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Abstract

In this work, we study a wide range of constrained clustering problems in offline and stream-
ing settings. We study these problems corresponding to three clustering objectives: k-median,
k-means, and k-supplier. The (unconstrained) k-median problem is defined as follows. We are
given a set of clients C' in a metric space X, with distance function d(.,.). We are also given
a set of feasible facility locations . C X. The goal is to open a set F' C L of k facilities that

minimizes the objective function: cost(F,C) = > ._~ d(F, j), where d(F, j) is the distance of

jEC
client j to the closest facility in F'. The k-means problem is defined in similar manner by replac-
ing the distances with squared distances in the cost function, i.e., cost(F,C) = ) jec d(F, j)>.
On the other hand, the k-supplier objective is defined as: cost(F,C') = max;ec {d(F,j)}.

Furthermore, for L = C, the k-supplier problem is known as the k-center problem.

In many applications, there are additional constraints imposed on the clusters. For example, to
balance the load among the facilities in resource allocation problems, a capacity u is imposed
on every cluster. That is, no more than w clients can be assigned to any facility/cluster. This
problem is known as the capacitated clustering problem. Likewise, various other applications
have different constraints, which give rise to different constrained versions of the problem. In
the past, the constrained versions of clustering problems were studied separately as independent
problems. Recently, Ding and Xu [72] gave a unified framework for these problems that they

called the constrained clustering framework. They proposed this framework in the context



of the k-median and k-means objectives in the continuous Euclidean space where L = R”

(p-dimensional Euclidean space) and C' is a finite subset of R”. In this work, we extend this

framework to the k-supplier objective and general metric spaces. The unified framework allows

us to obtain results simultaneously for the following constrained versions of the problem: 7-

gather, r-capacity, balanced, chromatic, fault-tolerant, strongly private, ¢-diversity, and fair

clustering problems. We also study the outlier versions of these problems. In the outlier version,

a clustering is obtained over at least |C| — m clients instead of the entire client set.

For the constrained k-supplier and k-center problems, we obtain the following results:

oY)

2)

We give 3 and 2 approximation algorithms for the constrained k-supplier and k-center
problems, respectively, with FPT (fixed-parameter tractable) running time k©®*) . nOM),
where n = |C'U L|. Moreover, we note that the obtained approximation guarantees are
tight. That is, for any constant £ > 0, no algorithm can achieve (3—¢) and (2—¢) approx-

imation guarantees for the constrained k-supplier and k-center problems, respectively, in

FPT time parameterized by k, assuming FPT # W]2].

For the outlier versions of the constrained k-supplier and k-center problems, we give
3 and 2 approximation guarantees with FPT running time (k + m)°®) . n®1) where
n = |C'U L| and m is the number of outliers. Moreover, we note that the obtained
approximation guarantees are tight. That is, for any constant € > 0, no algorithm can
achieve (3 — ¢) and (2 — ) approximation guarantees for the constrained k-supplier

and k-center problems, respectively, in FPT time parameterized by &k and m, assuming

FPT £ W[2].

For the constrained k-median and k-means problems, we obtain the following results:

3)

We give (3 + ¢) and (9 + ¢) approximation algorithms for the constrained k-median

and k-means problems, respectively, with FPT running time (k/)°® . n®1) where



n = |C'U L|. For the outlier version of the constrained k-median and k-means problems,
we give (3 + ) and (9 + ) approximation algorithms, respectively, with FPT running

time ((k + m)/a)o(k) -n%W), where n = |C' U L| and m is the number of outliers.

(4) We also study the problems when C' C L, i.e., a facility can be opened at a client location
as well. For this special case, we design (2 + ¢) and (4 + ¢)-approximation algorithms
for the constrained k-median and k-means problems, respectively, with FPT running
time (k/c)?®) . n®W) where n = |L|. For the outlier version, we obtain the same
approximation guarantees with FPT running time ((k+m)/ 5)O(k) ) wheren = |L|
and m is the number of outliers. Note that the case C C L subsumes the case C' = L.

Therefore, this result also holds for the case when C' = L.

(5) We show that the analysis of our algorithm is tight. That is, there are instances for which
our algorithm does not provide better than (3 — §) and (9 — §) approximation guarantee
corresponding to £-median and k-means objectives, respectively, for any arbitrarily small
constant 6 > (. Similarly, the analysis of our algorithm is tight for the special case

C C L.

(6) Our algorithms are based on a simple sampling-based approach. This approach allows us

to convert these algorithms to constant-pass log-space streaming algorithms.

(7) We also study the constrained k-median/means problem in continuous Euclidean space
where L = R” and C'is a finite subset of R”. We design (1 + ¢)-approximation algorithm
for the outlier version of these problems with FPT running time
@) <np ((k+ m)/e)o(k/so(l))) , where n = |C'| and m is the number of outliers. We also

convert these algorithms to constant-pass log-space streaming algorithms.

We also study the socially fair k-median/k-means problem, which is a generalization of the
k-supplier and k-median/means problems. The problem is defined as follows. We are given

a set of clients C' in a metric space X with a distance function d(.,.). There are ¢ groups:



Cy,...,Cp, C C. We are also given a set L of feasible centers in X. The goal in the socially
fair k-median problem is to find a set /' C L of k centers that minimizes the maximum average
cost over all the groups. That is, find F' that minimizes the objective function: fair-cost(F, C) =
max; { Zmecj d(F, x)/|Cj|}, where d(F, z) is the distance of x to the closest center in F.
The socially fair k-means problem is defined similarly by using squared distances, i.e., d*(.,.)

instead of d(., .). We obtain the following results for this problem:

(8) We design (3+¢) and (9+¢) approximation algorithms for the socially fair k-median and
k-means problems, respectively, in FPT time f(k,¢) - n®Y), where f(k, ) = (k/)°®

andn = |C' U L|.

(9) Furthermore, these approximation guarantees are tight; that is, for any constant € > 0, no
algorithm can achieve (3 — ¢) and (9 — &) approximation guarantees for the socially fair

k-median and k-means problems in FPT time parametrized by &, assuming FPT # W/|2].

Lastly, we give hardness of approximation result for the k-median problem in the continuous
Euclidean space where L = R” and C is a finite subset of R”. This solves an open problem
posed explicitly in the work of Awasthi ef al. [19]. More precisely, we obtain the following

result:

(10) There exists a constant ¢ > 0 such that the Euclidean k-median problem in O(log k)
dimensional space cannot be approximated to a factor better than (1 + ¢), assuming the

Unique Games Conjecture.

Furthermore, we study the hardness of approximation for the Euclidean k-means/k-median
problems in the bi-criteria setting. In the bi-criteria setting, algorithms are allowed to output
Bk centers (for some constant 5 > 1), and the approximation ratio is computed with respect to

the optimal k-means/k-median cost. We show the following results:



(11) For any constant 1 < 3 < 1.015, there exists a constant € > 0 such that there is no (1 +
¢) bi-criteria approximation algorithm for the Euclidean k-median problem in O(log k)

dimensional space assuming the Unique Games Conjecture.

(12) For any constant 1 < < 1.28, there exists a constant ¢ > 0 such that there is no (1 +
¢) bi-criteria approximation algorithm for the Euclidean k-means problem in O(log k)

dimensional space assuming the Unique Games Conjecture.



SH FHIA A, §H ATherse IR FOTHT AT 7 a1ed ForeeNar FAEHT i Uah fawdd s@elr &t
TEATA A § | GH ciiel Fole RaT 36T oh 3T6T Sof FHEATIT ol T il & k-HITEgT,
k-HTE, 3 k-3mfclenelT| (3rofaafere) k-afeaesr Gaeam i fAeTgar aRsa frar arr g1 gd
A 5916 X H aMgeh C T Ueh He T 32 8, Torasl 38¢H heereT d(., ) §1 g Glaem urait &r
U AT L © X off Foar 1 1 &3 ey & FAUnsii &1 Ueh A FS L Wielell § S 3682 o1aTed &t
&H FLAT §: o7 (F, C) = YjeC d(F, j), STaT d(F, j) g1 & ameeh | o F 3 ereas gfawn & faw) k-
HICG THEIT &l 6 S8 e TR {1 I-T §- W97t oted & GRAT T STaT6 G197 GRAT AT F4ver
TR ST 8, 3727 d(Fj) &1 51918 d(F,j)*21 g8 3R, k-3qfciehdll 3ec Ae=Tar aientsa
AR R 9T §: WETA(F, C) = max_j€ C {d(F, j)}| 38& 37amaT, L = C & T, k-3mqfcierd

THET & k-dhgg GHETT & & H ST ST

&S VAN H, ForFed 9T ITARFT FTTar ST T | 3ETET oh [T, AT JTaesT A3 &
glaen3i & s #R T el il & ford, Teh &THAT T Foded W UIYT 91T 8| $8 THEAT I
HATHES FelEeRaT THEAT o §G F ST ST §| S G, TR 317 31qoreT, 3err-37e7T
STYUTT [T 8, S AT & TR STeT GTHIUN al ST d Sl & | 3Tard H, FeIEe e GHEAN &

ST FERRUTT Sh T & W 37697 T eI 3T a7 1| grer €, 1297 3R 5 [68] o 5=
FAEAT3 & [oIT Teh Tehlehel GreT f&T SAlfeh ST FelEeRAT AT gl STl & | 3e6iet 38 & &l

iFafsaet 3iaikar # k-ATfege 3T k- ATET 3eaaT 7 gEdiad fRar sl L = RAp (p-f3aerera
iFeATSTeT T9H) 3R C Ueh IRIAT IuHHTa & RAp 1| $H H1H H, §H AT [AEAR X &

k-3Tfciehcll 3652 3R ATATT Fifeer T & fAT| vehhd aram Faear & Refafld aea
TEROTE o TeTT Teh AT IROTTH UTec el T AT ST 8: r-Feheal, r-&7HdT, Fffold, Wi,
aIy-ATgsu, Tocl & T, (-fafaerar, 3R fasuet ForeeRer TAeEad| g6 g7 GoAEAn3i & gl




TEHIOT T 8 31T I ¢ | STEN HERIUT H, Teh FIEeRaT A T A Hd |C| - m ATghT T UTeT
Y STl § SISTr EY0T ATgeh e & | ST k-3qfcishell 3R k- Shey FAEI & AT, g efai@d
RO 9Ted ad &

(1) & ST k-3mfcieral R k- g FAEAAT & fow 3 31k 2 Ffeawes veaRed ¢a & qar FPT
(TperEs-RTHAET Feadl) Tola & THT O(f(k))'n*O(1) & TTY, &7 n = |C UL|| 3T 3TlTdT, &I &
o g1 Afedeest IIRET d91 &1 3r4Ta, fohedT off 2Rtk € > 0 & forw, I 8 TeaniRes (3-¢) 3R
(2—€) 3TTRYOT ITREY UTC T X Hehell - AT k-3Mqfelehall 3R k- e FAEA3N & fAC FPT F7g

H, FPT # W[2] AT |

(2) aTET k-3MgfcierdT 3R k-dhg FAEITHT & e FEROT & fw, 57 3 3R 2 Afestahest T &
g, FPT Tost & @AY (k + m)*O(k) - n*O(1) & ITY, ST n = |C UL| 3R m T8 amgept (3M3cad)
HT TEAT § | 5Tk 3TelTaT, €1 ¢ Toh ITed Aleeleheed IRCT odl & | 37Td, fordT s R e> 0 &
fow, 18 TeaReA (3 - €) 31 (2 - €) GiewTahest TRE Yo 76T T Hevell § WA k-3mqfefardt 3T

k- &g, THEAT3 & T, FPT 8T & FPT # W[2] AT

e k-A1feTeT 3R k-ATET gHEEAN & v, g9 Reafaf@a aRomes greg axa &

(3) & ST k-ATTETeRT 3R k-ATET FHEITT & T (3 + €) 3 (9 +¢ ) GieaTohesT TeaRed S £,
(k/e)O(k)-n*O(1) FPT Telel o THT & AT, ST8T n = [C U L|| STET k-ATTeTRT 3R k-ATET
FHEAT3T & e TEROT & TIT, 7 (3 + €) 3 (9 + ¢) FiewTehesT ToaReH & &, ((k + m)/e)O(k)
- n*O(1) FPT TeleY & THT & AT, 5181 n = |C U L| 31k m S1gdy amgehl (33 i T g1

(4) &H 3T GATIAN FT AT IEFTT A g sd C S L, m?ﬁ,mzwwwgﬁmaﬁ@-@rm
Tohcl &1 39 T AT & fAT, 87 (2 + €) 3R (4 + ¢) - AiesToheo TealNeH & &, ITeT



k-FTTETeT 3R k-ATET FATATAT & foIT, (k/e)*O(k) - n*O(1) FPT Telel o T & ATY, ST8T n = |L|.
T TERIOT & ToIT, §H agl leeTohced IMRET UTed A g, FPT Toled o THI o A1 ((k +
m)/e)"O(k) - n*O(1), JT&T n = |L| 3R m sT&d ATgen (3M3cerd) Fraear gl ea1 ¢ fr Rufa c <
L, Rufa C = L &1 genfea & g1 safow, sg IRumA sa Rufas v frasg g se C = L.

(5) & fe@Ta § o 5N veames o faeeivor sheT § 37207d, WX 3eme’or § ot fow gaART
TNREH k-ATTETRT 3N k-ATET 3682 o 3678 (3 - €) I (9 - €) WiewTehest TRE ¥ dgcR YT
TRl T g fohal 8 FTATA &9 & BIC € > 0 & foIv. 38 TR, AT A & fow gAR Temes
[EECEN IR

(6) BHAR TcallRE#H Ueh HTLROT oTeAT-3HTETR A ETSCehIVT IR TR & | I§ TISChI0T Sof el RGH
T AR-aTH ATT-F98 FETHT ToalReH 7 qgolet & ToIT g1 T ST B

(7) 8H AR FIFTSTT 3TANET 7 ST k-ATCAHI/ATEY HHAEAT M #11 37T & § STal L = Rp
3R C v IRTAT ITHTaT & RAp 1| & o7 HHATAT3 & a6 HERIOT & AT (1 + ¢) -
TlesTehesT TeaRZA O(np- ((k + m)/e)*O(k/erO(1))) FPT Tolel & T o ATY TTT d &, ST n
= |C| 3R m ST ITERT (3T3CoRT) T TEAT | §H 5T TINRGH ol Tolc-IIT SATIT-T4HT TEITHIT
ToINReH 7 off yRafdd a &1

§H TTATISTh & H TASTET k-HTTEgehl/k-ATET FHEIT T 1 IETTA hd & o Ae=Tegar
gRenfa forar = &1 g9 At TF X 7 A8 C FT U Ae, 38T B d(., .) & arey fear arar
glage:Cl, ..., CL. &3 X #H cgagr hal T Teh Hc L &Y T a1 | |etiare &9 & ole g
fersaaT k-FTfEaeRT TFEAT & SHal H TH AT F S L e & o 3ifehdd Tgl W 3ad arerd &t A
FAT g | TeT &, F Tl ST 3603T ST &l Al kT &: oot (F, C) = max{ x€C_j d(Fx)/|C_j |},
ST d(F, x), F # foiehea# &g @ x 1 gt &1 ArA1foTs &0 A58 k- ATy HHET 1 HAT &9 &



a3t Y &1 3uer aas e R Sar §, 312Td, d(1.1) & S d(|.)M21 §H 38 AT & faw
refaiaa aRoms gread a g:

(8) & AT & T fosueT k-ATTETHRT 3R k-ATET & fAT (3+¢) 3R (9+¢) AlerAdhes TeaReH
f3asd e &, FPT T8I & f (k,€).n*O(1), ST8T f(k,€) = (k/e)*O(k) 3R n=|C U L]

(9) 3T 37eITar, ¥ AlesTehesT IRET T §; 3727d, fhdY 3R € > 0 F fAT, TeaReH oS &9 &
TrsTeT k-ATTETRT 3R k-ATET & ToIT (3 -¢ ) 3R (9 - ¢) AieaAdmed IRET Ured 161 X vl g, FPT=
W[z]ma?rgtrl

TR 3 gA k-ATCTH FAEAT & fov Afestehes aRomA T FHRAT &d &, IfFafsae iafikar & siar
L= R"p 3R C S R*p| Ig Ueh Wil THTIT hT FHTTT el ¢ ST 3T 311 [18] o hrf o Tuse
9 @ GEI TohaT 317 § | §H TAFAT TG I i &

(10) Teh fR €> 0 AlS[G &, 51 T O(log k) TSI k-ATTEIeRT FHEIT I (1 + €) ¥ Ige HReb
& T H AT el Rl ST Tehell €, 3G Wel 31T (UGC) Al T

SHe 3TelTdT, §H FiFelsTel k-ATET/K-HATTELHT & [T HieoTeheet T HORAT &l IETLT d o,
gfa-ATeIes QT H| gfa-Aleies AT H, TeaRer H Bk g (FS R B> 1 & fAT) 3m3¢qe
1 JTATT & 3R AleeTehesT 3TdTd T IVTAT FSCaTH k-HATEA/k-HATTEGRT SATaTcl & HeTer 7 T STl & |
& ffaild aRome eard g




(11) forsll ot f&eRiah 1 < B <1.015 & AT, Uah 3R ¢ > 0 AlGE & 18 & &1 (1+¢) Sf3-AIEs
Hleeehcs ToallRUA T8 HISIE 81 Hehell §, O(log k) FfFeITSTT k-HITEAHT HATAT & ToIT, efada
YT AT (UGC) ATeTel §T |

(12) farely ot 379 1 < B <1.28 & fAIT, war 3raX ¢ > 0 HiSE & o Ed 6 15 (1+¢) gfa-Aetcs
Hleaehcs Toall YA T8 HISIE 8 Hehell &, O(log k) FfFeITSTT k-HITEAHT HATAT & ToIT, JefadT
e 37T (UGC) ATeTt 8|



Contents

Certificate
Acknowledgements
Abstract

1 Introduction
1.1 Classical (Unconstrained) Clustering . . . . . . .. ... ... .........
1.1.1  Polynomial time approximation . . . . . . . . .. .. ... ......
1.1.2  FPT time approximation . . . . . . . . . . . . .. v ..
1.2 Constrained Clustering . . . . . . . . . . . . . ..
1.2.1  Constrained clustering framework: k-supplier/center . . . . . . . . ..
1.2.2  Constrained clustering framework: k-median/means . . . . . . . . ..
1.3 Socially Fair Clustering Problem . . . . . . ... ... ... .. ........

1.4 Hardness of Approximation: Euclidean k-Median . . . . . . . ... ... ...

XV



Xvi CONTENTS

1.5 Bi-Criteria Hardness of Approximation: Euclidean k-Median and k-Means . . 21

1.6 Notations . . . . . . . . . . i e e 23

1.7 Organizationof Thesis . . . . . .. ... ... .. ... ... ... ... . 24

2 Tight FPT Approximation for Constrained .-Center/Supplier 25

2.1 OVerview . . . . . oL 26

2.1.1 Constrained k-supplier framework . . . . . .. ... ... ... .... 29

2.1.2  Constrained k-supplier framework with outliers . . . . . .. ... ... 36

22 RelatedWork . . . . .. . 40

2.3 Notations . . . . . . . e e e e 46

2.4 Algorithm for List Outlier k-Supplier . . . . ... ... ... ... ...... 47

2.4.1 Bi-criteria approximation . . . . . . . . .. ... 48

2.4.2 Conversion: bi-criteria approximation to list outlier k-supplier algorithm 50

2.5 Partition Algorithms . . . . . . . ... Lo 53
2.5.1 Partition Algorithms: r-Gather, r-Capacity, Balanced, Chromatic, Fault-

Tolerant, and Strongly-Private k-Service Problems . . . . . . . . . .. 53

2.5.2  Partition Algorithms: ¢-Diversity and Fair Outlier k-Supplier Problems 57

2.6 FPT Hardness: k-Supplier and k-Center . . . . . . . . .. ... ... ..... 61

2.7 FPT Hardness: OQutlier k-Supplier and k-Center . . . . . . . . . . . ... ... 64



CONTENTS xvii

3 FPT Approximation for Constrained k-Median/Means 67
3.1 Overview . . ... 69
3.1.1 Constrained k-service framework . . . . ... .. ... ... ..... 72

3.1.2  Constrained k-service framework with outliers . . . . .. .. ... .. 77

32 RelatedWork . . . .. .. 82
3.3 Notations and Identities . . . . . . . . . .. ... L Lo 91
3.4 A Simple List k-Service Algorithm . . . . . . ... ... ... L. 94
3.5 Algorithm for List Outlier k-Service Problem . . . . .. ... ... ... ... 97
3.5.1 Analysis for low-costclusters . . . .. ... ... L L. 104

3.5.2 Analysis for high-costclusters . . . . . .. ... ... ......... 107

3.6  Analysis of List Outlier k-Service Algorithm: Special Case C C L . . . . . . . 114
3.6.1 Analysis for low-costclusters . . . . .. ... ... ... ... .. 116

3.6.2  Analysis for high-costclusters . . . . . .. ... ... ......... 119

3.7 A Matching Lower Bound on Approximation . . . .. .. ... ........ 122
3.8 Streaming Algorithms . . . . . . . ... .. L L o 124
3.9 Partition Algorithms . . . . . . ... Lo 127
3.9.1 r-gather/r-capacity/balanced k-service problem . . . . . .. ... ... 127

3.9.2 Fault-tolerant k-service problem . . . . . .. ... ... ... ... .. 134

3.9.3 Ordered-weighted-average (OWA) k-service problem . . . . . . . . .. 135



Xviii CONTENTS

3.9.4 Chromatic and strongly private k-service problems . . . . . .. .. .. 137
3.9.5 Uncertain k-service problem . . . . . . . .. ... ... ... ... .. 140
3.9.6 [(-diversity and fair k-service problems . . . . . . ... ... ... ... 141
3.10 Conclusion and Open Problems . . . . . . . ... ... ... ... ....... 145

4 FPT Approximation for Constrained k-Median/Means: Euclidean & Outlier Set-

ting 147
4.1 OVerVIBW . . . . .o e e 148
42 Related Work . . . . . . . L 152
4.3 Notations and Identities . . . . . . . . .. ... oL 153
4.4  Algorithm for List Outlier k-Service Problem . . . . . . ... ... ...... 155
4.4.1 Analysis for low-costclusters . . . . ... ... ... ......... 158

4.4.2  Analysis for high-costclusters . . . . .. ... ... ... ....... 161

4.5 Streaming Algorithms . . . . . . . .. ..o 167
4.6 Conclusion . . . . . . . .. e 169
5 Tight FPT Approximation for Socially Fair £-Median/Means 171
S0 OVerview . . . .. e e 172
5.2 OurResults . . . . ... . 174

