from the
previous section, however the benefit here is that (as shown in the next subsection) it can be modified to output only

positive weights. In the following paragraph, the estimations |C| are given as a blackbox. In proposition C.9 we specify the
conditions these estimations must satisfy.

Non-Negatively Weighted Construction Fix an arbitrary heavy cell identification scheme #. Let P, be all the points
with ending level {(p) = I. For each heavy cell C, let |C| be an estimation of number of points of |C|, we also call
|C| the value of cell C. For each non-heavy cell C’, let |C’| = 0. Let S be a set samples of P constructed as follows:
S =5_1USyUS1,U...USL, where S is a set of i.i.d samples from P, with probability ;. Here m; for [ € [—1, L]
’\3;2;2A0L 2LA™ + A‘*leekﬁoA log 3052L2,1 where A3 > 0 and \; > 0 are universal
constants. Our coreset S is composed by all the sampled points in S and the cell centers of heavy cells, with each point p
assigned a weight 1/7;(,,y and for each cell center c of a heavy cell C € G, the weight is,

o 7 SzﬂC
w@=- ¥ o150

1.t . ’ T
C':C’'egiyqC'CC,
C’ is heavy

is redefined as,m; = min ( log (

(1)

For each non-heavy cell C except for those in the bottom level, wt(c(C)) = 0. The weight of each point from S is the value
of the corresponding cell in the bottom level.

We now state the following proposition for a coreset construction, which immediately serves as an offline coreset construc-
tion.

Proposition C.9. Let H be an arbitrary heavy cell identification scheme. Fix Q(A~%) < p < 1 and for each heavy C € G;
in level i, |C| is an estimation of number of points in C with additive error at most oL 7T QZpdeOAPT, where A5 > 0is a

universal constant. Let S; be the set of i.i.d. samples of P, with probability m;(0). If 0 < o < OPT, then with probability
at least 1 — 4p, for every k-set Z C [A]4,

> wiq)d(q, Z) = Y d(p, Z)| < €OPT.

qeS peEP
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And the coreset size |S| is

3[4 1 L PT
o[ 8 (u+p1et8) 1)

€2 0

Proof of Proposition C.9. Fix a k-set Z C [A]%. First notice that,
cost(Z) =Y wt(q)d(q, Z)

qeS
S o — 1sin¢] d(p. 2)
=> | > k= > el-T e, 2) + Y =
i=—1 | C€G;:C heavy C':C'€Giy1,C'CC, v p€eS; v
L C’ is heavy
=3 . , d(p, 2) — d(ci, 2)
=Y | D lelde(©),2) - d(c(C”), Z2) + > — : (12)
i=—1 | C€G;:C heavy peES; ¢

where we denote d(c(CT;), Z) = 0 for convenience. Let cost(Z) = > pep d(p, Z). Note that we can also write the true
cost of Z as
L—1 4
cwost(Z)= 3 | X ICld(e(©), 2) — dle(e”, 2) + Y dip, 2) — d(ch, 2)
i=—1 | CEG;:C heavy peEP;
We have that, .
cost(Z) — cost(Z) = Ay + Aa,

where
A=Y > (- [ehd(e(e), z) - d(c(c”, 2)))
i=—1 | C€G;:C heavy
and
L—1 ;
A2 _ Z Z d(p, Z) ;'d(CP,Z> B Z d(p7 Z) B d(C;, Z)
i=—1 \p€S; ? pEP;

Let Z* C [A]¢ be a set of optimal k-centers for the k-median problem of the input point set. By Lemma 2.2, with
probability at most 1 — p, for each i € [0, L], if at most ek(L + 1)/p cells C in G; satisfy d(C,Z*) < A/(27+1d).