5.3 Related Work . . . . . . . e 175



CONTENTS Xix

5.4 Notations and Identities . . . . . . . . . . . ... L L 177
5.5 FPT ApproxXimation . . . . . . . . . . . .. vt i i 178
5.5.1 Bi-criteria approximation . . . . . . . . .. ... 179

5.5.2 Conversion: Bi-criteria to FPT approximation . . . . . . . ... ... 188

5.6 FPTLowerBounds . . . ... .. ... ... .. .. .. .. .. ... ..., 191
5.7 Conclusion . . . . . ... 195
6 Hardness of Approximation: £-Median 197
6.1 Overview . . . . . . . .. 198
6.2 Related Work . . . . . . . . 201
6.3 Summary of Our Contributions . . . . . . . .. . ... ... ... ....... 203
6.4 Notations and Useful Inequalities . . . . . . . . ... ... ... ........ 207
6.5 Inapproximability of Euclidean k-Median . . . . . . ... ... ... ..... 212
6.5.1 Completeness . . . . . . . . . .. e 214

6.5.2 Soundness . . . . ... 216

6.6 Vertex Cover of Non-Star Graphs . . . . . . . . ... ... ... .. ...... 226
6.6.1 1-median costof non-star graphs. . . . . . . ... .. ... ... ... 227

6.6.2  Vertex cover for matching sizetwo . . . . . . ... ... ... ..... 240

6.6.3  Vertex cover for matching size at leastthree . . . . . . ... ... ... 243



XX CONTENTS

6.7 Bi-criteria Hardness of Approximation . . . . . . . . ... ... ........ 255
6.7.1 Bi-criteria inapproximability: k-Median . . . . . . . . ... ... ... 256

6.7.2  Bi-criteria inapproximability: k-Means . . . . . . .. ... ... ... 261

7 Conclusion and Future Work 265
Bibliography 267

List of Publications 285



List of Figures

2.1 The flow network G = (V| E) that is used in the partition algorithm of the

hybrid k-supplier problem. . . . . . . . . .. ..o 55

2.2 The flow network G = (V, F) that is used by the partition algorithm of the fair

outlier k-supplier problem. . . . . . . ... ... L oo 60

3.1 Anundirected weighted subgraphon C; U L;. . . . . . ... ... ... .... 123

3.2 The flow network G = (V, E) that is used in the partition algorithm of the

hybrid k-service problem. . . . . . . . .. ..o 138

3.3 The flow network G = (V, E) that is used by the partition algorithm of the fair

outlier k-service problem. . . . . . . .. ..o 144

6.1 Adding vertices to Vi by picking both end points of every edge in M’. . . . . . 220

6.2 Adding vertices to Vi by picking both end points of every edge in Mp that is

incident on at leasttwoedgesof Up. . . . . . . . . . .. ... ... ... ... 221

6.3 Adding vertices to Vi on the basis of the edges in Up that are incident on two

edgesof Mp. . . . . . . 221

xxi



xxii LIST OF FIGURES

6.4 Adding edges to M by picking two blue edges each of which is incident on

different vertices of a plank edge. Then, adding the remaining non-plank red

edgesto Ma. . . . o o o e e 222
6.5 Fundamental non-star graphs: 3-FP», A,,and Ly,. . . . . . . . . oL 227
6.6 Decompositionof 3-Lo . . . . . . .. 233
6.7 Decompositionof 2-L, forn >3 . ... .. ... .. ... .. ... 234

6.8 Decomposition of any non-star graph F' into the fundamental non-star graphs. . 236
6.9 ABridge Graph: L, ., forp,g>1. . .. . ... ... ... o o 0oL 237

6.10 Decomposition of a non-star non-bridge graph F' into fundamental non-star



List of Tables

1.1

1.2

1.3

1.4

1.5

2.1

22

3.1

32

The best-known approximation guarantees for the clustering problems. . . . . .

The best-known approximation guarantees for the outlier clustering problems. .

The best known FPT time approximation guarantees for the clustering problems.

List of constrained k-supplier problems that we study in this work. . . . . . . .

The known approximation guarantees for the Euclidean k£-Median and £-Means

problems. . . . .. L.

List of constrained k-supplier problems with FPT time partition algorithms (see

Section 2.5). . . . .. e e e e e

The known results for the constrained k-supplier/center problems with and

without outliers for z = 1. . . . . . . . . . . ..o

List of constrained k-service problems with FPT time partition algorithms (see

Section 3.9). . . .. e

The known results for the constrained k£-median/means problems with and with-

out outliers. . . . . . . . . e,



XXiv LIST OF TABLES

6.1 The known approximation guarantees for the Euclidean k-Median and k-Means

problems. . . . . . 203



Chapter 1

Introduction

Clustering 1s one of the most important tools for data analysis. The goal of clustering is to par-
tition data objects into groups, called clusters, such that similar objects are in the same cluster
and dissimilar ones are in different clusters. Clustering has many mathematical formulations
and a wide range of known applications (see [138] and [96] for a brief survey). Defining the
clustering problem formally requires us to quantify the notion of similarity/dissimilarity, and
there are various ways of doing this. The most prominent mathematical formulations are k-
supplier, k-median, and k-means formulations. Formally, the k-supplier problem is defined as

follows:

Definition 1 (k-Supplier Problem). Let (X, d) be a metric space. Let k be any positive integer,
and z be any positive real number. Given a set L. C X of feasible facility locations, and a set

C C X of clients, find a set F' C L of k facilities that minimises the cost: supplier-cost(F, (') =

max,cc { min e p {d(x, f)z}}

When L = C, the k-supplier problem is known as the k-center problem. The k-means and
k-median problems are similar to each other. We combine the discussion on these problems by

defining the k-service problem that encapsulates both these problems.

1



2 Introduction

Definition 2 (k-Service Problem). Let (X, d) be a metric space. Let k be any positive integer;
and z be any positive real number. Given a set L C X of feasible facility locations, and a set

C C X of clients, find a set F C L of k facilities that minimises the cost: service-cost(F,C) =

Y sec { min e p {d(m, f)z}}

The k-service problem for z = 1 is known as the k-median problem, and for z = 2 the problem

is known as the k-means problem.

The above definitions are motivated by the facility location problem [126]. The facility loca-
tion problem differs from the k-service problem in two ways. Firstly, in the facility location
problem, it is allowed to open any number of facilities. Secondly, the optimization function
has an additional facility establishment cost for every open facility. Thus the k-service problem
is equivalent to the facility location problem for a fixed number of facilities and 0 facility es-
tablishment cost. The k-supplier and k-service problems have natural applications in deciding
appropriate locations for opening facilities such as hospitals, schools, and post offices in a geo-
graphical area [65, 7]. It ensures that no client pays a very high transportation cost for availing
of a particular facility. Note that the clients that are assigned to the same facility belong to the
same cluster, and the corresponding facility is known as their cluster center. Keeping this in

mind, we will use the terms facility and center interchangeably from now on.

1.1 Classical (Unconstrained) Clustering

1.1.1 Polynomial time approximation

The k-supplier and k-service problems are NP-hard [94, 97, 91]. Therefore, we can not obtain
an optimal solution to these problems in polynomial time unless P = NP. Therefore, we design
approximation algorithms for these problems. Formally, an approximation algorithm is defined

as follows:

Definition 3 (Approximation Algorithm). For constant o > 0, an a-approximation algorithm
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for an optimization problem is an algorithm that outputs a solution with an objective value that

is within an « factor of the optimal objective value.

In Table 1.1, we mention the best-known lower and upper bound approximation guarantees for

these problems.

k-Supplier k-Center k-Median k-Means
Upper Bound 3% [84] 2% [84] 2.675 + £ [35] 9 4+ ¢ [8]
Lower Bound 3% — e [94] 2% — e [94] 1+2/e—e[91] |14+ 8/e—¢€ [91]

Table 1.1: The best-known approximation guarantees for the clustering problems. The upper
bound algorithms have polynomial running time. The lower bounds hold under the standard
assumption of P # NP.

Clustering problems are also studied in an outlier setting. In practical scenarios, it often happens
that a few clients are located at faraway locations from the rest of the clients, which are relatively
close to each other. The far-located clients are called outliers. The presence of outliers forces
the algorithm to open the facilities close to the outliers. Due to this, most of the clients have
to pay high assignment costs. This leads to poor clustering of the dataset. To overcome this
issue, we identify the outliers and cluster the dataset without these outliers. This gives rise to
the outlier k-supplier and k-service problems. The outlier k-supplier and k-service problems

are defined as follows:

Definition 4 (Outlier k-Supplier Problem). Let (X, d) be a metric space. Let k and m be
any positive integers, and z be any positive real number. Given a set . C X of feasible
facility locations, and a set C' C X of clients, find a subset Z C C' of size at most m clients
and a set F C L of k facilities such that the k-supplier cost of C' = C'\ Z is minimized:
supplier-cost(F, C") = max;ecr { mingep {d(i, j)z}}

Definition 5 (Outlier k-Service Problem). Let (X, d) be a metric space. Let k and m be any
positive integers, and z be any positive real number. Given a set L. C X of feasible facil-

ity locations, and a set C C X of clients, find a subset Z C C of size at most m clients
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and a set F' C L of k facilities such that the k-service cost of C' = C \ Z is minimized:

service-cost(F, C") = Zjecl { min;ep {d(iJ)Z}}

In Table 1.2, we mention the best-known upper and lower bound approximation guarantees for

the outlier clustering problems.

k-Supplier k-Center k-Median k-Means
Upper Bound 3% [40] 2% [37] 7+ € [106] 53 + ¢ [106]
Lower Bound 3% — e [94] 2% — e [94] 1+2/e—e[91]1 |14+ 8/e—e [91]

Table 1.2: The best-known approximation guarantees for the outlier clustering problems. The
upper bound algorithms have polynomial running time. The lower bounds hold under the stan-
dard assumption of P # NP.

1.1.2 FPT time approximation
The approximation guarantees can be improved by allowing the algorithm to have exponential
running time in some parameters. Such algorithms are called FPT (fixed-parameter tractable)

algorithms. Formally, a fixed-parameter-tractable algorithm is defined as follows:

Definition 6 (Fixed Parameter Tractable (FPT) Algorithm). An algorithm that outputs a solu-
tion for an optimization problem with input x and parameter k with running time f(k) - |z|0

for some computable function f.

For the k-supplier/median/means problem, a natural parameter is k: the number of clusters.
Therefore, an FPT algorithm has running time of f(k) - n®%Y), which is polynomial for fixed
(or constant) value of k. FPT algorithms have polynomial running time if the parameter under
consideration is a constant. This may be relevant even to a practitioner since the parameter k
is a small number in many real clustering scenarios. In Table 1.3, we mention the best-known
lower and upper bound approximation guarantees for the non-outlier and outlier versions of the

clustering problems with FPT running time.
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k-Supplier k-Center k-Median k-Means

Upper Bound 3 2% 1+2/e+e¢ 1+8/e+e
(non-outlier) [84] [84] [53] [53]
Lower Bound 3 —¢ 2% — ¢ 1+2/e—¢ 1+8/e—¢
(non-outlier) [79] [79] [53] [53]
Upper Bound 3= 2% 1+2/e+e 1+8/e+e¢

(outlier) [40] [37] [6] [6]
Lower Bound 3* —¢ 2% — ¢ 1+2/e—c¢ 1+8/e—c¢

(outlier) [79] [79] [53] [53]

Table 1.3: The best known FPT time approximation guarantees for the clustering problems.
The non-outlier versions are parameterized by k, and the outlier versions are parameterized by
both k£ and m. The lower bounds hold under the standard complexity theory assumption of
WI2] # FPT. The lower bounds for the outlier versions simply follow from their non-outlier
counterparts since an outlier version with m = 0 is equivalent to the non-outlier version.

In this work, we design FPT (in £ and m) time (3+¢) and (9+-¢) approximation algorithms for
the outlier k-median and k-means problems, respectively. The running time of the algorithm is
O(n - ((k 4+ m)/e)°®). Prior to our work, the best known result was (6 4 ¢)-approximation
algorithm for the outlier k-means problem for the special case C' C L, with FPT running time
of O (n . Bk (’”Tm)k), for some constant 3 > 0 [80]. Our work improves upon this result as
well; we design an algorithm that gives (4 + ¢)-approximation guarantee for the outlier k-means
problem and an algorithm that gives a (2+ ¢)-approximation guarantee for the outlier k-median
problem when C' C L with FPT running time O (n : (HTW)O(k)>. Recently, Agrawal et al. [6]

improved on our result and gave FPT time tight (1 + 2/e + ¢) and (1 + 8/e + ) approximation

algorithms for the outlier k-median and k-means problems, respectively.

1.2 Constrained Clustering
For many real-world applications, the classical (unconstrained) k-supplier and k-service prob-

lems do not entirely capture the desired clustering properties. For example, consider the popular
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k-anonymity principle [131]. The principle provides anonymity to a public database while keep-
ing it meaningful at the same time. One way to achieve this is to cluster the data in such a way
as to release only partial information related to the clusters obtained. Further, to protect the data
from the re-identification attacks, the clustering should be done in such a way that each cluster
gets at least r data points. This method is popularly known as r-gather clustering [5]. Similarly,
we have the r-capacity clustering problem where in addition to minimizing the clustering cost,
we have a constraint that no cluster must contain more than r clients [111, 2]. This ensures that
the load is almost equally distributed among the facilities. Likewise, there are many other con-
strained versions of the k-supplier/service problems namely fault-tolerant [92, 103], fair [26],
uncertain [60], (-diversity [72, 110], etc. Surprisingly, for many of the constrained clustering
problems, no polynomial time constant approximation algorithm is known. One such classical
problem is the r-capacity k-median/means problem. Designing a polynomial time constant ap-
proximation algorithm for this problem has been a popular open problem for over two decades.
Even for the other constrained clustering problems for which polynomial time constant ap-
proximation algorithms are known, unfortunately, the approximation guarantees are very high.
Therefore, we aim to obtain better (possibly tight) approximation guarantees for the problems

by designing FPT time algorithms.

In the past, many constrained versions of the clustering problems were studied separately as in-
dependent problems. Recently, Ding and Xu [72] gave a unified framework for these problems
that they called the constrained clustering framework. They proposed this unified framework in
the context of the £-median and k-means problems in the continuous Euclidean spaces where
L = R” and C is a finite subset of R”. The authors designed FPT time (1 + ¢)-approximation
algorithms for a range of constrained clustering problems in continuous Euclidean space with
running time O(np - (k/<)P°¥(¥/2)), In this work, we extend the framework to k-supplier objec-
tive and to general discrete metric spaces. We also extend the framework to the outlier versions

of constrained clustering problems. Next, we briefly discuss the constrained clustering frame-
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work and the results obtained for metric k-supplier and k-service objectives.

1.2.1 Constrained clustering framework: k-supplier/center

Let O = {Oy, ..., O} be any arbitrary partitioning of the client set C. Let ' C L be any set
of k facilities. Let f be a facility in F' that minimizes the 1-supplier cost of partition O;. That
is, f is the facility in F' that minimises the cost: max,co,{d(z, f7)?}. Then, the k-supplier

cost of the partitioning O with respect to the facility set F' is given as follows:

U(F,0) = max { max {d(x, fi*)z}}

1=1 :EEOZ'

In other words, a partition O; is completely assigned to a facility location f;* in F', and the
assignment cost of every client in O; is measured with respect to f;*. Then, ¥(F, Q) is simply
the maximum assignment cost over all the clients. Furthermore, the optimal k-supplier cost
of O is given as follows: U*(Q) = k_cegiirgetF\I/(F, Q). Now, suppose that we are given a
collection S = {Qy,...,0;} of t different partitionings of C. The goal of the constrained

clustering problem is to find a partitioning in S that has the minimum k-supplier cost. Formally,

we define the problem as follows:

Definition 7 (Constrained k-Supplier Problem). Let (X, d) be a metric space, k be any positive
integer, and z be any positive real number. Given a set L. C X of feasible facility locations,
a set C' C X of clients, and a set S of feasible partitionings of C, find a partitioning QO =

{O01,0,,...,0} in'S, that minimizes the cost function: ¥*(Q) =  min V(F Q).

k-center-set F'

The above definition encapsulates the following constrained clustering problems that we study
in this work: r-gather, r-capacity, balanced, chromatic, fault-tolerant, strongly private, /-diversity,
and fair k-supplier problems. For example, consider the r-gather clustering problem, in which
the goal is to find a clustering @ = {Oy, ..., Oy} of the client set such that the i*" cluster has

at least r; clients in it, for some constant r; > 0. For this problem, the set S can be concisely
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defined as S .= {Q | for every cluster O; € O, |O;| > r;}, where O = {O1, O, ..

5, Ogtisa

partitioning of the client set. The definitions of the other seven problems are given in Table 1.4.

# | Problem Description
| r-Gather k-supplier Given k positive integers: 71, . .., r, find clustering O = {Oy, ..., Oy }
" | problem with minimum U*(Q) such that for all 7, |O;| > ; '
) r-Capacity k-supplier | Given k positive integers: rq, ..., 7, find clustering © = {Oy, ..., Oy }
" | problem with minimum U*(Q) such that for all 7, |O;| < r;
3 Balanced k-supplier | Given positive integers: {1, ..., {, and rq, ..., 7, find clustering
" | problem O = {0y, ..., Oy} with minimum ¥*(0) such that for all 7, ; < |O;| < r;
Chromatic k-supplier Given that every client has an associated color, find a clustering
4| o PPEET 1 0 = {0, ..., O} } with minimum W*(0) such that for all i, O; should
P not have any two points with the same color.
Given positive integer [, < k for every client 2 € C, find a set I
Fault-tolerant ) .
5. . of k centers, such that the maximum assignment cost of x to
k-supplier problem ih e e
[2* closest facility is minimized.
Stronely private Given a partitioning C1, . . ., C,, of the client set C, and a set of integers:
6. bosu glsi/err) coblem {l1,...,0,}, find a clustering O = {Oy, ..., Oy} with minimum ¥*(O)
ppliet p that satisfies |C; N O;| > ¢; forevery i € [k] and j € [w].
/-Diversity k-suoplier Given a partitioning C, . .. , C,, of the client set C', a real number ¢ > 1,
7. coblem y PP find a clustering O = {Oy, ..., O } with minimum ¥*(Q) such that
p the fraction of points belonging to the same partition inside O; is < 1/¢.
Given w color classes (', . .., C,, (not necessarily disjoint), such that
Fair k-supplier every C; is a subset of the client set C, and two fairness vectors
8. roblem PP a, f € [0,1]“, find a clustering O = {Oy, ..., O} with minimum ¥*(Q0)
p such that it satisfies that 3; - |O;| < |O; N C}| < «; - |O;| for every
i€ [k]andj € [w].

Table 1.4: List of constrained k-supplier problems that we study in this work.

Note that we are considering the soft assignment version of the constrained k-supplier problem.

That is, it is allowed to open more than one facility at any particular location in L. This version

differs from the hard assignment version, where a single copy of a facility can be opened at any

particular location in L. Note that the total number of open facilities in both versions is at most

k.

Now, we describe a general algorithmic technique to solve any problem that satisfies the defi-
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nition of the constrained k-supplier problem. More precisely, we show that any constrained
k-supplier problem can be solved using two basic ingredients: the list k-supplier problem
and a partition algorithm. The notion of the list k-supplier problem was formalized by Bhat-
tacharya et al. [28] in the context of the k-median and k-means objectives. We extend the notion

to the k-supplier objective as follows:

Definition 8 (List £-Supplier Problem). LetZ = (L, C, k, d, z) be any instance of the k-supplier
problem. The goal of the problem is: given L, find a list L of k-center-sets (i.e., each element
of the list is a set of k elements from L) such that for any partitioning O = {O, ..., O} of the

client set C, the list L contains a k-center-set F such that U(F,Q) < o - U*(Q) for a = 3.

For the k-center objective o = 2.

Furthermore, we define a partition algorithm as follows:

Definition 9 (Partition Algorithm). Let Z = (L,C, k,d, z) be any instance of the k-supplier
problem, and let S = {01,Qs, ..., O} be a collection of clusterings of C. Given a center

set ' C L, a partition algorithm outputs a clustering in S that has the least clustering cost

U(F, Q) with respect to F.

Note that the set S differs for different constrained k-supplier problems; therefore, the parti-
tion algorithm differs for different constrained k-supplier problems. The simplest example of
the partition algorithm is for the unconstrained k-supplier problem. For the unconstrained k-
supplier problem, the set S is the collection of all possible k-partitionings of C' and the partition

algorithm is simply the standard Voronoi partitioning algorithm.

It is not very difficult to show that an algorithm for the list k-supplier problem together with a
partition algorithm for a constrained k-supplier problem gives 3’ approximation to that prob-
lem. Note that the algorithm for the list k-supplier problem is common to all the constrained

clustering problems. However, the partition algorithm differs for different constrained k-supplier
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problems. In this work, we design k°®*) . n®() time algorithm for the list k-supplier problem

with list size k) . n. Thus, we obtain the following results:

Theorem 1 (Main Result: k-Supplier). For any constrained version of the k-supplier problem
that has a partition algorithm with running time T, there exists a 3~ approximation algorithm

with running time T - K°®%) . n 4+ O(n?logn).

Theorem 2 (Main Result: k-Center). For any constrained version of the k-center problem that
has a partition algorithm with running time T', there exists a 2° approximation algorithm with

running time T - k%) . n + O(n?logn).

For all the problems given in Table 1.4, we design FPT time partition algorithms. For this,
we reduce each of the partition problems to the circulation problems on flow networks. Since
most of the clustering constraints can be modeled as lower and upper bound flow constraints
on the edges of the flow network, a feasible flow through the network gives an assignment of
the clients to the facility set satisfying the given clustering constraints. Thus using Theorems 1
and 2, we get FPT time 3z-appr0ximation for the k-supplier and 22-approximati0n for the k-
center objective for all the problems in Table 1.4. This improves the state-of-art for almost

all the problems on the list. The details of these improvements will be highlighted in Chapter 2.

At a high level, our algorithm for the list k-supplier problem is composed of the following

two parts:

1. A (1,0(Inn)) bi-criteria approximation algorithm for the unconstrained k-supplier prob-
lem. The algorithm outputs a set S C L of O(klnn) facilities such that the cost of
assigning any client in C' to the closest facility in S at most the optimal unconstrained
k-supplier cost. We obtain this bi-criteria approximation algorithm by reducing the prob-

lem to the set-cover problem and using the O(logn)-approximation algorithm for the
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set-cover problem. A similar reduction has been used earlier to solve a different prob-

lem [134].