Conditioning on this event, we have that, by Lemma C.4 there are at most &’ = O (’%L) heavy cells per level. Since for

each C € G;,

|/C\| _ ‘C|‘ < € 2! pdOPT

S 5 ZFE ELA by choosing appropriate constant A5 > 0 we have

L-1
A< Y| Y del-Iend(e(c). 2) - d(e(c”, 2)))

i=—1|C€G;:C heavy

€ 2ipdOPT  AVd _ €OPT

<L-kK- . . . 13
= NLB? ELA 2 2 (3)
For A,, let
d(paz)id(d?Z) i
A2i: Z = E - Zd(p,Z)*d(Cp,Z)
PES; ‘ pEP;

By Lemma C.3, foreach i € [~1, L — 1], |P;|Av/d/(2°) = Xo(d®>/?0OPT). Thus by Lemma C.7, and choosing appropriate

constants, with probability at least 1 — p/(L + 1) A% | Ay;| < 2685:-1'—) .

Ay < 26(CL)-*P--1I—)' Thus |A3| < €eOPT/2. In total, with probability at least

By the union bound, with probability at least 1 — p,

for every level i, and every k-set Z C [A]d,
1 —3p, |A1 + Az| < €OPT for any k-set Z C [A]<.
The coreset size is the number of heavy cells plus the number of sampled points. The number of heavy cells is O(kL?/p).
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The expected number of sampled points per level is at most,
d*L3k  d®L%k kL OPT
|Si|0( s— +——log <>) —
€ €%p P 0
By a Chernoff bound, with probability at least 1 — p/ A%, for every level i € [0, L], the number of sampled points is,

d*L*k  d®L3k kL\\ OPT
|Si|§0( 2t p 1og<>> —

BL% (1. kL OPT
|$|§O{ . <d+log>o}.
€ p p 0

o

Thus the size of the coreset S is,

O

C.3 Ensuring Non-Negative Weights

In this section, we will provide a procedure to rectify all the weights for the coreset constructed in the last sub-section. The
idea is similar to the method used in (Indyk & Price, 2011). The procedure is shown in Algorithm 4.3.

Proposition C.10. Let S be a weighted set constructed using the Non-Negatively Weighted Construction, i.e. each heavy
cell C has value |/C\| and the set of sampled points S = S_1 U Sy .. .U Sy, with each point in S; has weight 1/m,. If for each

heavy cell C € G;, a w7 2ipdeOAPTf0r some universal constant \g > 0 and for each i € [—1, L] and any
k-set Z C [A]4,
Y wt(p)(d(c;, Z) = d(p, 2)) = Y (d(c}, Z) = d(p, 2))
pES pEP;
eOPT
<
i 2L )
and
S;ncC Avd OPT
3 I5:0C _ p g AVd _ <OPT
; 20 L
Ceg;: heavy
Then on input |/Cl\|, |/C;|, NN |E,:,| and S, where k' is the number of heavy cells, the coreset output by Algorithm 4.3 is a

(4€)-coreset.

C.4 The Streaming Algorithm
C.4.1 SAMPLING FROM SPARSE CELLS

For the streaming algorithm, we can still use HEAVY-HITTER algorithms to find the heavy cells. The major challenge
is to do the sampling for each point from its ending level. We do this using a combination of hash functions and K-Set.
In Algorithm C.4.1, we provide a procedure that recovers the set of points from cells with a small number of points and
ignore all the heavy cells. The guarantee is,

Theorem C.11. Given as input a set of dynamically updating streaming points P C [N|, a set of mutually disjoint cells
C' C [M], whose union covers the region of P. Algorithm C.4.1 outputs all the points in cells with less than [ points or
output Fail. If with the promise that at most « cells from C contain a point of P, then the algorithm outputs Fail with
probability at most 6. The algorithm uses O(af(log(M ) + log N) log N log(log Na3/d) log(af/d)) bits in the worst
case.

The high level idea of this algorithm is to hash the original set of points to a universe of smaller size. For cells with less
points, the collision rate is much smaller than cells with more points. To recover one bit of a point, we update that bit and
the cell ID and also its hash tag to the K-Set-data structure. If there are no other points with hash values colliding with
this point, the count of that point is simply 1. If this is the case, we immediately recover the bit. By repeating the above
procedure once for each bit, we can successfully recover the set of points with no colliding hash tags. For those points with
colliding hash tags, we simply ignore them. Each point has a constant probability to collide with another point, thus not be
in the output. By running the whole procedure O(log(a3/€)) times in parallel, we reduce the probability to roughly e for
each point in cells with less than 3 points. To formally prove Theorem C.11, we first prove the following lemma, which is
the guarantee of Algorithm C.4.1.