2. Then, we show that for any arbitrary partitioning OQ of C, there exists a k-sized subset
F C S that gives 3’ approximation for Q. We prove this using the triangle-inequality
property of the metric spaces. Therefore, we create a list £ of all possible k-sized subsets
of S. The list £ is the required solution to the list k-supplier problem with list size

= O(kInn)* = kOWn,

We extend the constrained k-supplier framework to the outlier setting in an analogous manner.
We design (k-+m)°®) .n©0) time algorithm for the outlier version of the list k-supplier problem
with list size (k + m)°® . n, where n = |C' U L| and m is the number of outliers. Moreover,
we design FPT time partition algorithms for all the constrained k-supplier problems given in
Table 1.4. Thus we get FPT time 3" and 2° approximation algorithms for the outlier versions

of these problems corresponding to k-supplier and k-center objectives, respectively.

Lastly, we note that the obtained approximation guarantees are tight when parameterized by &
for the non-outlier version and parameterized by k£ and m for the outlier version. That is, for
any constant £ > 0, no algorithm can achieve (3 — ) and (2 — ) approximation guarantees for
the constrained k-supplier and k-center problems, respectively, in FPT time, assuming FPT #

WI]2]. These results follow from previous works: [78, 94, 74, 128, 42].

Note that the results corresponding to this subsection has already been published in Theoretical

Computer Science, 2023 [86].

1.2.2 Constrained clustering framework: k-median/means
The constrained clustering framework for the k-median/means problem is analogous to the

framework for the k-supplier problem, except here, we are considering the hard-assignment
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version of the problem. Due to this, the algorithmic techniques are more complex than in the
previous subsection. Let @ = {Oy,..., O} be any arbitrary partitioning of the client set C.
Let F' C L be any set of k facilities. Then, the k-service cost of the partitioning O with respect

to the facility set F' is given as follows:

k
CD(F’ @) = pernfﬁeiltlilonw {Z Z d(‘r’ fﬂ'(i))z} :

i=1 z€0;

Furthermore, the optimal k-service cost of O is given as follows: ®*(Q) = k-ceﬁiﬁem O(F,0).
Note that here we are considering the hard assignment version of the k-service problem. That
is, we are not allowed to open more than one facility at any location in L. The soft assignment
version is easier than the hard assignment version since we can reduce the soft-assignment ver-
sion to the hard-assignment version by creating k copies of every location in L. Now, suppose
that we are given a collection S = {Qy, ..., O, } of ¢ different partitionings of C'. The goal of

the constrained k-service problem is to find a partitioning in S that has the minimum k-service

cost. Formally, we define the problem as follows:

Definition 10 (Constrained k-Service Problem). Let (X, d) be a metric space, k be any positive
integer, and z be any positive real number. Given a set L C X of feasible facility locations,
a set C C X of clients, and a set S of feasible partitionings of C, find a partitioning QO =
{01,049, ...,04} in' S, that minimizes the cost function: ®*(Q) = k_ceg}zirgetF O(F,0).

In Table 1.4, we defined eight constrained clustering problems with respect to the k-supplier
objective. We study the same problems with respect to the k-service objective. We use a
technique similar to the one discussed in the previous subsection. Any constrained k-service
problem can be solved using two basic ingredients: the list k-service problem and a partition

algorithm.

Definition 11 (List k-Service Problem). Let Z = (L,C,k,d, z) be an arbitrary instance of
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the k-service problem, O = {O, ..., O} be any arbitrary clustering of the client set C, and
0 < ¢ <1 be an arbitrary constant. The goal of the problem is to find a list L of k-center-sets
(i.e., each element of the list is a set of k elements from L) such that with probability at least

1 —1/n, the list L contains a k-center-set F such that ®(F,0) < a-®*(Q) fora« = 3" +¢ and

n = |C' U L|. For the special case when C C L, the approximation guarantee is o = 2" +e.

Furthermore, we define a partition algorithm as follows:

Definition 12 (Partition Algorithm). Let Z = (L,C, k,d, z) be any instance of the k-service
problem, and let S = {04,0q,...,0,} be a collection of clusterings of C. Given a center
set F' C L, a partition algorithm outputs a clustering in S that has the least clustering cost

O (F, Q) with respect to F.

It is easy to show that an algorithm for the list k-service problem together with a partition
algorithm for a constrained k-service problem gives (3Z + ¢)-approximation to that problem.
Note that the algorithm for the list k-service problem is common to all the constrained k-service
problems. However, the partition algorithm differs for different constrained k-service problems.
In this work, we design O (n - (k/ e)o(kz2)> time algorithm for the list £-service problem with

list size O ((log n)-(k/ 5)0(1“2)). Thus, we obtain the following results:

Theorem 3 (Main Result: k-Median). For any constrained version of the k-median problem
that has a partition algorithm with running time T, there exists a (3 + ¢)-approximation algo-
rithm that succeeds with probability at least 1—1/n and has running time T-(k /2)°™®)- (log n)+
O (n - (k/2)°™)). For the special case when C' C L, the algorithm gives (2 +¢)-approximation

guarantee.

Theorem 4 (Main Result: k-Means). For any constrained version of the k-means problem that
has a partition algorithm with running time T, there exists a (9 + ¢)-approximation algorithm

that succeeds with probability at least 1 — 1/n and has running time T - (k/¢)°*® - (logn) +
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O (n - (k/2)°™)). For the special case when C' C L, the algorithm gives (4 + ¢)-approximation

guarantee.

Moreover, we design FPT time partition algorithms for the k-service version of the constrained
problems given in Table 1.4. The partition algorithms for these problems are similar to their
k-supplier counterparts. Thus we get FPT time (BZ + ¢)-approximation algorithms for the k-
service objective for all the problems in Table 1.4. This improves the state-of-art for almost

all problems in the table. The details of these improvements will be highlighted in Chapter 3.

The main challenge is to design an FPT time algorithm for the list k-service problem. In the
previous subsection, we briefly described the algorithm for the list k-supplier problem. We can
design a similar algorithm for the list k-service problem. However, that algorithm has many
limitations; one of the limitations is that it can not be extended to the outlier setting. Another
limitation is that the algorithm only holds for the soft-assignment version of the problem. To
overcome these limitations, we use a sampling-based approach that is similar to the algorithm of
Bhattacharya et al. [28]. The algorithm of Bhattacharya ef al. [28] gives (1 + ¢)-approximation
guarantee in FPT time for the constrained k-median and k-means problems in the continuous
Euclidean space. In the continuous Euclidean space, the facility set L = R” and C is a finite

subset of R”. Our work differs from it in the following ways:

1. Working in a metric space instead of the Euclidean space poses challenges as some of
the main tools used for analysis in the Euclidean setting cannot be used in metric spaces.
We carefully devise and prove new sampling lemmas that make the high-level analysis of

Bhattacharya et al. [28] go through.

2. Bhattacharya et al. [28] gave an algorithm for the list-k-means problem with list size
L] = (k/e)°** and running time O(np|L|), where p is the dimension of the Eu-
clidean space and n = |C|. Their algorithm explores a rooted tree of size (k/ 5)O(k/ €)

O(1/e)

and depth k& where the degree of every non-leaf vertex is (k/¢) . Every node in
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this tree has an associated center, and the path from the root to a leaf node gives one
of the k-center-sets for the output list. The algorithm has an unavoidable iteration of
depth £ since their analysis works only when the centers are picked one-by-one in k
iterations. We circumvent this inherent restriction by using a constant factor approx-
imate solution F' to the unconstrained k-means/median problem for the given dataset
(C,L). That is, service-cost(F,C) < « - OPT, where OPT denotes the optimal un-
constrained k-means/median cost. Then a distance-based sampling algorithm runs in
a single iteration where poly(k/e) points from C' are D -sampled with respect to F.

In D”-sampling technique, a point 2 from the client set C' is sampled with probability

service-cost(F, {z}) mingcp d(f, x)*

servicocostF,0) S minger d(f.g)F Thus we obtain the list £ in a “single shot”.
’ yel ’

This technique helps us in designing a constant-pass streaming algorithm for the problem.

3. We study the hard-assignment version of the constrained k-service problem, which is
harder than the soft-assignment version of the problem. The hard and soft assignment
versions are equivalent in the continuous Euclidean space where L = R”. The reason
is that if two facilities are opened at the same facility location, then one of the facilities
can be moved by an infinitely small distance to convert a soft assignment to a hard as-
signment. Therefore, the previous works on the constrained clustering problem did not

consider the distinction between soft and hard assignments.

4. Our techniques generalise for distance function d(.,.)*. That is, for any positive real
number 2, if the cost of a client is defined by d(., .)? instead of d(.,.) or d(.,.)?, then our
algorithm gives 37 approximation guarantees for the problems in discrete metric spaces
and (1-+¢)-approximation in continuous Euclidean space. The previous work only studies

the problems with respect to the distance functions d(., .) and d(., .)%.

5. We extend the constrained k-service framework to the outlier setting. We design ((k +
m)z/ 5)O(kz/ €79) 00 time algorithm for the outlier version of the constrained k-

service problem, where n = |C' U L| and m is the number of outliers. The algorithm
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gives 3~ approximation guarantee in discrete metric space and (1 + ¢)-approximation

guarantee in continuous Euclidean space.

In the second point, we mention that we design a streaming algorithm for constrained clustering
problems. Streaming algorithms are useful when dealing with data sets that are too large to fit
in the main memory or RAM (Random Access Memory). In clustering applications, we often
come across large data sets (see [90, 12] for the related examples). Therefore, the data is stored
in secondary storage devices instead of the main memory. This makes classical data process-
ing algorithms extremely time-consuming. This motivates the study of streaming clustering
algorithms. A streaming algorithm makes linear scans (usually one) over the data and uses lim-
ited memory (usually logarithmic in the input size). We design constant pass, log-space, FPT
time streaming algorithms for the constrained A-median and k-means problems. We design
these algorithms both in the continuous Euclidean and discrete metric spaces. Note that for the
unconstrained k-median/means problems, there already exists various constant-pass log-space

streaming algorithms [44, 32, 90].

Note that in this work, we do not study the k-supplier problem in the hard-assignment setting,
streaming setting, and continuous Euclidean setting. However, studying these problems, which

may require a different set of techniques, is one of our future work directions.

Note that the results corresponding to this subsection has already been published in Interna-
tional Symposium on Parameterized and Exact Computation (IPEC 2020) [88] and in IARCS
Annual Conference on Foundations of Software Technology and Theoretical Computer Science

(FSTTCS 2020) [29].

1.3 Socially Fair Clustering Problem
In recent years, the topic: fairness in machine learning, has gained considerable attention. For

example, see [25] and [48] for the recent developments in this area. The main motivation is that
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in many human-centric applications, the input data is biased towards a particular demographic
group that may be based on age, gender, ethnicity, occupation, nationality, etc. We do not want
algorithms to discriminate among different groups due to biases in the dataset. In other words,

we aim to design fair algorithms for problems.

In the context of clustering, in particular the k-median/k-means/k-center clustering, various
notions of fair clustering have recently been proposed (see [46, 26, 11, 27, 104, 45, 116]). One

such notion is the socially fair clustering that is defined as follows:

Definition 13 (Socially Fair Clustering). We are given a set C' of clients and set L of feasible
facility locations in a metric space (X, d). There are { groups (possibly non-disjoint) of clients
Ch,...,Co C C with weight function w;: C; — R* for each j € {1,...,(}. Let z be any real
number > 1. In socially fair clustering, the goal is to pick a facility set F' C L of size k so as

to minimize the objective function: max ey service-cost(F, C;), which we call the fair cost:

fair-cost(F, C') = max {service—cost(F \ Cj)},

JE]

where service-cost(F, C;) = Z {wj (z) - mingep {d(f, x)}}
zeC;

Informally, in the above definition, each group of clients C; represents a particular demographic
group, and the goal of the clustering is to find a set F' of £ centers such that maximum over
the service costs of the groups is minimized. Thus it tries to ensure that one group does not
pay a very high service cost in comparison to other groups. Note that for / = 1, the problem
is equivalent to the k-service problem. For ¢ = |C'| and if each client forms a singleton group,
then the problem is equivalent to the k-supplier problem. Therefore, the socially fair clustering

problem is a generalization of the k-supplier and k-service problems.

Also note that for the socially fair clustering problem, the soft-assignment and hard-assignment

versions are equivalent. If two facilities f;, fo are opened at a facility location f € L, then
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we can remove facility f; and re-assign the clients that were assigned to f;, to f;. The cost
of the solution remains the same. Therefore, a solution to the soft-assignment version can be
converted to a solution to the hard-assignment version. Moreover, a hard-assignment solution
is trivially a soft-assignment solution. Therefore, both versions are equivalent in the context of

the socially fair clustering problem.

Makarychev and Vakilian [120] and Chlamtéc et al. [47] gave polynomial time O <101;1i é €> ap-
proximation algorithms for the socially fair k-median/means problem. In this work, we design

a (3Z + ¢)-approximation algorithm for the socially fair clustering problem with FPT time of

(zk/ e)o(k) -n?W)_ At a high level, the algorithm is composed of the following two parts:

1. A polynomial time (1 +¢e,0 ((z /e%) - In? n)) bi-criteria approximation algorithm for the
socially fair clustering problem. The algorithm outputs a center set S C L of size
O((kz/€?) - In*n) and gives (1 4 ¢)-approximation with respect to the optimal solu-
tion with £ centers. We obtain this result by modifying a bi-criteria approximation al-
gorithm for the unconstrained clustering problem [140], which in turn follows from an
LP-rounding technique with respect to the most natural linear programming formulation

of the problem.

2. We use the above bi-criteria algorithm to obtain a center set S C L of size O((kz/e?) -
In*n). We then show that there exists a k-sized subset S’ C S that gives (3~ + ¢)
approximation. Note that since one needs to try all possible k-sized subsets of S, the
overall running time of the algorithm has a multiplicative factor of O (‘i |). This results in

an FPT algorithm.

Formally, we state the result as follows:

Theorem 5. For the socially fair clustering problem, there is a randomized (32 + ¢) approxi-
mation algorithm with FPT running time of (zk/e)°®) - n©W) that succeeds with probability at

least 1 — 1/n.
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Furthermore, we show that these approximation guarantees are tight; we obtain the following

lower bound result for the problem:

Theorem 6 (FPT Hardness for Parameter k). For any constant z > 0, € > 0, and function
g: RT — R, the socially fair clustering problem can not be approximated to factor (32 —g)

in time g(k) - n°Y) assuming FPT # W[2] and in time g(k) - n°*) assuming ETH.

Note that the results corresponding to this subsection has already been published in Information

Processing Letters, 2023 [85].

1.4 Hardness of Approximation: Euclidean k-Median

We study the k-median problem in the continuous Euclidean space where L = R” and C'is a
finite subset of R”. The cost of assigning a client x € C'to a facility f € L is the Euclidean
distance ||z — f||. It is known that for general metric spaces, the k-median problem is hard
to approximate to a factor less than 1 + 2/e [91, 97]. However, no hardness of approximation
result is known for the Euclidean £-median problem. Resolving the hardness of approximation
for the Euclidean k-median problem was left as an open problem in the work of Awasthi et
al. [19]. In Table 1.5, we mention the best-known results for the Euclidean k-median and

k-means problem.

Awasthi et al. [19] proved the first hardness of approximation result for the Euclidean k-means
problem. They asked whether their techniques for proving the inapproximability results for
Euclidean k-means can be used to prove the hardness of approximation result for the Euclidean

k-median problem. Quoting from their paper,

“It would also be interesting to study whether our techniques give hardness of

approximation results for the Euclidean k-median problem.”

In this work, assuming Unique Games Conjecture (UGC), we solve this open problem by ob-
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Fixed k Fixed d General
Lower Bound | Upper Bound | Lower Bound | Upper Bound | Lower Bound | Upper Bound
. 1+e) NP-hard (1+e) (1+e) 2.633
k-Median OPEN
[107] [123] [54] (this work) (8]
NP-hard (1+e) NP-hard (1+e) 1.07 6.129
k-Means
[13] [107] [117] [54] [51] (89]

Table 1.5: The known approximation guarantees for the Euclidean k-Median and k-Means
problems. For fixed k or d, all the mentioned (1 + ¢)-approximation algorithms have FPT
running time. In the outlier setting, no upper bound result or any better lower bound result is
known yet.

taining the hardness of approximation result for the Euclidean k-median problem. The follow-

ing is one of the main results of this work.

Theorem 7 (k-Median Hardness). There exists a constant € > 0 such that the Euclidean k-
median problem cannot be approximated to a factor better than (1 + ¢), assuming the Unique

Games Conjecture.

We build on the techniques of Awasthi et al. [19] to prove the inapproximability result for the
Euclidean k-median problem. The authors gave a reduction from the vertex cover problem to the
Euclidean k-means problem. We use the same construction to reduce the vertex cover problem
to the Euclidean k-median problem. However, to show the correctness of the reduction, we need
to analyze the cost of a cluster in the Euclidean space. This is the first obstacle one encounters in
this direction; unlike the 1-mean problem, there does not exist a closed-form expression for the
1-median problem. Therefore, we don’t know the exact value of the optimal cost of a given 1-
median instance. The 1-median problem, popularly known as the Fermat-Weber problem [75],
is a difficult problem, and designing efficient approximation algorithms for this problem is
a separate line of research in itself — see for e.g. [105, 137, 38, 33, 49]. We overcome this
barrier by obtaining upper and lower bounds on the optimal 1-median cost and showing that

these bounds suffice for our purpose. More concretely, to upper bound the optimal 1-median
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cost, we use the centroid as the 1-median and compute the 1-median cost with respect to the
centroid. To obtain a lower bound on the 1-median cost of a cluster, we use a decomposition
technique to break a cluster into smaller subclusters. Here we use a simple observation that the
optimal 1-median cost of a cluster is at least the sum of the optimal 1-median costs of the sub-
clusters. For the small subclusters, we compute exact or good approximate lower bounds on
the 1-median cost. This gives a good approximate lower bound for any arbitrary cluster. Using
this approximation, we show hardness of approximation for the Euclidean k-median problem
assuming Unique Games Conjecture. To prove a similar result under a weeker assumption of
P # NP, we would require a better approximation of the 1-median costs of clusters than the
one done in this work. Note that Awasthi et al. [19] showed the hardness of Euclidean £-means
problem under the assumption of P # NP since it was easier to estimate the 1-means cost of

the clusters.

Note that the results corresponding to this subsection has already been published in Approx-
imation, Randomization, and Combinatorial Optimization. Algorithms and Techniques (AP-

PROX/RANDOM 2021) [30].

1.5 Bi-Criteria Hardness of Approximation: Euclidean k-Median

and k-Means

Having established the hardness of approximation results for k-means and k-median, the next
natural step in the beyond worst-case discussion is to allow more flexibility to the algorithm.
One possible relaxation is to allow an approximation algorithm to choose more than k centers,
say, Sk centers (for some constant 5 > 1), and produce a solution that is close to the opti-
mal solution with respect to k& centers. This is known as a bi-criteria approximation, and the

following definition formalizes this notion.

Definition 14 ((«, 3)-approximation algorithm). An algorithm A is called an («, B) approx-
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imation algorithm for the Euclidean k-means/k-median problem if given any instance 1T =
(C, k) with C C R”, A outputs a center set F C R of size Sk that has the cost at most o times

the optimal cost with k centers. That is,

Zmln{D z, f)} Sa- Frpclﬁp {Z%IIQ{D ) f }}

mEC’ P =k xeC

For the Euclidean k-means problem, D(q,r) = ||q¢ — r||* and for the k-median problem

D(g,r) = llg =l

One expects that as [ grows, there would exist efficient («, 3)-approximation algorithms with
smaller values of «. This is indeed observed in the work of Makarychev et al. [118]. For exam-
ple, their algorithm gives a (9 + ¢) approximation for 5 = 1; 2.59 approximation for § = 2; 1.4
approximation for 8 = 3. In other words, the approximation factor of their algorithm decreases
as the value of [ increases. Furthermore, their algorithm gives a (1 + ¢)-approximation guaran-
tee with O(klog(1/¢)) centers. Ideally, we would like to obtain a PTAS with a small violation
of the number of output centers. More specifically, we would like to address the following

question:

Does the Euclidean k-means or Euclidean k-median problem admit an efficient

(1 +&,1+ €)-approximation algorithm?

Note that such type of bi-criteria approximation algorithms that outputs (1 + £)k centers have
been extremely useful in obtaining a constant approximation for the capacitated k-median prob-
lem [111, 112] for which no true constant approximation is known yet . Therefore, the above
question is worth exploring. Note that here we are specifically aiming for a PTAS since the

k-means and k-median problems already admit a constant factor approximation algorithm. In

'In the capacitated k-median/k-means problem there is an additional constraint on each center that it cannot
serve more than a specified number of clients (or points).
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this work, we give a negative answer to the above question by showing that there exists a con-
stant ¢ > 0 such that an efficient (1 + &, 1 + ¢)-approximation algorithm for the k-means and
k-median problems does not exist assuming the Unique Games Conjecture. The following two

theorems state this result more formally.

Theorem 8 (Bi-criteria Hardness: k-Median). For any constant 1 < [ < 1.015, there exists
a constant € > 0 such that there is no (1 + ¢, B)-approximation algorithm for the Euclidean

k-median problem assuming the Unique Games Conjecture.

Theorem 9 (Bi-criteria Hardness: k-Means). For any constant 1 < [ < 1.28, there exists
a constant € > 0 such that there is no (1 + ¢, 3)-approximation algorithm for the Euclidean
k-means problem assuming the Unique Games Conjecture. Moreover, the same result holds for

any 1 < < 1.1 under the assumption that P # NP.

To prove these results, we use a similar reduction from the vertex cover problem and show that

the reduction holds even if one is allowed to use Sk centers, for some § > 1.

Note that the results corresponding to this subsection has already been published in Approx-
imation, Randomization, and Combinatorial Optimization. Algorithms and Techniques (AP-

PROX/RANDOM 2021) [30].

1.6 Notations

In this section, we define the notations that we frequently use in the thesis. We define the

unconstrained k-supplier cost of a client set S with respect to a center set F' as

. _ 2 .
supplier-cost(F}, S) := max {d(F, x) }, where d(F,z) = 1}161;1{61(]‘, x)}.
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For a singleton set {f}, we denote supplier-cost({ f}, S) shortly by supplier-cost(f, S). We

define the unconstrained k-service cost of a client set S with respect to a center set F' as

ice-cost(F, §) = {dF, } here d(F,z) = min{d(f,z)}.
service-cost(F’, .S) :EGZS (F,x) where d(F,x) 1;01161{71{ (f,x)}
For a singleton set { f}, we denote service-cost({ f }, S) shortly by service-cost(f, S). For any
instance Z = (L, C, k, d, z) of the unconstrained k-supplier or k-service problem, we denote the
optimal cost of the instance by OPT(L, C' k). It would be clear from the context if OPT(L, C' k)

corresponds to the k-supplier or k-service objective.

1.7 Organization of Thesis

In Chapter 2, we design FPT time constant-approximation algorithms for the constrained k-
supplier and k-center problems in general metric spaces. In Chapter 3, we design FPT time
constant-approximation algorithms for the constrained k-median and k-means problems in gen-
eral metric spaces. Moreover, we extend the algorithms to streaming and outlier settings. In
Chapter 4, we study the outlier and streaming versions of the constrained k-median and k-
means problems in continuous Euclidean spaces. We design FPT time (1 + ¢)-approximation
for these problems. In Chapter 5, we design FPT time constant-approximation algorithm for
the socially fair clustering problem. In Chapter 6, we show the hardness of approximation re-
sults for the Euclidean k-median problem. Furthermore, we extend these hardness results to the
bi-criteria versions of Euclidean k-median and k-means problems. In Chapter 7, we conclude

the thesis with some open problems.
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Tight FPT Approximation for Constrained

k-Center/Supplier

In this chapter, we study a range of constrained versions of the k-supplier and k-center prob-
lems. In the classical (unconstrained) k-supplier problem, we are given a set of clients C' in
a metric space X, with distance function d(.,.). We are also given a set of feasible facility
locations L C X. The goal is to open a set I’ of k facilities in L to minimize the maxi-
mum distance of any client to the closest open facility, i.e., minimize, supplier-cost(F, (') =
maxjec {d(F,j)}, where d(F, j) is the distance of client j to the closest facility in F. The
k-center problem is a special case of the k-supplier problem where L = C'. We study various
constrained versions of the k-supplier problem such as: capacitated, fault-tolerant, (-diversity,
etc. These problems fall under a broad framework of constrained clustering. A unified frame-
work for constrained clustering was proposed by Ding and Xu [72] in the context of the k-
median and k-means objectives. We extend this framework to the k-supplier and k-center
objectives in this chapter. This unified framework allows us to obtain results simultaneously for
the following constrained versions of the k-supplier problem: r-gather, r-capacity, balanced,

chromatic, fault-tolerant, strongly private, (-diversity, and fair k-supplier problems, with and

25



26 Tight FPT Approximation for Constrained .-Center/Supplier

without outliers. We design Fixed-Parameter Tractable (FPT) algorithms for these problems.
FPT algorithms have polynomial running time if the parameter under consideration is a con-
stant. This may be relevant even to a practitioner since the parameter k is a small number in

many real clustering scenarios. We obtain the following results:

* We give 3 and 2 approximation algorithms for the constrained k-supplier and k-center
problems, respectively, with FPT running time £°*).n() where n = |CUL|. Moreover,
these approximation guarantees are tight; that is, for any constant € > 0, no algorithm
can achieve (3 — ) and (2 — ¢) approximation guarantees for the constrained k-supplier

and k-center problems in FPT time, assuming FPT # W/|2].

* We study the constrained k-supplier and k-center problems with outliers. Our algorithm

gives 3 and 2 approximation guarantees for the constrained outlier k-supplier and k-

O(k) . pO(1)

center problems, respectively, with FPT running time (k + m) -n”Y ) where n =

|C'U L| and m is the number of outliers.

* Our techniques generalise for distance function d(.,.)*. That is, for any positive real
number z, if the cost of a client is defined by d(., .)* instead of d(., .), then our algorithm
gives 3% and 2° approximation guarantees for the constrained k-supplier and k-center

problems, respectively.

2.1 Overview
We defined the k-supplier problem in Definition 1 in Chapter 1. We redefine it here for easy

reference.

Definition 15 (k-Supplier Problem). Let (X, d) be a metric space. Let k be any positive integer;
and z be any positive real number. Given a set L. C X of feasible facility locations, and a set

C C X of clients, find a set F' C L of k facilities that minimises the cost: supplier-cost(F,C) =

max,ec { min;e {d(z,])z}}
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When L = C, the problem is known as the k-center problem. In the above definition, we did not
impose any constraints on the clients. Therefore, this version is also known as the unconstrained
k-supplier problem. In this paper, we will use the term k-supplier problem and unconstrained
k-supplier problem interchangeably. The k-supplier and k-center problems have natural ap-
plications in deciding the optimal location of placing facilities such as hospitals, schools, post
offices, etc., in a geographical area [65, 7]. It ensures that no client pays a very high transporta-
tion cost for availing of a particular facility. Furthermore, these problems are extensively used
for clustering large data sets in data mining, pattern recognition, information retrieval, etc. The
clients assigned to the same facility belong to the same cluster, and the corresponding facility
is known as the cluster center. Keeping this in mind, we will use the terms facility and center

interchangeably from now on.

In many applications, additional constraints are imposed on the clusters. For example, every
cluster must have at least r clients in privacy-preserving clustering. This problem is known
as the r-gather k-supplier/center problem or the lower bounded k-supplier/center problem [4,
131]. Similarly, in many resource allocation problems, we impose an upper bound constraint
on every facility location. That is, a facility can not serve more than u clients for some integer
constant v > 0. This ensures that the load is almost equally distributed among the facili-
ties. This problem is known as the capacitated k-supplier/center problem [24, 102, 61, 14].
Likewise, there are many other constrained versions of the k-supplier/center problems namely
fault-tolerant [103], fair [26], chromatic [72], (-diversity [110], non-uniform [22] problems,

etc.

In the past, many constrained versions of the clustering problems were studied separately as
independent problems. Recently, in 2015, Ding and Xu [72] gave a unified framework for these
problems that they called the constrained clustering framework. They proposed this unified
framework in the context of the k£-median and k-means problems in the continuous Euclidean

spaces. In this work, we extend the unified framework to the k-supplier and k-center objectives.
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Using this, we design FPT time approximation algorithms for a range of constrained k-supplier
problems. To put it another way, the unified framework allows us to use a common algorithmic
technique for various constrained k-supplier problems. A natural question we need to address
at the beginning of this work is: “why should one be interested in designing approximation
algorithms with FPT running time for these problems?" The answer lies in the fact that the &-
supplier and k-center problems are W[2]-hard parameterized by k [66, 78]. Therefore, we can
not obtain exact algorithms for the k-supplier and k-center problems in FPT running time unless
WI2] = FPT. Very recently, stronger FPT hardness results have been established for these
problems. The following are these two results that easily follow from [78], [94], [74], [128]
and [42].

Theorem 10. For any constant € > 0, z > 0, and any function g: Z" — R, the k-supplier

problem cannot be approximated to factor (3° — ¢) in time g(k) - n°® assuming ETH, and in

time g(k) - n®Y assuming W[2] # FPT.

Theorem 11. For any constant € > 0, z > 0, and any function g: Z+ — R, the k-center

problem can not be approximated to factor (2° — ¢) in time g(k) - n°® assuming ETH, and in

time g(k) - n°Y) assuming W[2] # FPT.

For the sake of completeness, we prove these two theorems in Section 2.6. Note that the above
hardness results apply to all the constrained k-supplier problems that we study in this paper
since the unconstrained version of the problem can be reduced to any of the constrained ver-
sions in polynomial time. Our main contribution is to give matching upper bounds for all the
constrained k-supplier problems. That is, we design FPT time 3% and 2 approximation algo-
rithms for various constrained k-supplier and k-center problems, respectively. Next, we define

the constrained clustering framework for the k-supplier and k-center problems.
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2.1.1 Constrained k-supplier framework

Let O = {Oy, ..., O} be any arbitrary partitioning of the client set C. Let I C L be any set
of k facilities. Let f; be a facility in F' that minimizes the 1-supplier cost of partition O;. That
is, [ is the facility in F' that minimises max,co,{d(z, f)*}. Then, the k-supplier cost of the

partitioning O with respect to the facility set F' is given as follows:

U(F,0) = max { max {d(z, fi*)z}}

=1 z€0;

In other words, a partition O; is completely assigned to a facility location f in F', and the

assignment cost of every client in O; is measured with respect to f;*. Then, ¥(F, Q) is simply

the maximum assignment cost over all the clients. Furthermore, the optimal k-supplier cost

of O is given as follows: U*(Q) = min WV(F,0). Now, suppose that we are given a
k-center-set F'

collection S = {Qy,...,0,} of ¢ different partitionings of C'. The goal of the constrained k-

supplier problem is to find a partitioning in S that has the minimum k-supplier cost. Formally,

we define the problem as follows:

Definition 16 (Constrained k-Supplier Problem). Let (X', d) be a metric space, k be any pos-
itive integer, and z be any positive real number. Given a set L. C X of feasible facility loca-
tions, a set C' C X of clients, and a set S of feasible partitionings of C, find a partitioning
O ={01,0,,...,0} inS, that minimizes the cost function: V*(Q) = k-ceirttirgetF U(F,0).

The above definition encapsulates many constrained k-supplier problems. For example, con-
sider the r-gather k-supplier problem, in which the goal is to find a clustering @ = {O;, ..., O}
of the client set such that the i*" cluster has at least r; clients in it, for some constant r; > 0.
For this problem, the set S can be concisely defined as S := {OQ | for every cluster O; € O,
|O;| > r;}, where @ = {O1,Os,...,04} is a partitioning of the client set. We study seven

other constrained k-supplier problems that satisfy the above definition of constrained k-supplier
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problem. These problems are r-capacity, balanced, chromatic, fault-tolerant, strongly private,

(-diversity, and fair k-supplier problems. The definitions of these problems are given in Ta-

ble 2.1.

We want to point out that we are considering the soft assignment version of the constrained k-
supplier problems. That is, it is allowed to open more than one facility at any particular location
in L. This version differs from the hard assignment version, where a single copy of a facility
can be opened at any particular location in L. Note that the total number of open facilities
in both versions is at most k. The soft assignment version is easier than the hard assignment
version since the soft assignment version can be reduced to the hard assignment version by
creating k copies of every location in L. The hardness results stated in Theorems 10 and 11

hold for both the soft and hard assignment versions of the constrained k-supplier problems.

Note that all the problems in the table satisfy the Definition 16 of the constrained k-supplier
problem except the fault-tolerant k-supplier problem since its objective function is different
from U(F, Q). Next, we show that the fault-tolerant k-supplier problem can be reduced to
the chromatic k-supplier problem, which satisfies the definition of the constrained k-supplier
problem. In the fault-tolerant k-supplier problem, there is no explicit constraint imposed on
any cluster. However, the cost function is different from the classical k-supplier problem. That
is, for every client x € C, we are given an integer /, < k. Then, foraset I’ = {f,..., fx}
of facility locations, the assignment cost of a client z is proportional to the distance to its /"
closest facility location in F'. Thus, the overall cost of a fault-tolerant instance is given as:
fault-tolerant-cost(F, C) = max,ec {d'(F,z)*}, where d'(F, z) is the distance of z to the (2"
closest facility location in F'. Therefore, the problem does not satisfy Definition 16 of the
constrained k-supplier problem. We reduce an arbitrary instance of the fault-tolerant &-supplier
problem to an instance of the chromatic k-supplier problem so that it satisfies the constrained
k-supplier framework. The reduction is the same as the one used by Ding and Xu [72] for

the k-median/means objective. Let Z = (L, C, k,d, z, S,) be any instance of the fault-tolerant
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# | Problem Description

r-Gather k-supplier Given k positive integers: 71, . .., ry, find clustering @ = {Oy, ..., Oy }

problem with minimum U*(Q) such that for all ¢, |O;] > r;
) r-Capacity k-supplier | Given k positive integers: rq, ..., 1, find clustering © = {Oy, ..., O}
" | problem with minimum U*(QO) such that for all ¢, |O;] < r;
3 Balanced k-supplier | Given positive integers: {1, ..., ¢, and rq, ..., 7, find clustering
" | problem 0 = {0y, ..., Ox } with minimum ¥*(0) such that for all ¢, ¢; < |O;| < r;
Chromatic k-supolier Given that every client has an associated color, find a clustering
4. PP O = {0y, ..., Ox } with minimum ¥*(0) such that for all ¢, O; should

roblem . .
P not have any two points with the same color.

Given positive integer [, < k for every client z € C, find a set F’
Fault-tolerant . .
5. . of k centers, such that the maximum assignment cost of x to
k-supplier problem h e
I%* closest facility is minimized.

. Given a partitioning C}, . .., C,, of the client set C, and a set of integers:
Strongly private p gli,...,C4 o

6. . {t,...,4,}, find a clustering O = {Oy, ..., Oy } with minimum ¥*(O)
h-supplier problem that satisfies |C; N O;| > ¢, for every i € [k] and j € [w].
/-Diversity k-supplier Given a partitioning C', . .. , C,, of the client set C', a real number ¢ > 1,
7. coblem y PP find a clustering O = {0y, ..., O } with minimum U*(Q) such that
P the fraction of points belonging to the same partition inside O; is < 1/.
Given w color classes (', . . ., C,, (not necessarily disjoint), such that
Fair k-suplier every C; is a subset of the client set C, and two fairness vectors
8. pp a, f € [0,1]“, find a clustering O = {Oy, ..., Oy} with minimum ¥U*(Q)

problem such that it satisfies that §; - |O;| < |0; N C;| < a; - |O;] for every

i€ kland j € [w].

Table 2.1: List of constrained k-supplier problems with FPT time partition algorithms (see
Section 2.5).

k-supplier problem, where S, = {{,, | = € C} is a set of integers for the clients in C'. Firstly,
we color each client in C' with different color. This coloring is given by a bijective function
f:C — R,where R = {r,...,7|¢}is aset of |C] different colors. Then, we create ¢, copies
of each client x and assign each copy the same color as z. Let C” be this new client set and
color on a client is denoted by function g: ¢ — R. This completes the construction of the
chromatic k-supplier instance. Let this new instance be Z' = (L, C" k, d, z, g). Now, we show

the following lemma:

Lemma 1. Let Z = (L,C\ k,d, z, S,) be any instance of the fault-tolerant k-supplier problem
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andT' = (L,C" k,d, z, g) be the corresponding instance of the chromatic k-supplier problems
as defined above. For any set ' = {fi,..., fi} of facility locations, the fault-tolerant k-
supplier cost of C' with respect to F' is the same as the chromatic k-supplier cost of C' with

respect to F'.

Proof. The fault-tolerant k-supplier cost of C' with respect to F' is max,cc {d’ (F, x)z}, where
d'(F,x) is the distance of x to its /1" closest facility location in . Now, let us evaluate the
chromatic k-supplier cost of C’. For a client z € C, let {x1,...,x,, } denote the copies of
x in C’. These copies share the same color. By the definition of the chromatic k-supplier
problem, a cluster can not contain two clients of the same color. In other words, {z1, ...,z }
must get assigned to different facility locations in . Since all these clients are co-located, the
assignment cost is minimized when each of them is assigned to one of the ¢, closest facility
locations in F'. Without loss of generality, let z,, is the client that is assigned to ¢ closest
facility location in F. Note that, x,, has the maximum assignment cost among {z1, ...,z }.
This cost is the same as the assignment cost of x € C' in the fault-tolerant k-supplier instance.
Therefore, the overall chromatic k-supplier cost of the clients in C” is: max,ec {d’ (F, x)z}
This cost is the same as the fault-tolerant k-supplier cost of C' with respect to F'. This completes

the proof of the lemma. 0

From the above lemma, we can also say that any a-approximate solution to the reduced chro-
matic k-supplier instance is also an a-approximate solution to the original fault-tolerant k-

supplier instance, and vice-versa.

Now, we describe a general algorithmic technique to solve any problem that satisfies the defi-
nition of the constrained k-supplier problem. More precisely, we show that any constrained
k-supplier problem can be solved using two basic ingredients: the list k-supplier problem
and a partition algorithm. The notion of the list k-supplier problem was formalized by Bhat-

tacharya et al. [28] in the context of the k-median and k-means objectives. We extend the notion



Tight FPT Approximation for Constrained k-Center/Supplier 33

to the k-supplier objective as follows:

Definition 17 (List k-Supplier). Let Z = (L, C, k,d, z) be any instance of the k-supplier prob-
lem. The goal of the problem is: given T, find a list L of k-center-sets (i.e., each element of the
list is a set of k elements from L) such that for any partitioning © = {Oy, ..., O} of the client

set C, the list L contains a k-center-set F such that U(F,Q) < « - U*(Q) for a = 3°. For the

k-center objective o = 2

Furthermore, we define a partition algorithm as follows:

Definition 18 (Partition Algorithm). Let Z = (L, C, k,d, z) be any instance of the k-supplier
problem, and let S = {01,0s,...,OQ,} be a collection of clusterings of C. Given a center

set ' C L, a partition algorithm outputs a clustering in S that has the least clustering cost

U(F, Q) with respect to F.

Note that the set S differs for different constrained k-supplier problems; therefore, the parti-
tion algorithm differs for different constrained k-supplier problems. The simplest example of
the partition algorithm is for the unconstrained k-supplier problem. For the unconstrained k-
supplier problem, the set S is the collection of all possible k-partitionings of C' and the partition
algorithm is simply the standard Voronoi partitioning algorithm. In other words, the algorithm
assigns a client to its closest facility location in F', and the obtained partitioning has the least

clustering cost with respect to F'.

Suppose we have an algorithm for the list k-supplier problem and a partition algorithm for a
particular constrained k-supplier problem. Then we can obtain an approximation algorithm for

that constrained k-supplier problem. The following theorem proves this result:

Theorem 12. Let Z = (L, C, k, d, z,S) be any instance of the constrained k-supplier problem,
and let As be a partition algorithm for S with running time Ts. Let B be any algorithm for

the list k-supplier problem with running time T'g. Then, there is an algorithm that outputs a
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clustering O € S that is an a-approximate solution for the constrained k-supplier instance I.
For the k-supplier objective, o = 3%, and for the k-center objective, o = 2°. Moreover; the

running time of the algorithm is O(Tp + |L| - T4).

Proof. The algorithm is simple. We first run algorithm B to obtain a list L. For every k-center-
set in the list, the algorithm runs the partition algorithm Ag on it. Then the algorithm outputs
a center set that gives the minimum clustering cost. Let F” be this k-center-set and Q' be the
corresponding clustering. We claim that (F’,Q’) is an a-approximation for the constrained

k-supplier problem.

Let O* be an optimal solution for the constrained k-supplier instance (L, C, k,d, z,S) and F*
denote the corresponding k-center-set. By the definition of the list k-supplier problem there is
a k-center-set F' in the list £, such that U(F, Q") < o - U(F*, 0*). Let O = Ag(F) € S be the
optimal clustering corresponding to F'. Thus, ¥(F,0) < « - U(F*,0*). Since (F’,Q') gives
the minimum cost clustering in the list, we have ¥ (F’, Q') < U(F, Q). Therefore, ¥(F’', Q') <

- U(F*,0%).

The running time analysis is also simple. 7’ is the time to obtain the list £. Then, the algorithm
runs the partition procedure Ag for every center set in the list; the running time of this step is
|L| - T'4. Picking a minimum cost clustering from the list takes O(|£|) time. Hence the overall

running time is O(Tg + |L| - Ta). O

The goal now becomes to design an algorithm for the list k-supplier problem and the partition
algorithms for different constrained k-supplier problems. In Section 2.4, we design an FPT

time algorithm for the list k-supplier problem. Formally, we state the result as follows:

Theorem 13. Given an instance T = (L,C,k,d, z) of the k-supplier problem. There is an
algorithm for the list k-supplier problem that outputs a list L of size at most k°*) .n. Moreover,

the running time of the algorithm is k°*) . n. 4+ O(n?logn), which is FPT in k.
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Using Theorems 12 and 13, we further obtain the following two corollaries:

Corollary 1 (Main Result). For any constrained version of the k-supplier problem that has a
partition algorithm with running time 'l', there exists a 3° approximation algorithm with running

time T - k") . n + O(n?logn).

Corollary 2 (Main Result). For any constrained version of the k-center problem that has a
partition algorithm with running time T', there exists a 2’ approximation algorithm with running

time T - k°®) . n + O(n?logn).

The remaining task is designing partition algorithms for different constrained k-supplier prob-
lems. Note that all the problems described in Table 2.1 satisfy the definition of the constrained
k-supplier problem. Furthermore, in Section 2.5, we design FPT time partition algorithms for
these problems. Therefore, the above two corollaries imply FPT time 3% and 2 approxima-
tion algorithms for these problems. For the first six problems in Table 2.1, the running time of
the partition algorithms is kE . n©W) | For the seventh problem in the table, i.e., the /-diversity
k-supplier problem, the running time of the partition algorithm is (wk)“* - n®Y). For the last
problem in the table, i.e., the fair k-supplier problem, the running time of the partition algo-
rithm is (kT')O*1) . nO®M) where T is the number of distinct collection of color classes induced
by the colors of clients. We define the notation I" more clearly in Section 2.5.2. Thus, we get
FPT time 3~ and 2° approximation guarantees for these problems with respect to k-supplier

and k-center objectives, respectively. Formally, we state these results as follows:

Theorem 14. There is an FPT time 3 approximation algorithm for the following constrained

versions of the k-supplier problem:

1. r-gather k-supplier problem 2. r-capacity k-supplier problem
3. Balanced k-supplier problem 4. Chromatic k-supplier problem

5. Fault-tolerant k-supplier problem 6. Strongly private k-supplier problem

o(1)

The running time of the algorithm is k°®) . n°0)_ Furthermore, for the k-center version, the

. . . z
approximation guarantee is 2 .
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All the abovementioned problems generalize the unconstrained k-supplier and k-center prob-
lems. Therefore, from Theorems 10 and 11, it follows that better approximation guarantees
are not possible for the above problems in FPT time assuming ETH or W[2] # FPT. Thus, it
settles the complexity of the above problems, parameterized by k. For the ¢-diversity and fair

k-supplier problems, we obtain the following results:

Theorem 15. There is FPT time 3~ and 2° approximation algorithms for the (-diversity k-

supplier and k-center problems, respectively, with running time (kw)?®*«) . nO(),

Theorem 16. There is FPT time 3° and 2° approximation algorithms for the fair k-supplier
and k-center problems, respectively, with running time (kI')°*1) . nOW) ywhere T' denote the
number of distinct collection of color classes induced by the colors of clients. Moreover, if

the color classes are pair-wise disjoint, then I' = w, and the running time of the algorithm is

(kw)O(k”) .n0)

The ¢-diversity k-supplier problem for w = 1 and ¢ = 1, is equivalent to the unconstrained k-
supplier problem. Also, the fair £-supplier problem forw = 1, 8; = 0, and o; = 1, is equivalent
to the unconstrained k-supplier problem. Therefore, better approximation guarantees are not
possible for these problems in FPT time parameterized by k£ and I" (or w). The statement simply

follows from Theorems 10 and 11.