Lemma C.12. Given input a set of dynamically updating streaming points P C [N], a set of mutually disjoint cells
C C [M], whose union covers the region of P. Algorithm C.4.1 outputs a set of points in cells with less than (3 points
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or output Fail. If with the promise that at most o cells from C' contain a point of P, then the algorithm outputs Fail
with probability at most §. Conditioning on the event that the algorithm does not output Fail, each point p from cell
with less than ( points is in the output with marginal probability at least 0.9. The algorithm uses O(afS(log(Mp) +
log N) log N log(log Na3/6)) bits in the worst case.

Proof. We prove this lemma by showing that (a) if a point p € P contained in cell C, with |C N P| < 3, then with
probability at least 0.99, there are no other points p’ € C N P with H(p) = H(p’), (b) conditioning on the event that the
algorithm does not output Fail, then for any cell C € C, if a point p € C such that no other points in C N P has the same
hash value H (p), then p is in the output and (c) the algorithm outputs Fail with probability at most 6. The correctness of
the algorithm follows by (a), (b) and (c).

To show (a), consider any cell C € C with |C] < 3, let p € C with hash value H(p). Since H is 2-wise independent, the
expected number of other points hashed to the same hash value H (p) is at most §/U = 1/100. By Markov’s inequality,
with probability at least 0.99, no other point in C is hashed to H (p).

To show (b), notice that if the algorithm does not output Fail, then for a given cell C, let c be its ID, and p; be the j-th
bit of point p. Then (c, h, p;) has 1 count and (¢, h, 1 — p;) has 0 count for each j € [t], where ¢t = [log N'|. Thus we can
uniquely recover each bit of point p, hence the point p.

For (c), since there are at most « cells, there are at most 2aU = O(«f) many different updates for each KS structure.
Therefore, with probability at most g, a single KS instance outputs Fail. By the union bound, with probability at least
1 — 6, no KS instance outputs Fail.

Finally, the space usage is dominated by the KS data structures. Since the input data to KS is from universe [M] x
[U] x {0,1}, each KS structure uses space O(af(log(M ) + log N)log(ta3/9)) bits of memory, the total space is
O(aB(log(MpB) + log N)log N log(taf/9)). O

Proof of Theorem C.11. Each instance of SparseCellsSingle fails with probability at most 6/(4A), where A is the
number independent SparseCellsSingle instances. By the union bound, with probability at least 1 — d/4, none of
them output Fail. Conditioning on this event, the random bits of the hash functions of each SparseCellsSingle in-
stance are independent, thus by Lemma C.12 a fixed point p € C with |C| < $ is in the output with probability at least

10~ los %57 < 0/(4apB). Since there are at most o3 points in cells with less than S points, by the union bound we conclude
that with probability at least 1 — §/4, every point in cells with less than 3 points is in the output set S. In sum, with
probability at least 1 — 6/2, S contains all the desired points.

The other KS instance outputs Fail with probability at most § /2. Thus if T’ is not Fai 1, then T contains the exact number
of points of each cell. If any desired point is not in .S, then |C| > |C N S|, we output Fail. This happens with probability
at most § under the gaurantee of the KSstructure.

Since each SparseCellsSingle instance uses O(af(log(MB) + log N)log N log(tAaf3/0)) bits of space, the final
space of the algorithm is O(a3(log(M B) + log N) log N log(ta3/8) log(aB/6)). O

Algorithm 4 SparseCells(N, M, o, 3,9): input the point sets P C [N] and set of cells C' C [M] such that at most «
cells containing a point, output the set of points in cells with less than 3 points.