We extend the constrained k-supplier framework to the outlier setting in the next subsection.

The discussion is analogous to the above discussion.

2.1.2 Constrained k-supplier framework with outliers

In practical scenarios, it often happens that a few clients are located at faraway locations from
the majority of the clients. These clients are called outliers. The presence of outliers forces
the algorithm to open the facilities close to the outliers. Due to this, the majority of the clients

have to pay high assignment costs. This leads to poor clustering of the dataset. To overcome
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this issue, we cluster the dataset without the outliers. This gives rise to the outlier k-supplier
problem. A mathematical formulation of the problem was given by Charikar et al. [40] for
which they gave a polynomial time 3-approximation algorithm. The following is the definition

of the outlier k-supplier problem:

Definition 19 (Outlier k-Supplier). Let (X, d) be a metric space. Let k and m be any positive
integers, and z be any positive real number. Given a set L. C X of feasible facility locations,
and a set C C X of clients, find a subset Z C C' of size at most m clients and a set ' C L of
k facilities such that the k-supplier cost of C' == C'\ Z is minimized: supplier-cost(F,C") =

max;ecr { min;e g {d(l,j)z}}

Similarly, we generalize the definition of constrained k-supplier problem to its outlier version,

as follows:

Definition 20 (Constrained Outlier k-Supplier Problem). Let (L, C, k,d, z,m) be any instance
of the outlier k-supplier problem and S be any collection of partitionings such that any parti-

tioning O € S is a partitioning of some subset C' C C' of size at least |C| —m. Find a clustering

O = {01, 0q,...,0} inS, that minimizes the objective function: W*(Q) min  V(F,0).

k-center-set F'

Furthermore, we define the list outlier k-supplier problem and outlier partition algorithm, as

follows:

Definition 21 (List Outlier k-Supplier). LetZ = (L, C, k, d, z, m) be any instance of the outlier
k-supplier problem and S be the collection of all possible k-partitionings of every subset C' C
C of size at least |C| — m. Find a list L of k-center-sets (i.e., each element of the list is a set of

k elements from L) such that for any partitioning O € S, the list L contains a k-center-set F'

such that U(F,Q) < o - OPT(O) for a = 3°. For the k-center version o = 2.

Definition 22 (Outlier Partition Algorithm). Let Z = (L, C, k, d, z,m,S) be any instance of the
constrained outlier k-supplier problem. Given a center set F', an outlier partition algorithm

outputs a clustering in S that has the least clustering cost with respect to F'.
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Suppose we have an algorithm for the list outlier k-supplier problem and a partition algorithm
for a particular constrained outlier k-supplier problem. Then, we can obtain an approximation
algorithm for that constrained outlier k-supplier problem. The following theorem state this

result and is analogous to Theorem 12 for the non-outlier version.

Theorem 17. LetZ = (L, C, k,d, z,m,S) be any instance of the constrained outlier k-supplier
problem, and let As be any outlier partition algorithm for S with running time T4. Let B
be any algorithm for the list outlier k-supplier problem with running time Tg. Then, there
is an algorithm that outputs a clustering QO € S that is an «-approximate solution for the
constrained outlier k-supplier instance L. For the k-supplier objective, o = 37, and for the

k-center objective, o« = 2°. Moreover, the running time of the algorithm is O(Tg + |L|-Ta).
Proof. The proof is analogous to Theorem 12. [

We design an FPT time algorithm for the list outlier k-supplier problem, parameterized by k

and m. Formally, we state the result as follows:

Theorem 18. Given an instance T = (L, C, k,d, z, m) of the outlier k-supplier problem. There
is an algorithm for the list outlier k-supplier problem that outputs a list L of size at most
(k +m)°®) . n. Moreover, the running time of the algorithm is (k +m)°®) . n + O(n?logn),

which is FPT in k and m.

Using Theorems 17 and 18, we obtain the following two corollaries:

Corollary 3 (Main Result). For any constrained version of the outlier k-supplier problem that
has a partition algorithm with running time T', there exists a 3’ approximation algorithm with

running time T - (k +m)°® . n 4+ O(n?logn).

Corollary 4 (Main Result). For any constrained version of the outlier k-center problem that
has a partition algorithm with running time T', there exists a 2 approximation algorithm with

running time T - (k +m)°® . n 4+ O(n%logn).
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We consider the outlier versions of all the problems described in Table 2.1. In Section 2.5, we
design FPT time partition algorithms for the outlier versions of all these problems. Thus, we
get FPT time 3" and 2° approximation algorithm for these problems with respect to the outlier

k-supplier and k-center objectives, respectively. Formally, we state the results as follows:

Theorem 19. There is an FPT time 3 approximation algorithm for the following constrained

versions of the outlier k-supplier problems:

1. r-gather outlier k-supplier problem 2. r-capacity outlier k-supplier problem
3. Balanced outlier k-supplier problem 4. Chromatic outlier k-supplier problem

5. Fault-tolerant outlier k-supplier problem 6. Strongly private outlier k-supplier problem

The running time of the algorithm is (k + m)°®) .nOW) | Furthermore, for the k-center version,

. . . z
the approximation guarantee is 2 .

All the abovementioned problems generalize the unconstrained outlier k-supplier and k-center
problems. Unsurprisingly, better approximation guarantees are not possible for these problems
in FPT (in k£ and m) time, assuming ETH. We give a formal proof of this result in Section 2.7.
Thus, it settles the complexity of the abovementioned k-supplier problems, parameterized by k

and m. For the /-diversity and fair outlier k-supplier problems, we obtain the following results:

Theorem 20. There is FPT time 3” and 2° approximation algorithms for the (-diversity outlier

k-supplier and k-center problems, respectively, with running time (kw)©*<). (k4-m)0®) .n01),

Theorem 21. There is FPT time 3° and 2° approximation algorithms for the fair outlier k-
supplier and k-center problems, respectively, with running time (kI')°*D) . (k 4 m)O0®) . nO0),
where ' denote the number of distinct collection of color classes induced by the colors of
clients. Moreover, if the color classes are pair-wise disjoint, then I' = w, and the running time

of the algorithm is (kw)O*<) . (k 4+ m)O®) . nOL),

The /¢-diversity outlier k-supplier problem for m = 0, w = 1, and ¢ = 1, is equivalent to the

unconstrained k-supplier problem. Also, the fair outlier £-supplier problem for m = 0, w = 1,
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B; = 0, and o; = 1, is equivalent to the unconstrained k-supplier problem. Therefore, better
approximation guarantees are not possible for these problems in FPT time parameterized by

m, k, and I' (or w). The statement simply follows from Theorems 10 and 11.

Note that when the number of outliers is 0, any constrained version of the outlier k-supplier
problem simply corresponds to its non-outlier variant. Therefore, in Section 2.4, we simply de-
sign an algorithm for the list outlier k-supplier problem, and in Section 2.5, we design partition
algorithms for the outlier versions of the constrained k-supplier problems. That would imply
the results for their non-outlier counterparts too. In the next section, we discuss the known

results for all the problems described in Table 2.1.

2.2 Related Work

In this section, we mention the best-known results for different constrained k-supplier problems

that we study in this paper. These results are summarized in Table 2.2.

We want to point out that the r-gather, r-capacity, and balanced k-supplier problems that we
study in this paper impose cluster-wise constraints. However, the alternate definitions of the r-
gather, r-capacity, and balanced k-supplier problems impose constraints on individual facility
locations. Formally, the balanced k-supplier problem with location-wise constraints is defined

as follows:

Definition 23 (Balanced k-Supplier Problem with Location-Wise Constraints). Given an in-
stance T = (L, C, k,d, z) of the k-supplier problem, a lower bound function g: L — Z., and
an upper bound function h: L — Z., find a set F' C L of k facility and assignment ¢: C' — L
that minimizes the assignment cost max,ec {d(x, ¢(x))*} and satisfies that g(f) < |¢7(f)] <

h(f) for every facility location f € F.

'Bera et al. [26] did not explicitly mention the results for the /-diversity clustering problem. However, the
results follow from [26] since the /-diversity problem is a special case of fair clustering problem with disjoint
color classes as noted by Bandyapadhyay et al. [21].
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k-Supplier Objective k-Center Objective

# | Problem
Without Outliers With Outliers Without Outliers With Outliers
r-Gather Clustering
(non-uniform version - - - -
with cluster-wise constraint)
r-Gather Clustering 3 [10] 5[10] 2 [5] 4[5]

(uniform version)

(polynomial time)

(polynomial time)

(polynomial time)

(polynomial time)

r-Capacity Clustering
(non-uniform version
with cluster-wise constraint)

r-Capacity Clustering
(uniform version)

9[73]
(polynomial time)

13 [62]
(polynomial time)

5[102]
(polynomial time)

13 [62]
(polynomial time)

Balanced Clustering
(non-uniform version
with cluster-wise constraint)

6[73]

Balanced Clustering 9[73] 13 [73] (polynomial time) | 13 [73]

(uniform version) (polynomial time) (polynomial time) | 4 [68] (polynomial time)
(FPT time)

Chromatic Clustering - - - -

Fault Tolerant Clustering ) ) i )

(non-uniform version)

Fault Tolerant Clustering 3[103] ) 2[103] 6 [95]

(uniform version) (polynomial time) (polynomial time) (polynomial time)

Strongly Private 5[127] ) 4 [127] )

Clustering (polynomial time) (polynomial time)

Diversi Lo | (53)[26) i (3.3) (93] ]

(-Diversity Clustering (polynomial time) (polynomial time)

Fair Clustering (5,3) [26] ) (3,3) [93] )

(disjoint color classes) (polynomial time) (polynomial time)

. . (5,4A + 3) (3,4A + 3)
Fair Clustering [26] ) [93] )

(overlapping color classes)

(polynomial time)

(polynomial time)

Table 2.2: The known results for the constrained k-supplier/center problems with and without
outliers for z = 1. We only mention the results for the soft assignment version of the problems;
however, some of these results also hold for the hard assignment version that we did not men-
tion explicitly for the sake of simplicity. No polynomial time constant factor approximation
algorithm is known for the ¢-diversity and fair clustering problems. The algorithms of [26]
and [93] give 5 and 3 approximation guarantees corresponding to the k-supplier and k-center
objective respectively; however, they violate the fairness constraint by an additive factor of
4A + 3, where A denotes the maximum number of color classes a client can be part of. When
the color classes are disjoint, the algorithms violate the fairness constraint by an additive factor
of 3.
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The above definition also encapsulates the r-gather and r-capacity k-supplier problems with
location-wise constraints. For the r-gather problem, h(f) = |C| for every facility location
f € L, and for the r-capacity problem, g(f) = 0 for every facility location f € L. Moreover,
when every facility location has the same values of g( f) and h(f), then the problems are known
as the uniform r-gather, r-capacity, and balanced k-supplier problems. It is easy to see that for
the uniform version, the problem with location-wise constraints is equivalent to the problem
with cluster-wise constraints. In other words, Definition 23 is the same as the definition given
in Table 2.1 for the uniform case. To the best of our knowledge, the non-uniform variant of the
problem with cluster-wise constraints has not been studied before. Furthermore, we believe that
it is non-trivial to obtain any polynomial time reduction between the problems with cluster-wise

constraints and location-wise constraints.

From Table 2.2, we note that most known approximation algorithms have polynomial running
time; however, they give much worse approximation guarantees than 3 and 2 for the k-supplier
and k-center versions, respectively. Furthermore, the approximation guarantees worsen for the
outlier version of these problems. Among the FPT time algorithms, the only known result is due
to Hu Ding [68] for the uniform balanced k-center problem without outliers. The author used
the classical 2-approximation algorithm of Teofilo F. Gonzalez [84] as a subroutine to obtain the
FPT time 4-approximation algorithm for the problem. The algorithms of [26] and [27] convert
an a-approximate solution of the unconstrained k-supplier problem to an (« + 2)-approximate
solution of the fair k-supplier problem (problem 8 in Table 2.1) in polynomial time. These
are, however, not generalized to the outlier and constrained clustering settings. Moreover, the
algorithms do not give a tight approximation guarantee since & = (1 + ¢)-approximate solution
for the unconstrained k-supplier problem is not possible with only k centers. We approach the
constrained problems through bi-criteria approximation for the unconstrained k-supplier prob-
lem. The bi-criteria relaxation allows us to obtain o« = (1 + ¢)-approximation using O(k log n)

centers. On the other hand, we show that from the point of view of tight approximation guar-
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antees, a bi-criteria approximation is not too restrictive. In particular, we show that any bi-
criteria solution contains an approximate solution (i.e., k centers) for the constrained version
of the problem. This gives a 3-approximation for the fair k-supplier problem in FPT time. In
Section 2.4, we describe the algorithm in detail. Note that our algorithm holds for both the
k-supplier and k-center objectives with and without outliers. Moreover, our algorithm works
for several other constrained clustering problems described in Table 2.1, and we expect this list
to grow further when new interesting problems are discovered. Moreover, these are the best ap-
proximation guarantees possible for these problems, parameterized by £ (and m for the outlier
version). Next, we discuss the known results for each of the problems mentioned in Table 2.1

in more detail:

1. r-gather k-supplier problem: For the r-gather k-supplier problem with and without
outliers, Ahmadian and Swamy [10] gave 5 and 3 approximation algorithms, respectively
(see Theorems 15 and 16 of [10]). The running time of their algorithm is polynomial in
the input size, and it also holds for the non-uniform variant of the problem with location-
wise constraints. For the r-gather k-center problem (with uniform lower bounds) with and
without outliers, Aggarwal at al. [S] gave 4 and 2 approximation algorithms, respectively
(see Section 2.4 of [5]). The running time of their algorithm is polynomial in the input

size.

2. r-capacity k-supplier problem: For the r-capacity k-supplier and k-center problems
(without outliers), An et al. [14] gave 11 and 9 approximation algorithms, respectively
(see Theorems 1 and 6 of [14]). Their algorithm is polynomial time and also works
for the non-uniform variant of the problem with location-wise constraints. For the 7-
capacity k-supplier problem (without outliers) with uniform upper bounds, Khuller and

Sussmann [102] gave 5 approximation algorithm.? For the outlier version, Cygan and

The authors call the soft assignment version of the r-capacity k-center problem as the capacitated multi-k-
center problem.
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Kociumaka [62] gave a 25-approximation algorithm for the r-gather k-supplier and k-
center problems with non-uniform upper bounds imposed on facility locations. More-
over, the authors improved the approximation guarantee to 13 for the uniform r-gather
k-supplier and k-center problems with outliers (see Theorem 1 and Corollary 1 of Theo-

rem 1 of [62]). All the abovementioned algorithms have polynomial running time.

. Balanced k-supplier problem: For the balanced k-supplier/center problem with non-

uniform lower and upper bounds, no constant factor approximation is known yet. How-
ever, for the uniform lower bounds and non-uniform upper bounds on locations (with-
out outliers), Ding ef al. [73] gave 13 and 9 approximation algorithms for the balanced
k-supplier and k-center problems, respectively. Furthermore, for the same variant, the
authors gave a 25 approximation algorithm for both the balanced k-supplier and k-center
problems with outliers. For the uniform lower bounds and uniform upper bounds (with-
out outliers), the authors improved the approximation bounds to 9 and 6 for the balanced
k-supplier and k-center problems, respectively. Furthermore, for the same variant, the
authors gave a 13 approximation algorithm for both the balanced k-supplier and k-center
problems with outliers. All the abovementioned algorithms have polynomial running

time.

For the balanced k-center problem (without outliers) with uniform lower and upper bounds,
Hu Ding [68] gave a 4-approximation algorithm with FPT running time £°®*) . n®)_ In
this work, we improve this approximation guarantee to 2. Furthermore, we give FPT

time 3-approximation algorithm for the balanced k-supplier problem.

. Chromatic %£-supplier problem: For the chromatic k-supplier problem, no constant fac-

tor approximation is known yet. However, for the k-median and k-means objectives, FPT
time approximation algorithms are known in the continuous Euclidean space and general

discrete metric spaces [72, 70, 21].

5. Fault-tolerant k-supplier problem: In the fault-tolerant k-supplier problem, given a
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facility set F' C L, the cost of a client z € (' is proportional to the distance to its
¢, closest facility location in F'. If ¢, is the same for every = in C, then we call the
problem the uniform fault-tolerant k-supplier problem. On the other hand, if ¢, is not
the same for every z, then we call the problem the non-uniform fault-tolerant k-supplier
problem. For the non-uniform version, no constant factor approximation is known yet.
However, for the uniform fault-tolerant k-supplier and k-center problem (without out-
liers), Khuller et al. [103] gave 3 and 2 approximation algorithms, respectively. Recently,
Inamdar and Varadarajan gave a 6 approximation algorithm for the uniform fault-tolerant
k-center problem with outliers. However, no constant factor approximation is known for

the uniform fault-tolerant k-supplier problem with outliers.

6. Strongly private k-supplier problem: This problem has recently been proposed by
Rosner and Schmidt [127]. The authors gave 5 and 4 approximation algorithms for the
k-supplier and k-center versions, respectively, without outliers. No constant factor ap-

proximation algorithm is known for the problem with outliers.

7. (-diversity k-supplier problem: Bandyapadhyay et al. [21] noted that the ¢-diversity
clustering problem is a special case of the fair clustering problem when the color classes
are disjoint, and ; = 1/¢ and 3; = 0 for every color class C; € {C},...,C,}. There-
fore, the problem admit 7 and 5 approximation algorithms for the k-supplier and k-center
versions, respectively, without outliers [27]; however, the algorithms violate the con-
straint by an additive factor of 3, i.e., 0 < |0; N C;| < |O;|/¢ + 3 for every cluster

O; € {Oy,...,0r} and color class C; € {C4,...,C,}.

Another variant of the /-diversity clustering problem was proposed by Li er al. [110].
Given an integer constant ¢ > 0, the task is to find a clustering @ = {Oy, ..., O;} of the
client set C' with minimum ¥*(Q) such that for every cluster O;, |O;| > ¢ and O; should
not have any two clients with the same color. Note that, unlike other clustering problems,

here, we do not have any restriction on the number of open centers. The authors gave a 2
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approximation algorithm for the problem for L = C.

8. Fair k-supplier problem: In this problem, we are given w color classes: C',...,C,
that are subsets of the client set C' and two fairness vectors a, § € [0,1]“. When the
color classes are pair-wise disjoint and «; = /3; = |C};|/|C]|, then 7 and 5 approximation
algorithms are known for the k-supplier and k-center versions, respectively, without out-
liers [27]. On the other hand, when the color classes are not necessarily disjoint, no true
constant factor approximation algorithm is known yet. The existing algorithms give 5
and 3 approximation guarantees for the k-supplier and k-center objectives, respectively;
however, they violate the fairness constraint by an additive factor of 4A + 3, where A

denote the maximum number of groups a client can be part of [26, 93].

2.3 Notations

LetZ = (L,C, k,d, z, m) denote any instance of the unconstrained outlier k-supplier problem.
For the non-outlier version, m = 0. Let F' C L be any given center set. Let C’ be any subset of

C'. Then, we define the unconstrained k-supplier cost of C” as:
lier-cost(F, C') = {dF Z} here d(F, ) = min {d .
supplier-cost(F, C") max (F,x)*}, whered(F,x) rfnellg{ (f,x)}

If F is a singleton set {f}, then we simply use the notation: supplier-cost(f, C") instead of
supplier-cost({ f }, C"). Let Z* denote an optimal set of outliers, and F* denote an optimal
k-center set for the unconstrained outlier k-supplier instance Z. Then, we denote the optimal
unconstrained outlier k-supplier cost of the instance by OPT.

That is, OPT = supplier-cost(F™*,C'\ Z*).

Let O = {Oy,...,0;} be any partitioning of a subset C" of C. Let F' be a set of facility
locations. Let f be a facility in F' that minimizes the 1-supplier cost of partition O;. Then, the

k-supplier cost of O with respect to the facility set F' is given as follows:
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U(F,0) = mhx { max {d(z, fz*)z}}

=1 z€0;

In other words, a partition O; is completely assigned to the facility location f in F, and the
cost of every client in O; is measured with respect to f7. Then, ¥(F, Q) is simply the maximum
assignment cost over all the clients. Furthermore, the optimal k-supplier cost of O is given as

follows: ¥*(0@) = min V(F,0).

k-center-set F’

2.4 Algorithm for List Outlier £-Supplier

In this section, we design an FPT (in m and k) time algorithm for the list outlier k-supplier
problem with running time (k 4+ m)°® . nOW) It implies a k°*) . n©W) time algorithm for
the list k-supplier problem without outliers. The algorithm is surprisingly simple. Let Z =
(L,C\k,d, z,m) be any instance of the outlier k-supplier problem. The algorithm consists of

the following two parts:

1. A (1,0(Inn)) bi-criteria approximation algorithm for the outlier k-supplier problem.
The algorithm outputs a set S C L of O(klInn) facilities and a set of Z C C of m
outliers such that every client in C'\ Z has assignment cost at most the optimal cost OPT

of the outlier k-supplier instance Z.

2. For every outlier z in Z, let g(x) denote a facility in L that is closest from x. Let G =
{g(z) | = € Z} be the set of such facilities. Let C’ be any arbitrary subset of C of size at
least |C'| — m. We then show that for any arbitrary partitioning O of C’, there exists a k-
sized subset S” C SUG that gives 3° approximation for Q. Therefore, we create a list £ of
all possible k-sized subsets of SUG. The list L is the required solution to the list outlier k-

supplier problem. Moreover, the size of the listis |£| < O(m+kInn)* = (k+m)°®n,

We discuss the above two parts in more detail in Sections 2.4.1 and 2.4.2, respectively.
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2.4.1 Bi-criteria approximation
In this subsection, we design a (1, O(Inn)) bi-criteria approximation algorithm for the outlier

k-supplier problem. An («, ) bi-criteria approximation algorithm is defined as follows:

Definition 24 (Bi-criteria Approximation). Let Z = (L,C, k,d, z, m) be any instance of the
outlier k-supplier problem. An (v, B) bi-criteria approximation algorithm is an algorithm that
outputs a set F' C L of Bk facilities and a set Z' C C' of at most m outliers such that the cost
of the client set C'\ Z' with respect to F' is at most « times the optimal cost of the instance.

That is,

supplier-cost(F',C'\ Z') < o - min {supplier—cost(F, Cc\Z )} =« - OPT

k-center-set F' and |Z| < m

In the following lemma, we design an («, 5) bi-criteria approximation algorithm for the prob-

lem with @« = 1 and 5 = O(Inn).

Lemma 2. LetZ = (L, C, k,d, z,m) be any instance of the outlier k-supplier problem. Then, a
(1,0(Inn)) bi-criteria approximation algorithm exists for the problem. Moreover, the running

time of the algorithm is O(n*logn).

Proof. We reduce the outlier k-supplier instance to a max k-coverage instance. Some sim-
ilar reductions have been previously carried out in the following works: [60, 134]. A max
k-coverage instance is denoted by (U, €, k), where U denotes the universal set and the set % is
a collection of subsets of U. The task of the max k-coverage problem is to select at most k sets
from ¢ whose union covers the maximum number of elements from U. For now, assume we
know the optimal cost OPT of the outlier k-supplier instance. We then create a max k-coverage
instance (U, %, k), where U corresponds to the client set C. In other words, for every client
j € C, there is an element e; in U. The set € corresponds to the facility location set L. That

is, for every facility location f € L, there is a set Sy € ¢". Furthermore, an element e; belongs
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to a set Sy if and only if d(j, f)* < OPT.

Since there are k facilities in L that gives the optimal cost OPT for at least |C'| —m clients in C,
there exists k sets in % that cover all but m elements of U. For the max k-coverage problem,
there exists a standard polynomial-time greedy algorithm that selects O(kInn) sets from &
that covers at least as many elements of U as covered by the optimal £ sets (see Section 35.3
of [59]). We use this greedy algorithm on (U, &) to obtain a collection ¢” C € of O(kInn) sets
that covers at least |[U| — m elements of U. Let F” be the set of facility locations corresponding
to ¢’. Let C’ be the clients covered by F”. Then, every client in C’ has an assignment cost of at
most OPT to one of the facilities in F”. Therefore, F” is a (1, O(Inn)) bi-criteria approximate

solution to the problem and Z' = C'\ (" is the set of at most m outlier points.

The only remaining task is to guess the value OPT of the optimal solution. Since there are at
most |L| - |C| possible distances between a client and facility, we execute the greedy algorithm
for every possibility. We choose the smallest distance for which the greedy algorithm outputs
at most O(kInn) sets and covers at least || — m elements of U. The overall running time of
the algorithm is polynomial in n. It can further be improved by performing a binary search on
the |L| - |C| possible distances. More precisely, the reduction to the max k-coverage instance
and the greedy algorithm both take O(n?) time. After that, O(log n) multiplicative factor due to
binary search gives the overall time of O(n?logn) for the algorithm. This completes the proof

of the lemma. L]

The above algorithm also applies to the outlier k-center problem since the outlier k-center
problem is a special case of the outlier k-supplier problem. Next, we convert the bi-criteria

approximation algorithm to a list outlier k-supplier/center algorithm.
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2.4.2 Conversion: bi-criteria approximation to list outlier k-supplier algo-

rithm

We prove the following lemma.

Lemma 3. Let Z = (L,C\ k,d, z,m) be any instance of the outlier k-supplier problem. Let S
be any (1,0(Inn)) bi-criteria approximate solution of Z and let Z be the corresponding set of
at most m outliers. Let g(x) denote a facility location in L that is closest to an outlier x € Z.
Let G = {g(x) | x € Z} be the set of such facilities. Let C' be any subset of C' of size at least
|C| — m. Then, for any arbitrary partitioning O = {O1, ..., O} of C', there exists a k-sized

subset S’ of S U G that gives 37 approximation for the cost of Q. That is,
U(S',0) <30 (0).

Proof. Suppose that for every client in C, the closest facility location in S U G is given by a
function h: C' — SUG. Let Fp = {fi,..., fr} denote the optimal facility set of O such that
partition O; is assigned to center f;. Let z; be any client in O;. First, we observe that the cost
of assigning z; to facility h(z;) is at most W*(Q). That is, d(z;, h(z;))* < U*(0). To prove
this statement, consider the case when x; € Z. Then h(z;) = g(z;). In other words, h(x;) is
the facility location in L that is closest to x;. Therefore, d(x;, h(x;))* < d(z;, fi)* < U*(0).
On the other hand, if z; € C'\ Z, then the assignment cost d(x;, h(z;))* is at most OPT since S
is a (1,0(Inn)) bi-criteria approximate solution of Z. And, therefore, d(x;, h(z;))* < OPT <

T+ (0).

Now, we show that the set S’ := {h(xy),...,h(z))} is a 3" approximation to the clustering
cost of Q. That is, ¥(S", Q) < 3" - U*(Q). The proof follows from the following sequence of

inequalities:

U(S',0) < m%lx {supplier—cost(h(a:i), Oi)}
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< m’ax { max { d(h(z;), x)z}}

i=1 z€0;

< max { max { (d(z, f)) + d(fi, ) + d(x, h(xi)))z}}

i=1 z€0;

(using triangle inequality)

< miax { maxc { (d(e, f)) + d(fi, ;) + qf*(@)l/z>z}}

i=1 zeO;
k * 1/z * 1/z z
< mac{ max{ (2970 + ¥°(0)') }
k z
< max { max { (3 . \If*(@)l/z> }}
=1 xEOi
=37 .U (0)
This completes the proof of the lemma. 0

We show a similar result for the outlier k-center problem with an improved approximation

guarantee, as follows:

Lemma 4. Let 7 = (C,C, k,d, z,m) be any instance of the outlier k-center problem. Let S
be any (1,0(Inn)) bi-criteria approximate solution of I and let Z be the set of at most m
outliers. Let C' be any subset of C of size at least |C'| — m. Then, for any arbitrary partitioning
O ={04,...,0} of C', there exists a k-sized subset S’ of S U Z that gives 2° approximation
for the cost of Q. That is,

¥(S,0) <270 (0)

Proof. Suppose that for every client in C, the closest facility location in S U Z is given by a
function h: C — S U Z. Let Fy = {f1,..., fr} C C denote the optimal facility set of O
such that partition O; is assigned to facility f;. Note that f; is also a client location. Now,
observe that the cost of assigning a client f; to facility location h(f;) is at most U*(Q). That
is, d(fi, h(f;))* < U*(0). To prove this statement, consider the case when f; € Z, then

h(f;) = fi. Therefore, d(f;, h(f;))* = 0 < ¥*(Q). On the other hand, if f; € C'\ Z, then the
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assignment cost d( f;, h( f;))? is at most the optimal cost OPT since S'is a (1, O(Iln n)) bi-criteria

approximate solution of Z. And, therefore, d(f;, h(f;))* < OPT < U*(Q).

Now, we show that the set S" := {h(f1),...,h(fx)} is a 2* approximation to the clustering
cost of Q. That is, ¥(S’, Q) < 2° - W*(Q). The proof follows from the following sequence of
inequalities:

U(S,0) < m%x

1

supplier-cost(h(f;), Oi)}

=

< max { max { <d(x, fi) +d(fi, h(fz))> Z}}, (using triangle inequality)

z€0;
< wlx { masc { (d(e, £) + 9°(0)) "}

< m%x{maX{<\Ij*(@)l/z + @*(@)1/2)2}}

This completes the proof of the lemma. 0

The above two lemmas give the following corollary for the list outlier k-supplier/center prob-

lem.

Corollary 5 (Main Result). Given any instance T = (L,C, k,d, z, m) of the outlier k-supplier
problem. There is an algorithm that outputs a list L of k-center-sets such that for any arbitrary
partitioning Q of any subset C" of C of size at least |C| — m, there is a center set F in the list

that gives 3° approximation for the clustering cost of Q. That is,
U(F,0) < a- -0 (0), fora=3"

For the outlier k-center instance T = (C,C, k,d, z, m), the approximation factor is o = 2.

Moreover, the size of the list is at most (k +m)°%) . n and the running time of the algorithm is
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(k+m)°®) . n + O(n?logn), which is FPT in k and m.

Proof. By Lemma 3, we have that there is a k-sized subset S’ C S U G that gives 3~ approxi-
mation for the clustering Q. The size of the set S U G is at most m + O(k Inn). We create the

list £ by adding to it all possible k-sized subsets of S U G. Therefore, |£| = (m + O(kInn))*.

If m < klnn, then |£| = k%) . (Inn)*. Further, using the inequality that (Inn)* < k9% . n,
(for proof, see Hint 3.18 from the book: Parameterized Algorithms [63]) we get |£| < KO®) ..
On the other hand, if m > kInn, then |£| < mP®). This proves that |[£| < (m + k)°®) . n for

the list outlier k-supplier problem.

Moreover, the sets S and Z can be computed in time O(n? log n) using Lemma 2. And, the set
G can be computed from the set Z in time O(m -n) = O(n?). Thus, the overall running time of
the algorithm is (k +m)°®) . n 4+ O(n?logn). A similar proof for the k-center version follows

from Lemma 4. This proves the corollary. ]

2.5 Partition Algorithms

In this section, we design FPT time partition algorithms for all the problems mentioned in
Table 2.1 along with their outlier version. For the first six problems in the table, we define a
new hybrid problem that encapsulates all the constraints of these problems. Therefore, instead
of designing a partition algorithm for each problem separately, we design a partition algorithm

for the hybrid problem.

2.5.1 Partition Algorithms: r-Gather, r-Capacity, Balanced, Chromatic,

Fault-Tolerant, and Strongly-Private k-Service Problems

Formally, the problem is defined as follows:

Definition 25 (Hybrid k-Supplier). Given an instance T = (L, C\ k,d, z,m) of the outlier k-

supplier problem, a partitioning of the client set C' into w color classes: C1,...,C,, vectors:
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Cr € ZF and o, € 7, find a subset Z C C of at most m outliers and a partitioning
O ={0y,...,0} of the set C\ Z with minimum V*(Q) such that it satisfies that {; < |O;| < r;

and a; < |0; N Cy| < Bj foreveryi € [k] and j € [w).

The first six problems given in Table 2.1 along with their outlier versions are the special cases
of the hybrid k-supplier problem. Furthermore, the hybrid £-supplier problem satisfies the def-
inition of the constrained outlier k-supplier problem, i.e., Definition 20. For the sake of com-
pleteness, we describe how the hybrid k-supplier problem encapsulates the first six problems in

Table 2.1:

1. For every i € [k] and j € [w], if , = |C|, a; = 0, and 3; = |C|, then the hybrid

k-supplier problem is equivalent to the r-gather outlier k-supplier problem.

2. Foreveryi € [k]and j € [w],if {; =0, a; = 0, and 3; = |C/, then the hybrid k-supplier

problem is equivalent to the r-capacity outlier k-supplier problem.

3. For every j € [w], if a; = 0 and ; = |C], then the hybrid k-supplier problem is

equivalent to the balanced outlier k-supplier problem.

4. Foreveryi € [k] and j € [w], if ¢; =0, r; = |C|, a; = 0, and §; = 1, then the hybrid

k-supplier problem is equivalent to the chromatic outlier k-supplier problem.

5. The fault-tolerant k-supplier problem can be reduced to the chromatic k-supplier problem
as described in Section 2.1.1. Therefore, the fault-tolerant outlier k-supplier problem is

also a special case of the hybrid k-supplier problem.

6. Foreveryi € [k]and j € [w],if ¢; = 0,r; = |C|, and §; = |C/, then the hybrid k-supplier

problem is equivalent to the strongly private outlier k-supplier problem.

Now, we give a partition algorithm for the hybrid k-supplier problem. The partition algorithm

generalizes the algorithms given in [72].
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Lemma 5. There is a k%) . n°W time partition algorithm for the hybrid k-supplier problem.

Proof. Let F be a given set of k facility locations. Let Z* be an optimal outlier set, and let
O* ={0y,...,0;} be an optimal partitioning of C'\ Z* that minimizes the objective function
U(F,0). Every partition O is assigned to one of the facility locations in F'. Since the algorithm
does not know Oy, it guesses that O; is assigned to a facility f € F. Since there are k facilities
in I, there are total k* possibilities of assigning every O; to facilities in F'. The algorithm also
makes a guess on the value of the optimal solution W (F, Q%) over |L| - |C| possible distances
between clients in C' and facility locations in L. For each particular guess, the algorithm checks
if there is some feasible assignment of clients to F' satisfying the hybrid constraints. Then,
the algorithm outputs the feasible assignment with the minimum assignment cost over all the
possible guesses. Now, suppose that in a particular guess, O} is assigned to a facility f; € F" and
the optimal cost is A. The algorithm reduces the assignment problem to a circulation problem

on a flow network G = (V, E). The flow network is shown in Figure 2.1.

Figure 2.1: The flow network G = (V, E) that is used in the partition algorithm of the hybrid
k-supplier problem.

The vertex set V' is partitioned into the following sets:
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1. A source vertex s, sink vertex ¢, and vertex o.

2. A vertex set V¢ corresponding to the client set C'. In other words, for every client x € C'

there is a vertex v,, in V.

3. A vertex set Vp that corresponds to the facility set F'. In other words, for every facility

fi € F thereis a vertex vy, € Vp.

4. The vertex sets: Vp,, ..., Vy,. A vertex set Vy, is defined as {vy, 1, ..., vy, .} such that a

vertex vy, ; corresponds to a facility f; € F' and a color class j € [w].

Furthermore, the edge set I is defined with the lower and upper bound flow constraints as

follows:

1. There is a directed edge (s, o) with a lower bound flow of |C'| — m and an upper bound

flow of |C|. This edge ensures that at least |C'| — m clients are assigned to F.

2. For every vertex v, € V¢, there is a directed edge (o, v,.) with upper bound flow of 1 and
lower bound flow of 0. These edges ensure that a client is assigned at most one facility in

F.

3. For every vertex v, € Vi and vertex vy, ; € Vi, there is a directed edge (v, vy, ;) if
and only if the client = belongs to color class C; and d(z, f;)* < A. These edges have
the upper bound flow of 1 and the lower bound flow of 0. These edges ensure a feasible

assignment of cost at most .

4. Forevery i € [k] and j € [w], there is a directed edge (vy, j,vy,) with lower bound flow
of a; and upper bound flow of /3;. These edges ensures that for every color class j € [w]

and every facility f; € F, the constraint o; < |OF N C;| < p; is satisfied.
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5. For every ¢ € [k|, there is a directed edge (vy,,t) with lower bound flow ¢; and upper
bound flow ;. These edges ensures that for every partition OF € {O7,...,O;}, the

constraint ¢; < |Of| < r; is satisfied.

It is easy to see that a feasible integral flow through the network G corresponds to an assign-
ment of at least |C'| — m clients in C' to F that satisfies the hybrid constraints. Moreover, the
assignment cost is at most A. The circulation problem on GG can be solved in polynomial time
using the algorithms in [76, 132, 23]. Since we run this algorithm for k* - |C| - |L| possible

o(

guesses, the overall running time of the partition algorithm is k* - n®). This completes the

proof of the lemma. O

In the next subsection, we design the partition algorithms for the remaining two problems in

Table 2.1.

2.5.2 Partition Algorithms: /-Diversity and Fair Outlier k-Supplier Prob-

lems
Bandyapadhyay ef al. [21] noted that the ¢-diversity clustering problem is a special case of
the fair clustering problem. In other words, if the fair clustering problem has disjoint color
classes, and o; = 1/ and j3; = 0 for every color class C; € {C}, ..., C,}, then the problem is
equivalent to the /-diversity clustering problem. Therefore, designing a partition algorithm for

the fair outlier k-supplier problem is sufficient.

For the fair k-median problem (without outliers), Bandyapadhyay et al. [21] designed an FPT
time partition algorithm. We simply extend their algorithm to the fair k-supplier problem
with outliers. Let Z = (L,C,k,d,z,m,C},...,C,, «, ) be any instance of the fair outlier
k-supplier problem. Recall that the sets 7, ..., C,, are the color classes, each of which is a
subset of the client set C. Moreover, any two color classes can overlap with each other. In

other words, a client in C' might belong to a different color class. To simplify the problem,
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we partition the client set into I' disjoint groups: P, ..., Pr such that the points belonging to
the same group P, belong to the same set of colored classes. In other words, if clients x and y
belong to the same group F;, then for every color class C; € {C,...,C,}, z € Cy if and only
if y € C;. Also, if x and y belong to different groups F; and P;, respectively, then there exists
a color class C; € {C,...,C,}suchthatz € Cyandy ¢ Cy, orx ¢ C; and y € C,. Note
that if the color classes are pair-wise disjoint, then I' equals the number of color classes, i.e.,
[' = w. Now, we design FPT time partition algorithm for the fair outlier k-supplier problem
with running time (kT')*T - n®1), where T is the number of distinct collection of color classes

induced by the colors of clients. Formally, we state the result as follows:

Lemma 6. For the fair outlier k-supplier problem, there is a (kI')*" - n®®) time partition
algorithm, where I is the number of distinct collections of color classes induced by the colors

of clients.

Proof. Let F = {f1,..., fr} be the given set of facility locations for which we want an optimal
partitioning satisfying the fair outlier constraints. Let Z denote the optimal set of outliers and
OPT denote the optimal k-supplier cost of assigning C'\ Z to I’ while satisfying the fair con-
straints. Since there are | F'| - |C| possible distances between C' and F', the algorithm tries each
possibility for OPT. For each possibility, the algorithm finds a feasible assignment of clients to
facilities. Then, the algorithm outputs that assignment that gives the minimum assignment cost.
The assignment problem can be modeled as an integer linear program; however, solving an
integer linear program is NP-hard in general. Therefore, we model the problem as a mixed in-
teger linear program, which can be solved in FPT time parameterized by the number of integer

variables. The following is a formal statement for the same:

Proposition 1 (Proposition 8.1 of [21]). Given a real-valued matrix A € R™*4, vector b € R™,
vector ¢ € RY, and a positive integer p < d. There is an FPT time algorithm that finds a vector

x = (z1,...,24) € R that minimizes c - x, and satisfies that A - v < b and 1, ...,1, € Z.
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The running time of the algorithm is O(p*°?T°®)d* B), and the space complexity is polynomial

in B, where B is the bit size of the given instance.

Now, we model the assignment problem as a mixed integer linear program (MILP), as follows:

Constraints: Z gny <1  foreveryclientz € C
fer
Z 9o, f = hyi for every group P; € {Py, ..., Pr} and facility f € F
zeP;
Z Gu,r > |C] —m for client set C' and facility set F’

feFxzeC

Z Oof < Qi - Z G, f for every facility f € F and color class C; € {C},...,C,}
zeC; zeC

Z Guf > Bj - ng,f for every facility f € F and color class C; € {C1,...,C,}
.'EGCJ‘ zeC

0<g,r<1 for every client x € C and facility f € F

hyi € Zsg for every group P; € {Py, ..., Pr} and facility f € F

In the above MILP, for every client x € C' and facility f € F, there is a fractional variable
gz,+ < 1 that denotes the fraction of client = assigned to facility f. Moreover, for every group
P, € {P,..., Pr} and facility f € F, there is an integer variable h; that denotes the total
fraction of clients in F; that is assigned to facility f. In other words, hf; = >  p s s. The
third constraint of the MILP corresponds to the number of outliers being at most m. Lastly, the

fourth and fifth constraints of MILP correspond to the fairness constraints.

We solve the above mixed integer linear program in time O(kI')*" - n®1) as per Proposition 1.

However, the obtained optimal solution contains fractional g, s values. Next, we show that there
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always exists a solution with integral g, r values that can be obtained in polynomial time. We
reduce the problem to the circulation problem on directed graphs. We construct a flow network
G = (V, E') with upper and lower bound flow requirements on every edge. The construction is

shown in Figure 2.2.

Figure 2.2: The flow network G = (V| E) that is used by the partition algorithm of the fair
outlier k-supplier problem.

The vertex set ' contains a source vertex s, a sink vertex ¢, and an outlier regulating vertex
o. We will describe the functioning of o shortly. The rest of the vertex set is partitioned into
two sets: Ve and Vg p. The vertex set V> corresponds to the client set C. In other words, for
every client x € C there is a vertex v, € C. The vertex set Vy p corresponds to facility set F'
and groups Py, ..., Pr. In other words, for every facility f € F and group P; € {Py,..., Pr},
there is a vertex vy, in Vi p. Furthermore, the edge set E is partitioned as follows. There is
an edge (s, 0) with lower and upper bound flow requirement of exactly erc, rer 9z,5- Note
that > o rep Gur is anintegersince > o rep Gup = S > er hiy and h; ;’s are integers.
Also note that erC, fer Yo f = |C'| —m as per Constraint 2 of the MILP. Therefore, it ensures
that at least |C'| — m clients are assigned to F', and that’s why we call the vertex o the outlier
regulating vertex. Furthermore, the edge set F contains for every vertex v, € C, an edge (0, v,,)
with lower bound flow requirement 0 and upper bound flow requirement 1. These edges ensure

that a client is assigned to at most one facility in F'. Furthermore, for every vertex v, € Vi and
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vs; € Vg p, there is an edge (v, vy;) if and only if 2 € P,. Each edge has a lower bound flow
requirement of 0 and an upper bound flow requirement of 1. Lastly, for every vertex vy; € Vg p,
there is an edge (vy;,t) with lower and upper bound flow requirement of exactly hs,;. These
edges ensure that exactly h; clients of F; are assigned to any facility f € F'. It is easy to see
that the constructed flow network GG admit a feasible flow if we send a flow of g, ; through every
edge (v, vs,;). Moreover, this is the maximum flow that we can send through the network since
the capacity of edge (s, 0) is erc, er 9z,p- Since the lower and upper bound requirements on
every edge is an integer, a feasible integral flow exists through the network. We find that flow
in polynomial time using the algorithms in [132, 76, 23]. Let the new integral flow through
(Vz,vy4) is g, ;. Then, we show that the values g, ,’s also satisfy the MILP constraints. The
constraints (1)-(3) of the MILP are trivially satisfied from the flow network. Also note that
> wcp, Jug = hyi due to the flow network. Therefore, the fair constraints (4) and (5) are
satisfied since Y-, cc oy = Dpec Yop A Yo oec, Gop = Dopec, In,y for every facility f € F
and every color class C; € {C},...,C,}. These two equalities follow from the following two

sequences of equalities:

1.
r r
DG =2 Gor = _hpi=> d;
zeC i=1 z€P; i=1 zeC
2.
Zg:p,f: Z ng,f: Z hyi = Zg;,f
zcCy i: P,CCj zeh; i: P,CCj zeC
This completes the proof of the lemma. [

2.6 FPT Hardness: k-Supplier and k-Center

In this section, we prove the FPT hardness of approximation result for the k-supplier and k-

center problems. We use a reduction from the dominating set problem that is defined as follows:
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Definition 26 (Dominating Set Problem). Given an integer k > 0, an undirected graph G =
(V, E), determine if there a subset S C V of k vertices such that every vertex in V \ S is

adjacent to at least one vertex in S.