Let A + log %;

Let Ry, Ry, ..., R4 be the results of independent instances of SparseCellsSingle(N, M, «,3,5/(4A)) running in
parallel;

Let T be the results of another parallel KS structure with space parameter « and error § /2 and with input as the cell IDs of
points in P;  /*T returns the exact counts of each cell*/

if any of the data structures returns Fail:
| return Fail;
Let S+ RiURsU...Ry;
if3setCeTwith|C|<Band|C|#|CNS|:
| return Fail;
return S;

C.4.2 THE ALGORITHM

With the construction of algorithm SparseCells, we now have all the tools for the streaming coreset construction. The
streaming algorithm is composed by O(L) levels of HEAVY-HITTER instances, which serve as a heavy cell identifier and
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Algorithm 5 SparseCellsSingle(N, M, «, 3,0): input the point sets P C [N] and set of cells C' C [M] such that at
most « cells containing a point, output the set of points in cells with less than 3 points.
Initization:
U + 1005 .
t < [log NT;
H : [N] — [U], 2-wise independent;
K-Set structures KS1,KSo, ... KS; with space parameter 2alU and probability %;
Update(p,op): /*op € {Insert,Delete}*/
c < cell ID of p;
for i € [t]:
/*A point p is represented as (p1, pa, . . ., pt)*/;
p; < the i-th bit of point p;
KS;.update((c, H(p), pi), op);

Query:
if for any i € [t], KS; returns Fail:
return Fail;

S« 0;
for each (¢, h,p1) in the output of KSy:
if (¢, h,pj) & KS; for some j € [t]:
/*A checking step, may not happen at all*/;
return Fail;

Let s(c, h, p;) be the counts of (¢, h,p;) in KS;;

if s(c,h,pj) = 1and s(c,h,1 —p;) = 0 for each j € [t]:
p < (P1sp2; - p1);
S+ Su{p}h

return S

by O(L) levels of SparseCells instances, which sample the points from their ending levels. The full algorithm is stated
in Algorithm 6. The guarantee of the algorithm is stated in the following theorem.

Theorem C.13. Fix ¢,p € (0,1/2), positive integers k and A, Algorithm 6 makes a single pass over the streaming
point set P C [A]%, outputs a weighted set S with non-negative weights for each point, such that with probability at

least 0.99, S is an e-coreset for k-median of size O [dSEL;k (d + %log %)}, where L = log A. The algorithm uses

0] [Cﬂgk (de + %log2 dﬁ—f(log log deEL + L)) log? dﬁ—’f} bits in the worst case. For each update of the input, the algo-

rithm needs poly (d, 1/e, L,log k) time to process and outputs the coreset in time poly(d, k, L,1/e,1/p,logk) after one
pass of the stream.

Proof. W.l.o.g. assume p > A~% since otherwise we can store the entire set of points. In the sequel, we will prove the
theorem with parameter O(p) and O(¢). It translates to p and e directly by scaling and with losing at most a constant factor
in space and time bounds. By Lemma 2.2, with probability at least 1 — p, for every level ¢ € [0, L], at most ekL/p cells C
in G; satisfy d(C, Z*) < A/(2+1d). We condition on this event for the following proof.

We first show that the HEAVY-HITTER instances faithfully implement a heavy cell identification scheme. First note that
with probability at least 1 — p, all HEAVY-HITTER instances succeed. Conditioning on this event for the following proof.

As shown in the proof of Lemma B.1, by setting € = ¢, /54575 and k' = AskL/p, for appropriate positive universal

constants A7, Ag, then the additive error to each cell is at most m . 21;3,95 T for some universal constant Ag, which

matches the requirement of Proposition C.10. For each cell C with at least 2'pdOPT/(k(L + 1)A) points, by Lemma C.4
it must be in the top (e + 2)k(L + 1)/p cells. For each cell C’ with at least 28~ pdOPT/(k(L + 1)A) points, it must be in

the top (e + 4)k(L + 1)/p cells. Since the additive error is A7d3/§(L+1) - E(ggﬁl < %,?(3951

: : o 0] < 1 2°dOPT e 2'dOPT :
of the HEAVY-HITTER instances, since otherwise |C| < 3 RLADA T BRI | RLADA contradicts the error bound

. Thus C is in the output
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(by choosing sufficiently large A7). Thus the algorithm faithfully implements a heavy cell identification scheme.