Now, note the following FPT hardness result for the dominating set problem.

Theorem 22 ([74, 42, 128]). For any function g: Z+ — RT, there is no g(k) - n°® time
algorithm for the dominating set problem assuming ETH, and no g(k) - n®%Y time algorithm

assuming W[2] # FPT.

Furthermore, there exists a parameterized reduction from dominating set problem to the k-
center problem (see Theorem 9 in [78]). This straightaway gives the following hardness result

for the k-center problem:

Theorem 11. For any constant € > 0, z > 0, and any function g: Z+ — R*, the k-center

problem can not be approximated to factor (QZ — ¢) in time g(k) - n°*® assuming ETH, and in

time g(k) - n®Y assuming W[2] # FPT.

This completes the hardness proof for the k-center problem. For the k-supplier problem, we

use a reduction from the set coverage problem. The set coverage problem is defined as follows:

Definition 27 (Set Coverage Problem). Given an integer k > 0, a set U, and a collection
€ = {S1,...,Sm} of subsets of U, i.e., S; C U for every j € [m|, determine if there exist k

sets in € that cover all elements in U.

Now, note that there exists a trivial reduction from the dominating set problem to the set cover-
age problem (see [99] for details). Therefore, Theorem 22 implies the following hardness result

for the set coverage problem:

3In [78], the definition of the k-center problem has z = 1.
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Theorem 23. For any function g: Z+ — R™, there is no g(k) - n°®) time algorithm for the set

coverage problem assuming ETH, and no (k) - n®Y time algorithm assuming \W[2] # FPT.

Furthermore, a parameterized reduction exists from the set coverage problem to the k-supplier
problem. The reduction is similar to the reduction from the hitting set problem (see Theorem
6 of [94]). For the sake of completeness, we describe the reduction here: given a set coverage
instance (U, €, k), we construct a k-supplier instance (C, L, d, k) as follows. For every set
S; € €, we define a center f; € L. For every element e € U, we define a client x, € C. Let
us define the distance function d{., .) as follows. For any two points z.,z.» € C, or f;, f; € L,
the distance d(z.,z.) = d(f;, f;) = 2. For any point z. € C and f; € L, if e ¢ S;, the
distance d(z., f;) = 3; otherwise d(z., f;) = 1. Furthermore, assume that d(., .) is a symmetric
function, i.e., d(z,y) = d(y, ) for every x,y € C'U L. Also assume that d(z, x) > 0 for every

x € C'U L. It is easy to see that d(., .) satisfies all the properties of a metric space.

Now, suppose that there exist k sets: .S;,,...,.S;, in € that cover all elements of U, i.e., S;, U
...US;, = U, then the center set F' = {f;,,..., f;, } gives the k-supplier cost 1. On the other
hand, if there does not exist any k sets in € that could cover all elements of U, then for any
center set /' C L of size k there would exist a point € C' at a distance of 3 from F), i.e.,
d(F,z) = 3. Therefore, the k-supplier cost would be 3°. Since the set coverage problem is
WI(2]-hard, it implies that the k-supplier problem can not be approximated to any factor better
than 3°, in polynomial time, assuming W/2] # FPT. This reduction together with Theorem 23

give the following hardness result for the k-supplier problem:

Theorem 10. For any constant € > 0, z > 0, and any function g: Z" — R, the k-supplier
problem cannot be approximated to factor (3° — €) in time g(k) - n°® assuming ETH, and in

time g(k) - n®Y assuming W[2] # FPT.

This completes the hardness proof for the £-supplier problem.
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2.7 FPT Hardness: Outlier k-Supplier and k-Center

In this subsection, we establish FPT hardness of approximation results for the outlier k-supplier

and k-center problems. The proofs are trivial. For the outlier k-supplier problem, we obtain the

following result:

Theorem 24. For any constant ¢ > 0, z > 0, and any function g: 7+ x Z=° — R*, the
m+o(k)

outlier k-supplier problem can not be approximated to factor (3" — e) in time g(k,m)-n ,

assuming ETH.

Proof. For the sake of contradiction, assume that for some constant € > 0, z > 0, and function
g: 7T x Z2° — R the outlier k-supplier problem can be approximated to factor (3~ — ¢)
in time g(k,m) - n™°®), For m = 0, the problem is the classical (non-outlier) k-supplier
problem. Therefore, the k-supplier problem can be approximated to factor (32 — €) in time
g(k,0) - n°® = h(k) - n°®) for some function h: Z*+ — R*. It contradicts Theorem 10. Thus,

it proves the theorem. [

Similarly, we obtain the following FPT hardness of approximation result for the outlier k-center
problem:

Theorem 25. For any constant € > 0, z > 0, and any function g: 7" x 7Z=° — R¥, the outlier

m+o(k)

k-center problem can not be approximated to factor (2" —¢) in time g(k,m)-n , assuming

ETH.

Proof. For the sake of contradiction, assume that for some constant € > 0, z > 0, and function
g: Z+* x Z=° — RT the outlier k-center problem can be approximated to factor (2Z —€)
in time g(k,m) - n™°®)_ For m = 0, the problem is the classical (non-outlier) k-center
problem. Therefore, the k-center problem can be approximated to factor (2Z — ¢£) in time
g(k,0) - n°® = h(k) - n°® for some function h: Z*+ — R*. It contradicts Theorem 11. Thus,

it proves the theorem. [
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Note that the above hardness results apply to all the outlier versions of constrained k-supplier
problems that we study in this paper since the unconstrained outlier version of the problem can

be reduced to any of the constrained versions in polynomial time.

Also note that the above two results do not eliminate the possibility of having the polynomial
time 3 and 2” approximation algorithms for the outlier k-supplier and k-center problems, re-
spectively. In fact, there exists polynomial time 3" and 2° approximation algorithms for the
outlier k-supplier [40] and k-center problem [37], respectively. Moreover, we can even obtain
the optimal solutions to the outlier k-supplier and k-center problems using a trivial O(n**1k)

running time algorithm.



66

Tight FPT Approximation for Constrained .-Center/Supplier




Chapter 3

FPT Approximation for Constrained

k-Median/Means

In this chapter, we study a range of constrained versions of the k-median and k-means problem.
In the classical (unconstrained) k-median problem, we are given a set of clients C' in a metric
space X', with distance function d(.,.). We are also given a set of feasible facility locations
L C X. The goal is to open a set F' of k facilities in L to minimize the sum of distances
of clients to the closest open facility, i.e., minimize, cost(F,C) = > jec {d(F , j)}, where
d(F, j) is the distance of client j to the closest facility in F'. The k-means problem is defined
similarly using squared distances (i.e., d*(.,.) instead of d(.,.)). In many applications, there
are additional constraints imposed on the clusters. For example, to balance the load among the
facilities in resource allocation problems, a capacity u is imposed on every cluster. In other
words, no more than « clients can be assigned to any facility/cluster. This problem is known as
the capacitated k-means/k-median problem. Likewise, various other applications have different
constraints, which give rise to different constrained versions of the problem. Surprisingly, no
constant-approximation algorithm is known for many of the constrained problems. Moreover,

the unconstrained problem itself is known to be W|2]-hard when parameterized by k. We work

67
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within the unified framework of Ding and Xu [72] that allows us to simultaneously obtain
FPT algorithms for a wide range of constrained clustering problems, namely: r-gather, r-
capacity, balanced, chromatic, fault-tolerant, ordered-weighted-average, strongly private, (-
diversity, fair, and uncertain k-median/means problems, with and without outliers. In particular,

here are some of the main highlights of this work:

1. We give (3 + ¢) and (9 + ¢)-approximation algorithms for the constrained k-median
and k-means problems, respectively, with FPT running time (k/)°®) . n©) where

n=|CUL|.

2. We also study the problems when C' C L, i.e., a facility can be opened at a client location.
For this special case, we design algorithms that give (2 + ¢) and (4 + €)-approximation
guarantees for the constrained k-median and k-means problems, respectively, with FPT
running time (k/¢)?®) . n®W), where n = |L|. Note that the case C' C L subsumes the

case C' = L. Therefore, this result also holds for the case when C' = L.

3. We also study the constrained k-median/means problem with outliers. Our algorithms
give (3 + ¢) and (9 + ¢)-approximation guarantees for the constrained outlier k-median
and k-means problems, respectively, with FPT running time ((k + m)/e)0®) . nOM),
where n = |C'U L| and m is the number of outliers. For the special case, when C' C L,
the algorithms give (2 + ¢) and (4 + ¢)-approximation guarantees for the constrained

outlier k-median and k-means problems, respectively.

4. Since our algorithms are based on a simple sampling-based approach; we also obtain
constant-pass log-space streaming algorithms for the constrained k-median/means prob-

lems with and without outliers.

5. We show that the analysis of our algorithm is tight. That is, there are instances for which
our algorithm does not provide better than (3 — ¢) and (9 — §) approximation guarantee

corresponding to k-median and k-means objectives, respectively, for arbitrarily small
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constant 0 > 0. Similarly, the analysis of our algorithm is tight for the special case

C CL.

3.1 Overview
The k-means and k-median problems are similar. We combine the discussion of these problems

by defining the k-service problem that encapsulates both these problems.

Definition 28 (k-Service Problem). Let (X, d) be a metric space. Let k be any positive integer,
and z be any positive real number. Given a set L. C X of feasible facility locations, and a set

C C X of clients, find a set I' C L of k facilities that minimises the cost: service-cost(F, C') =

Y wec { min e p {d(f, a:)z}}

For z = 1 the problem is known as the k-median problem, and for 2 = 2 the problem is
known as the k-means problem. The above definition is motivated by the facility location
problem [126] and differs from it in two ways. First, in the facility location problem, one is
allowed to open any number of facilities. Second, one has to pay for an additional facility
establishment cost for every open facility. Thus the k-service problem is equivalent to the

facility location problem for a fixed number of facilities and 0 facility establishment costs.

The k-service problem can also be viewed as a clustering problem, where the goal is to group
the objects that are similar to each other. The clustering algorithms are commonly used in data
mining, pattern recognition, and information retrieval [96]. Note that the clients assigned to the
same facility belong to the same cluster, and the corresponding facility is known as their cluster
center. Keeping this in mind, we will use the terms facility and center interchangeably from

now on.

The classical (unconstrained) £-means and k-median problems do not entirely capture the de-
sired clustering properties for many real-world applications. For example, consider the popular

k-anonymity principle [131]. The principle provides anonymity to a public database while
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keeping it meaningful simultaneously. One way to achieve this is to cluster the data in such a
way as to release only partial information related to the clusters obtained. Further, to protect the
data from the re-identification attacks, the clustering should be done so that each cluster gets
at least r data points. This method is popularly known as r-gather clustering [5]. Similarly,
we have r-capacity clustering problem where in addition to minimizing the clustering cost, we
have a constraint that no cluster can contain more than r clients [111, 2]. Likewise, there are
many other constrained versions of the k-median/means problems namely fault-tolerant [92],

fair [26], uncertain [60], (-diversity [72], etc.

An important distinction between the constrained and unconstrained clustering version is the
locality property. In simple words, the locality property says that the points close to each other
should be part of the same cluster. This property holds for the unconstrained version of the prob-
lem. However, this may not necessarily hold for many of the constrained versions of the prob-
lem where minimizing clustering cost is not the only requirement. To understand this, consider
acenter-set ' = {f1, fa, ..., fx} andlet @ = {Oy, ..., Oy} denote the clustering of the dataset
such that each client is assigned to its closest center in F'. Note that the clustering O minimizes
the distance-based cost function but may not satisfy any additional constraints on the clusters.
For example, for the r-capacity problem, a cluster O; might contain more than r clients. In a
constrained setting, we may need an algorithm that given a center-set { f1, ..., fx} as input, out-

puts a clustering @ = {Oy, ..., O} which in addition to minimising ) _. >~ _, d(z, f;)* also

z€0;
satisfies the given constraints on the clusters. Such an algorithm is called a partition algorithm.
In the unconstrained setting, the partition algorithm simply assigns clients to their closest cen-
ters in F'. However, designing efficient partition algorithms for the constrained versions of the
problem is non-trivial. Ding and Xu [72] designed a partition algorithm for the r-capacity prob-

lem and a range of other constrained clustering problems. Later, we will see that the partition

algorithms are crucial in designing FPT algorithms for constrained clustering problems.

A partition algorithm allows us to go from a center set to an optimal clustering. What about
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the reverse direction? Given a clustering O = {O;,Os, ..., Oy}, can we find a center set that
gives minimum clustering cost? The solution to this problem is simple. Construct a complete
weighted bipartite graph G = (V}, V,,, E), where a vertex in V; corresponds to a facility location
in L, and a vertex in V;. corresponds to a cluster O; € Q. The weight on an edge (¢, j) € V; x V,.

is equal to the cost of assigning the cluster O; to the i facility, i.e., > d(x,7)*. We can

:BGOj
easily obtain an optimal assignment by finding a minimum cost perfect matching in graph G.
For a given set of k distinct facilities F' = {f1, ..., fx} and a clustering © = {O1, ..., O}, we

define optimal assignment cost by the cost function:

k
¢(F0)=  min {Z > d(, ffr(i))z} : 3.1)

i=1 z€0;

In other words, ®(F, Q) is the cost of a minimum cost perfect matching in graph GG. From now

on, we will call any set of k distinct facilities { f1, ..., fx} as a k-center-set.

Note that we are considering the hard assignment version of the clustering problems. That is,
we are not allowed to open more than one facility at any location in L. This version differs from
the soft assignment version, where more than one facility can be opened at any location in L.
Note that the total number of open facilities in both versions is at most k. The soft assignment
version is easier than the hard assignment version since the soft assignment version can be
reduced to the hard assignment version by creating &k copies of every location in L. Moreover,
it has been observed that the soft-assignment version allows us to obtain better approximation
guarantees than the hard-assignment version [61, 111]. For our discussion, we will call a center-
set a soft center-set if it contains a facility location multiple times. Otherwise, we call it a hard
center-set. In fact, a soft center set is a multi-set. We will avoid using the term multi-set to keep

our discussion simple.

In the past, the constrained versions of the clustering problems were studied separately as in-

dependent problems. More recently, in 2015, Ding and Xu [72] gave a unified framework
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for these problems that they called the constrained clustering framework. They proposed this
unified framework in the context of the £-median and k-means problems in the continuous
Euclidean spaces where L = R” and C is a finite subset of R”. In this work, we extend the

framework to arbitrary discrete metric spaces.

3.1.1 Constrained k-service framework

We define the constrained k-service problem in discrete metric space as follows:

Definition 29 (Constrained k-service problem). Let (X, d) be a metric space, k be any positive
integer, and z be any positive real number. Given a set L. C X of feasible facility locations,
a set C C X of clients, and a set S of feasible partitionings of C, find a partitioning QO =

{O01,04,...,0} in S, that minimizes the cost function: ®*(0) =  min ¢(F,0).

k-center-set F'

The key component of the above definition is the set of feasible clusterings S. Using it,
we can define any constrained version of the k-service problem. Note that S could contain
an exponential number of distinct partitionings, i.e., |S| > exp(n, k). However, for many
constrained clustering problems, the set S can be defined concisely using a simple set of
mathematical constraints. For example, the set S for the r-gather problem can be defined as
S := {0 | for every partition O; € O, |0;| > r;}, where O = {O1, O,, ..., O} is a partition-
ing of the client set. We study nine other constrained clustering problems: r-capacity, balanced,
chromatic, fault-tolerant, ordered-weighted-average, strongly private, /-diversity, fair, and un-
certain k-service problems. The definitions of these problems are given in Table 3.1. Note
that the problems: fault-tolerant, ordered-weighted-average, and uncertain k-service problems
do not satisfy Definition 29 of the constrained k-service problem since their objective func-
tions are different than ®*(Q). However, each of these problems can be reduced to a dif-
ferent problem that satisfies Definition 29 of the constrained k-service problem. Ding and
Xu [72] showed these reductions for the fault-tolerant and uncertain k-service problems. For

the ordered-weighted-average k-service problem, Byrka et al. [36] showed a reduction to the
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fault-tolerant k-service problem. Thus all three problems indirectly satisfy the definition of the

constrained k-service problem.

# | Problem Description
| r-Gather k-service Given k positive integers: 7, . .., 7, find clustering @ = {0, ..., O }
" | problem with minimum ®*(Q) such that for all ¢, |O;] > r; ’
) r-Capacity k-service | Given k positive integers: 71, . .., 7k, find clustering @ = {Oy, ..., O}
" | problem with minimum ®*(0) such that for all ¢, |O;| < r;
3 Balanced k-service Given positive integers: ¢y, ..., ¢, and 1y, ..., r, find clustering
" | problem 0O = {0y, ..., Oy} with minimum ®*(Q) such that for all 7, ¢; < |O;] < r;
Chromatic k-service Given that every client has an associated color, find a clustering
4. roblem O = {0y, ..., O} with minimum ®*(Q) such that for all 7, O; should
P not have any two points with the same color.
Fault-tolerant Given positive integer ¢, < k for every client x € C,
5. . find a set I of k centers, such that the sum of service cost of the clients
k-service problem .
to ¢, of nearest centers out of F' = {fy, f,..., fx}, is minimised.
Ordered-Weighted- Given a vector (wy, ..., wy) of non-increasing weights, find a center set
6. | Average k-service {f1,, fe} such that 3, Z§:1 w; - (d;(x))” is minimised.
problem Here, (dy(z), ..., dx(x)) is a non-decreasing ordering of (d(z, f1), ..., d(z, fx)).
Stronely private Given a partitioning C1, . . ., C,, of the client set C, and a set of integers:
7. k-ser\%izep roblem {ly,...,4,}, find a clustering O = {Oy, ..., Oy} with minimum &*(Q) that
P satisfies |C; N O;] > ¢; forevery i € [k] and j € [w].
I-Diversity k-service Given a partitioning C1, ..., C,, of the client set C, a real number ¢ > 1,
8. roblerm y find a clustering O = {Oy, ..., Oy} with minimum ®*(Q) such that
P the fraction of points belonging to the same partition inside O; is < 1/¢.
Given w color classes C1, . .., C,, (not necessarily disjoint), such that every
9 Fair k-service C} is a subset of the client set C', and two fairness vectors «, 5 € [0, 1]“,
" | problem find a clustering @ = {Oy, ..., O} with minimum ®*(Q) such that it
satisfies that 3; - |O;] < |0; N Cj| < «; - |O;] forevery i € [k] and j € [w].
Given a discrete probability distribution for every client, i.e., for a client
Uncertain k ) x € C'thereis aset D, = {x1,...,x,} such that x takes the value x;
10, | CPeCTam RSEIVICE (it probability £ and 3™, ¢ < 1. Find a clustering © = {O, ..., Oy}

problem

i=1"x

and facility set ' = {f1,..., fx} suchthat ) . minscpd(z, f;)*
is minimized, where d(z, f;)? = Y. % - d(z;, f;)7.

i=1"x

Table 3.1: List of constrained k-service problems with FPT time partition algorithms (see
Section 3.9).

It has been observed in the past works [72, 28] that any constrained version of k-median/means
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can be solved using a partition algorithm and a solution to a very general “list” version of the

clustering problem which we discuss next .

Definition 30 (List k-Service Problem). Let Z = (L,C\k,d, z) be an arbitrary instance of
the k-service problem, O = {Oy,...,O} be an arbitrary clustering of the client set C, and
0 < e < 1 be an arbitrary constant. The goal of the problem is to find a list L of k-center-sets
(i.e., each element of the list is a set of k elements from L) such that with probability at least

1 —1/n, the list L contains a k-center-set F such that ®(F,Q) < - *(0) for oo = 3" + ¢ and

n = |C'U L|. For the special case when C C L, the approximation guarantee is o = 2" te.

Definition 31 (Partition Algorithm). Let Z = (L,C, k,d, z) be any instance of the k-service
problem, and let S = {Q1,0s, ..., 0} be a collection of clusterings of C. Given a center

set F' C L, a partition algorithm outputs a clustering in S that has the least clustering cost

O(F, Q) with respect to F.

Note that the set S differs for different constrained clustering problems; therefore, the partition
algorithm differs for various constrained clustering problems. However, the algorithm for the
list k-service problem is the same for every constrained clustering problem. Suppose we have an
algorithm for the list k-service problem and a partition algorithm for a particular constrained k-
service problem; then, we can obtain an approximation algorithm for that constrained k-service

problem. The following theorem proves this result:

Theorem 26. Let T = (L,C\ k,d, z,S) be any instance of the constrained k-service problem,
and let As be a partition algorithm for S with running time T4. Let B be any algorithm for the
list k-service problem with running time I'g. Then, there is an algorithm that, with probability at
least 1 — 1/n, outputs a clustering O € S that is an a-approximate solution for the constrained

k-service instance Z. Moreover, the running time of the algorithm is O(Tp + |L] - Ta).

IThis notion of list version of the clustering problem was implicitly present in the work of Ding and Xu [72].
Bhattacharya et al. [28] formalized this as the list k-means problem.



FPT Approximation for Constrained ~-Median/Means 75

Proof. The algorithm is simple. We first run algorithm B to obtain a list L. For every k-center-
set in the list, the algorithm runs the partition algorithm Ag on it. Then the algorithm outputs
a center set that gives the minimum clustering cost. Let F” be this k-center-set and Q' be the
corresponding clustering. We claim that (F”, Q') is an a-approximation for the constrained

k-service problem with probability at least 1 — 1/n.

Let O* be an optimal solution for the constrained k-service instance (L, C, k,d, z,S) and F*
denote the corresponding k-center-set. By the definition of the list k-service problem, with
probability at least 1 — 1/n, there is a k-center-set I in the list £, such that ®(F, O*) <
a-O(F*,0%). Let O = Ag(F) € S be the optimal clustering corresponding to F'. Thus,
O(F,0) < a-®(F*,0"). Since (F', Q') gives the minimum cost clustering in the list, we have

O(F',0') < O(F,0). Therefore, (F',OQ') < - O(F*,0%).