Now we show that if there exists an o < OPT such that no instance of SparseCells outputs Fail, then the result is a
desired O(e)-coreset. This follows by Proposition C.9 and Proposition C.10. Then we note that the coreset size is upper

bounded by O [dggk (d + % log %)} as desired.

Next we show that there exists an OPT/2 < o* < OPT that with probability at least 1 — p, no SparseCells in-
stance SCo+; outputs Fail. By Chernoff bound, with probability at least 1 — O(p), as also shown in the proof
of Proposition C.9, per level at most O {ngk (d + %1og %) %] cells is occupied by a point. And at most

0] [di§2 (pd + log £+ L& log 7)} points is sampled per light cell. Conditioned on this fact and that each instances

fails with probablhty at most O(p/(dL)), with probability at least 1 — O(p), no nstance SC,- ; fails.
Lastly, we bound the space usage and update/query time. For the HEAVY-HITTER instances, the total space used

is O (dL—Hog 1) d° L k bits, analogous to the proof of Theorem 3.6. Each SparseCells instance uses space

0 [dsi# (de + T(logfw)} where r = log &L dkL . The total space bound is O {%72’“2’“ (de + T(logip”mﬂ bits.
As a same argument in the proof of Theorem 3.6, the cost of de-randomization introduce an additional dL factor. Thus,

d’ L r 2k T2(logr+L) . . . . ..
the final space bound is O | “="= ( pdL + — bits. The query time and update time is similar to that of
Theorem 3.6 thus poly (d L1 < ;, k) and poly (d L1 <, log k:)

O
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Figure 2. 65536 points are drawn from a Gaussian Mixture distribution. The contours illustrate the PDF function.
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Algorithm 6 PositiveCoresSet(S,k, p,€): construct a e-coreset for dynamic stream S.

Initization:
Initialize a grid structure;

O « {1,2,4,....VdA'}; L « [logA]; mi(0) <« min (’\32d12€2AOL2 log (QLﬁdk) 4 MdRLOA 305}2 , 1);
a+— 0 [dagk (d—|— %log%)},ﬁ «~— O {di

52 (pd—&—log% + ﬁlog%)},e’ — e,/m;mem

For each o € O and i € [0,L], construct fully independent hash function h,; : [A]Y — {0,1} with
Pry, ,(hoslq] = 1) = m;(0); initialize SparseCells(A?, (1+2°)% a, 3,0(p/(dL))) instances SCo,;;

Initialize HEAVY-HITTER(A?, 10Lk/p, €', p/L) instances, HHy, HH1, ..., HHy 1, one for a level;

Update (5):
for each update (op, q) € S:
/*op € {Insert,Delete}*/
m<+ m=1;, /*Insert:+1,Delete:—1%/
for each i € [0, L]:
cé < the center of the cell contains ¢ at level i;
HH;.update(op, ¢} );
for each o € [O]:
if hoi(q) == 1:
| SC,,;.update(op, c});
Query:
Let o™ be the smallest o such that no instance of SC, 0, SCo,1,. .., SCo,[, returns Fail;
S {}
C_1 + the cell of the entire space [A]%; @ —m;
foric[0,L—1]:
C; < HH;.query().top((e +4)(L + 1)k/p);
Remove cells C from C; if C¥(C) ¢ C;_1, where C*'(C) is the parent cell of C in level i — 1;
B; + SCo ;.query();
S; {p e B;: C(p,i — 1) € C;_1 AND C(p,i) ¢ Cl},
Each point in S; receives weight 1/7;(0*);
S+ SUS;
k' Zie[(),L] ICil;
Let {C1,Ca,...Cp} = Uiepo,)Ci U {C_1} be the set of heavy cells;

Let {|E1\|, |62\|, e \E;:\} be the estimated frequency of each cell;

R+ Rectinyeights(@, @, e |E;;|, S);
return R.