The running time analysis is also simple. T is the time to obtain the list £. Then, the algorithm
runs the partition procedure Ag for every center set in the list; the running time of this step is
|L]| - T'4. Picking a minimum cost clustering from the list takes O(|£]|) time. Hence the overall

running time is O(Tg + |L£] - Ta). O

The goal is to design an algorithm for the list k-service problem and the partition algorithms
for different constrained clustering problems. In Section 3.5, we design an algorithm for the

list k-service problem with FPT running time. Formally, we state the result as follows:

Theorem 27. LetZ = (L,C, k,d, z,Q, €) be any instance of the list k-service problem. There is
an algorithm that outputs a list L of size at most O ((log n) - (k/g)o(kzﬂ)} wheren = |CUL|.

Moreover, the running time of the algorithm is O (n . (k/g)o(’“?)), which is FPT in k.

Using Theorems 26 and 27, we further obtain the following two corollaries:

Corollary 6 (Main Result: k-Median). For any constrained version of the k-median problem

that has a partition algorithm with running time T, there exists a (3 + ¢)-approximation algo-
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rithm that succeeds with probability at least 1—1/n and has running time T-(k/ e)o(k) -(logn)+
O (n- (k/)°™)). For the special case when C' C L, the algorithm gives (2 +¢)-approximation

guarantee.

Corollary 7 (Main Result: k-Means). For any constrained version of the k-means problem that
has a partition algorithm with running time T, there exists a (9 + ¢)-approximation algorithm
that succeeds with probability at least 1 — 1/n and has running time T - (k/e)°"® . (logn) +
O (n- (k/)°™)). For the special case when C' C L, the algorithm gives (4 +¢)-approximation

guarantee.

The remaining task is to design partition algorithms for different constrained clustering prob-
lems. For all the problems mentioned in Table 3.1, we design their partition algorithms in Sec-
tion 3.9. To summarize, all the problems in Table 3.1 except the /-diversity and fair k-service
problems, the running time of the partition algorithms is k¥ - n®). Most of these partition
algorithms were first designed by Ding and Xu [72]. For the /-diversity k-service problem, the
running time of the partition algorithm is (wk)“* - n°() [21]. For the fair k-service problem, the
running time of the partition algorithm is (KI")°*T) . n®() where T is the number of distinct
collection of color classes induced by the colors of clients [21]. We describe the notation I in
more detail in Section 3.9.6. Using an algorithm for the list k-service problem and partition al-
gorithms, we obtain FPT time (3+¢) and (9 + ) approximation guarantees for these problems
with respect to k-median and k-means objectives, respectively. Formally, we state these results

as follows:

Theorem 28. There is an FPT time (3z + €)-approximation algorithm for the following con-

strained versions of the k-service problem:

1. r-gather k-service problem 2. r-capacity k-service problem
3. Balanced k-service problem 4. Chromatic k-service problem
5. Fault-tolerant k-service problem 6. Ordered-Weighted-Average k-service problem

7. Strongly private k-service problem 8. Uncertain k-service problem
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k22)

The running time of the algorithm is (k/£)° -nOW. For the special case when C C L, the

algorithm gives (2Z + €)-approximation guarantee.

Theorem 29. There is an FPT time (3Z + €)-approximation algorithm for the (-diversity k-

service problem with running time (kw/e)o(k'(‘“+z2>> -n9W). For the special case when C' C L,

the algorithm gives (2Z + €)-approximation guarantee.

Theorem 30. There is an FPT time (32 + €)-approximation algorithm for the fair k-service

problem with running time (kI'/ g)o(k'(HzQ)) -n9W, where T' denote the number of distinct
collection of color classes induced by the colors of clients. Moreover, if the color classes are
pair-wise disjoint, then I' = w, and the running time of the algorithm is (kw/a)o(k'(w+22)) :

nOW). For the special case when C' C L, the algorithm gives (QZ +¢)-approximation guarantee.

We extend the constrained clustering framework to the outlier setting in the next subsection.

The discussion will be analogous to the above discussion.

3.1.2 Constrained k-service framework with outliers

In practical scenarios, it often happens that a few clients are located at faraway locations from
the majority of the clients. These clients are called outliers. Outliers force the algorithm to
open the facilities close to the outliers. Due to this, the majority of the clients have to pay
high assignment costs. This leads to poor clustering of the dataset. To overcome this issue,
we cluster the dataset without the outliers. This gives rise to the outlier k-service problem.
A mathematical formulation of the problem was first proposed by Charikar et al. [40]. The

following is the definition of the outlier k-service problem:

Definition 32 (Outlier k-Service). Let (X, d) be a metric space. Let k and m be any positive
integers, and z be any positive real number. Given a set L. C X of feasible facility locations,

and a set C C X of clients, find a subset Z C C of size at most m clients and a set ' C L
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of k facilities such that the k-service cost of C' :== C'\ Z is minimized: service-cost(F,C") =

Yoec { minger {d(z, £)7} }

Charikar et al. [40] designed a bi-criteria approximation algorithm for the problem that gives
an O(1)-approximation guarantee while violating the number of outliers by a factor of (1 + ¢).
Chen [43] gave the first constant factor approximation algorithm for the outlier k-median
problem. Recently, Krishnaswamy et al. [106] designed the (7.081 + ¢) and (53.002 + ¢)-
approximation algorithms for the outlier £-median and k-means problems, respectively. Frig-
gstad et al. [81] gave a bi-criteria approximation algorithm for the outlier £-means problem that
gives a (25+ ¢)-approximation guarantee and opens (14 ¢) facilities. Recently, Feng et al. [80]
gave a (6 + ¢)-approximation algorithm for the outlier k-means problem (C' C L = X), with
FPT running time of O (n - BF (’“*Tm)k>, for some constant 3 > 0. In this work, we improve
this result by giving a (4 + ¢)-approximation algorithm for the outlier k-means problem and
a (2 + ¢)-approximation algorithm for the outlier k-median problem when C' C L = X with
FPT running time O (n . (HTW) O(k)> . For the general case (when C' is not necessarily a subset
of L), our algorithm gives a (9 + ¢)-approximation guarantee for the outlier k-means problem
and (3 + ¢)-approximation guarantee for the outlier k-median problem with FPT running time
O (n . (’”Tm)o(k)) Furthermore, we extend the algorithm to the constrained versions of the

outlier k-service problem. The constrained outlier k-service problem is defined as follows:

Definition 33 (Constrained Outlier k-Service Problem). Let (L, C, k,d, z, m) be any instance
of the outlier k-service problem and S be any collection of partitionings such that every parti-

tioning QO € S is a partitioning of some subset C' C C' of size at least |C|—m. Find a clustering

O = {01, 0,,...,0} inS, that minimizes the objective function: *(0) =  min O(F,0).

k-center-set F'

Furthermore, we define the list outlier k-service problem and outlier partition algorithm, as

follows:

Definition 34 (List Outlier k-Service Problem). Let Z = (L,C,k,d, z,m) be an arbitrary



FPT Approximation for Constrained ~-Median/Means 79

instance of the outlier k-service problem, O = {O1, ..., O} be an arbitrary partitioning of
the some subset C' C C of size at least |C| — m, and 0 < ¢ < 1 be an arbitrary constant. The
goal of the problem is to find a list L of k-center-sets (i.e., each element of the list is a set of k
elements from L) such that with probability at least 1 — 1/n, the list L contains a k-center-set

F such that ®(F,0) < a - ®*(0) for « = 3" + ¢ and n = |C U L|. For the special case when

C C L, the approximation guarantee o = 2" +e.

Definition 35 (Outlier Partition Algorithm). Let Z = (L, C,k,d,z, m) be an instance of the
outlier k-service problem, and let S = {01, 0y, ..., 04} be a collection of clusterings such
that each Q; is a clustering of of some subset of C' C C' of size at least |C| —m. Given a center
set F' C L, an outlier partition algorithm outputs a clustering in S that has the least clustering

cost ®(F, Q) with respect to F.

Suppose we have an algorithm for the list outlier k-service problem and a partition algorithm
for a specific constrained outlier k-service problem. We can obtain an approximation algorithm
for that constrained outlier k-service problem. The following theorem state this result and is

analogous to Theorem 26 of the non-outlier version.

Theorem 31. Let Z = (L, C, k,d, z,m,S) be any instance of the constrained outlier k-service
problem, and let As be an outlier partition algorithm for S with running time Ts. Let B be
any algorithm for the list outlier k-service problem with running time T'z. Then, there is an
algorithm that, with probability at least 1 — 1/n, outputs a clustering O € S that is an a-
approximate solution for the constrained outlier k-service instance L. Moreover, the running

time of the algorithm is O(Tg + | L] - Tx).
Proof. The proof is analogous to the proof of Theorem 26. 0

The goal now becomes to design an algorithm for the list outlier k-service problem and outlier

partition algorithms for different constrained versions of the outlier k-service problems. In
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Section 3.5, we design an algorithm for the list outlier k-service problem with FPT running

time parameterized by m and k. Formally, we state the result as follows:

Theorem 32. Let Z = (L,C, k,d, z,m,Q, ) be any instance of the list outlier k-service prob-
lem. There is an algorithm that outputs a list L of size at most O <(10g n) - ((k+ m)/s)o(k **) >
Moreover, the running time of the algorithm is O (n ((k+ m)/g)O(kz2)>, which is FPT in k

and m.

Using Theorems 31 and 32, we obtain the following two main results:

Corollary 8 (Main Result: Outlier k-Median). For any constrained version of the outlier k-
median problem that has a partition algorithm with running time T, there exists a (3 + ¢)-
approximation algorithm that succeeds with probability at least 1 — 1/n and has running time
T ((k+m)/e)°® . (logn) + O (n- ((k 4 m)/e)°™). For the special case when C C L, the

algorithm gives (2 + ¢)-approximation guarantee.

Corollary 9 (Main Result: Outlier k-Means). For any constrained version of the outlier k-
means problem that has a partition algorithm with running time T, there exists a (9 + ¢)-
approximation algorithm that succeeds with probability at least 1 — 1/n and has running time
T ((k+m)/e)°® . (logn) + O (n- ((k+m)/e)°™). For the special case when C C L, the

algorithm gives (4 + ¢)-approximation guarantee.

We consider the outlier versions of all the problems described in Table 3.1. In Section 3.9, we
design FPT time partition algorithms for the outlier versions of all these problems. Thus, we
get FPT time (3 + ¢) and (9 + ¢) approximation algorithms for the outlier versions of these
problems with respect to the k-median and k-means objectives, respectively. Formally, we state

the results as follows:

Theorem 33. There is an FPT time (3Z + e)-approximation algorithm for the outlier versions

of the following constrained k-service problems:
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1. r-gather k-service problem 2. r-capacity k-service problem
3. Balanced k-service problem 4. Chromatic k-service problem
5. Fault-tolerant k-service problem 6. Ordered-Weighted-Average k-service problem

7. Strongly private k-service problem 8. Uncertain k-service problem

The running time of the algorithm is ((k + m)/e)°® %) . nOW)_ For the special case when

C C L, the algorithm gives (ZZ + €)-approximation guarantee.

Theorem 34. There is an FPT time (SZ + ¢)-approximation algorithm for the outlier version

of the (-diversity k-service problem with running time ((k + m)w/s)o(k'(‘”%)) -n9W). For the

special case when C C L, the algorithm gives (2Z + e)-approximation guarantee.

Theorem 35. There is an FPT time (SZ + e)-approximation algorithm for the outlier version of

the fair k-service problem with running time ((k + m)F/a)O(k'<F+Z2)) W), where T denote
the number of distinct collection of color classes induced by the colors of clients. Moreover,
if the color classes are pair-wise disjoint, then I' = w, and the running time of the algorithm
is ((k+ m)w/a)o(k'(w+z2>> -nOW). For the special case when C C L, the algorithm gives

(2° + &)-approximation guarantee.

This completes the discussion on the constrained outlier k-service problem. Next, we convert
our algorithm to a streaming algorithm. We require a streaming version of the list outlier
k-service algorithm and a streaming version of the partition algorithm. In Section 3.8, we
design a constant-pass log-space streaming algorithm for the list outlier k-service problem. In
Section 3.9, we design streaming partition algorithms for the outlier versions of some of the
problems given in Table 3.1. Although the single-pass streaming algorithms are considered
useful, it is interesting to know that there are constant-pass streaming algorithms for many

outlier versions of the constrained k-service problem.
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3.2 Related Work

A unified framework for the constrained £-means/k-median problems was introduced by Ding
and Xu [72]. Using this framework, they designed (1 + ¢)-approximation algorithms for var-
ious constrained clustering problems with FPT running time parameterized by k. However,
their study was limited to the Euclidean space where L = R” and C' is a finite subset of R”.
They obtained the results using an algorithm for the list version of the k-means problem (even
though it was not formally defined in their work). The running time of their algorithm was
O(np - (logn)* - 27ow(k/2)) and the list size was (log n)* - 2P°v(¥/¢) Bhattacharya et al. [28] for-
mally defined the list k-service problem. They obtained a faster algorithm for the list k-service
problem with running time of O(np - (k/g)°(e(*/2))) and list size of (k/)°(e(*/2)) We use a
sampling-based approach similar to the algorithm of Bhattacharya et al. [28]. Our work differs

from the previous works in the following ways:

1. Working in a metric space instead of the Euclidean space poses challenges as some of
the main tools used for analysis in the Euclidean setting cannot be used in metric spaces.
We carefully devise and prove new sampling lemmas that makes the high-level analysis

of Bhattacharya et al. [28] go through.

2. Bhattacharya et al. [28] gave an algorithm for the list-k-means problem with list size

L] = (£)°() and running time O(np|L|). Their algorithm explores a rooted tree of size

(5)0(5) and depth £ where the degree of every non-leaf vertex is (f)o(%). Every node in
this tree has an associated center and the path from root to a leaf node gives one of the
k-center-sets for the output list. The algorithm has an unavoidable iteration of depth &
since their analysis works only when the centers are picked one-by-one in k iterations.
We circumvent this inherent restriction by using a constant factor approximate solution
F to the unconstrained k-means/median problem for the given dataset (C, L). That is,

service-cost(F, ') < « - OPT, where OPT denotes the optimal k-means/median cost.
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Then the sampling algorithm runs in a single iteration where poly(g) points from C' are
D?-sampled with respect to F'. Thus, we obtain the list £ in a single shot. This technique

helps us in designing streaming algorithm for the problem.

3. We study the hard-assignment version of the constrained k-service problem which is
harder than the soft-assignment version of the problem. The hard and soft assignment
versions are equivalent in the continuous Euclidean space where L = R”. The reason
is that if two facilities are opened at the same facility location, then one of the facilities
can be moved by an infinitely small distance to convert a soft-assignment to a hard-
assignment. Therefore, the previous works on the constrained clustering problem did not

consider the distinction between soft and hard assignment.

4. We extend the constrained k-median/means framework to the outlier setting. We de-
sign ((k + m)/e)°® . n®W) time algorithm for the outlier version of the constrained
k-median/means problems in general metric spaces, where n = |C' U L| and m is the

number of outliers.

Ours is the first algorithm for many problems that achieves a constant approximation in FPT
running time. Please see Table 3.2 for the known results. Independent of our work, Bandy-
opadhyay et al. [21] designed similar algorithms as ours using coreset techniques. However,

they did not study the problem in hard-assignment and outlier settings.

We want to point out that the r-gather, r-capacity, and balanced k-service problems that we
study in this paper impose cluster-wise constraints. However, the alternate definitions of the
r-gather, r-capacity, and balanced k-service problems impose constraints on individual facility
locations. Formally, the balanced k-service problem with location-wise constraints is defined

as follows:

Definition 36 (Balanced k-service Problem with Location-Wise Constraints). Given an in-

stance T = (L, C\ k,d, z) of the k-service problem, a lower bound function g: L — 7., and an
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upper bound function h: L — 7., find a set F C L of k facility and assignment ¢: C' — L that
minimizes the assignment cost y ., miniep d(j,1)* and satisfies that g(f) < [¢~'(f)| < h(f)

for every facility location f € F.

The above definition also encapsulates the r-gather and r-capacity k-service problems with
location-wise constraints. For the r-gather problem, h(f) = |C| for every facility location
f € L, and for the r-capacity problem, g(f) = 0 for every facility location f € L. Moreover,
when every facility location has the same values of g( f) and h( f), then the problems are known
as the uniform r-gather, r-capacity, and balanced k-service problems. It is easy to see that for
the uniform version, the problem with location-wise constraints is equivalent to the problem
with cluster-wise constraints. In other words, Definition 36 is the same as the definition given
in Table 3.1 for the uniform case. To the best of our knowledge, the non-uniform variant of the
problem with cluster-wise constraints has not been studied before. Furthermore, we believe that
it is non-trivial to obtain any polynomial time reduction between the problems with cluster-wise

constraints and location-wise constraints.

As we mentioned earlier, the unconstrained metric k-median problem is hard to approximate
within a factor strictly smaller than (1 + 2/e), and the metric k-means problem is hard to
approximate within a factor strictly smaller than (1 4 8/e). Surprisingly this lower bound
persists even if we allow an FPT running time [53]. The problem also has a matching upper
bound algorithm with an FPT running time [53]. Therefore, the unconstrained k-means and
k-median problems in the metric setting are relatively well understood. On the other hand,
our understanding of most constrained versions of the problem is still far from complete. We
believe that our work is important in understanding constrained problems in general metric

spaces.
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k-Median Objective k-Means Objective
# Problem
Without Outliers With Outliers Without Outliers With Outliers
r-Gather Clustering
1 (non-uniform version - - - -
* | with cluster-wise constraint)
r-Gather Clustering 7.2 (forC=L) i 86.9 (forC=L) i
(uniform version) (FPT time) [69] (FPT time) [69]
r-Capacity Clustering
’ (non-uniform version - - - -
* | with cluster-wise constraint)
r-Capacity Clustering (34 ¢)[52] i (94 ¢) [52] i
(uniform version) (FPT time) (FPT time)
Balanced Clustering
(non-uniform version - - - -
3. | with cluster-wise constraint)
Balanced Clustering 7.2 (forC=L) i 86.9 (forC=L) i
(uniform version) (FPT time) [69] (FPT time) [69]
4. | Chromatic Clustering - - - -
Fault Tolerant Clustering 93 [92] i O(1) [95] O(2) [95]
5. | (non-uniform version) (polynomial time) (polynomial time) (polynomial time)
Fault Tolerant Clustering 4 [130] i ) i
(uniform version) (polynomial time)
6 Ordered-Weighted-Average | 93 [36] i ) i
| Clustering (polynomial time)
Strongly Private
7. ; - - - -
Clustering
8. | ¢-Diversity Clustering > (4.675, 1).[27.] - (62.856, 1.) [2.7 ] -
(polynomial time) (polynomial time)
Fair Clustering 4.675,1) [27] i (62.856, 1) [27] i
9. | (disjoint color classes) (polynomial time) (polynomial time)
Fair Clustering (4.675, 4A T 3) (O(1), 4.A + 3)
(overlapping color classes) (polynomial time) - (polynomial time -
pping [26] [26]
. . (6.35 + ¢) (74 +¢)
1o, | Uncertain Clustering (for C C L)[60] | - (for C C L)[60] | -
(assigned version) Lo Lo
(polynomial time) (polynomial time)

Table 3.2: The known results for the constrained A£-median/means problems with and without
outliers. We only mention the results for the soft assignment version of the problems; however,
some of these results also hold for the hard assignment version that we did not mention explic-
itly for the sake of simplicity. No polynomial time constant factor approximation algorithm is
known for the /-diversity and fair clustering problems. The algorithms of [26] and [27] give
O(1) approximation guarantees corresponding to the k-median and k-means objective respec-
tively; however, they violate the fairness constraint by an additive factor of 4A + 3, where A
denotes the maximum number of color classes a client can be part of. When the color classes
are disjoint, the algorithms violate the fairness constraint by an additive factor of 1.
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We discuss the known results for each of the problems mentioned in Table 3.1 in more detail:

1. r-gather k-service problem: For the uniform r-gather k-median problem, the algorithms
of [129] and [9] can be adapted to obtain an O(1)-approximation guarantee [10]. Under
the assumption of C' = L, Hu Ding [69] gave FPT time (3\+2)-approximation algorithm
for the uniform r-gather k-median problem and 18\ + 16 approximation algorithm for
the uniform r-gather k-means problem. Here, A denotes the approximation guarantee
of any unconstrained k-median or k-means algorithm. We can use the FPT algorithm
of Addad et al. [53], which has A = 1 + 2/e for the unconstrained k-median problem
and A = 1 + 8/e for the unconstrained k-means problem. Moreover, these bounds are
tight, assuming Gap-ETH. Thus, the algorithm of Hu Ding [69] gives at best 7.2 and

86.9-approximation for the r-gather k-median and k-means problems, respectively.

2. r-capacity k-service problem: For the capacitated k-service problem, no constant-factor
approximation is known yet, even in the uniform setting. However, various bi-criteria
approximation algorithms are known for the problem [112, 111, 34, 67], which either
violate the capacity or cardinality constraint (the constraint on the number of open facili-
ties) by a constant factor. The problem has been also studied in FPT time parameterized
by k [139, 2, 52]. The best-known algorithm is due to Addad et al. [52]; the authors de-
signed the FPT time 3 and 9 approximation algorithms for the non-uniform capacitated
k-median and k-means problems, respectively. However, their algorithm holds when the
non-uniform capacities on imposed on the locations. On the other hand, our algorithm
holds when the non-uniform capacities are imposed on the clusters. Our algorithm gives
the same bounds as that of [52] for the uniform capacitated case. Moreover, we extend

our algorithm to the outlier and streaming settings.

3. Balanced k-service problem: Under the assumption of C' = L, Hu Ding [69] gave FPT

Bera et al. [27] did not explicitly mention the results for the /-diversity clustering problem. However, the
results follow from [27] since the /-diversity problem is a special case of fair clustering problem with disjoint
color classes as noted by Bandyapadhyay et al. [21].



FPT Approximation for Constrained ~-Median/Means 87

time (3\ + 2)-approximation algorithm for the uniform balanced k-median problem and
18\ 4 16 approximation algorithm for the uniform balanced k-means problem. Here, A
denotes the approximation guarantee of any unconstrained k-median or k-means algo-
rithm. We can use the FPT algorithm of Addad et al. [53], which has A = 1 + 2/e for
the unconstrained k-median problem and A = 1 + 8/e for the unconstrained k-means
problem. Moreover, these bounds are tight, assuming Gap-ETH. Thus, the algorithm of
Hu Ding [69] gives at best 7.2 and 86.9-approximation for the balanced k-median and

k-means problems, respectively.

4. Chromatic k-service problem: The problem was formulated by Ding and Xu [71] and
it has certain applications in cell biology [70]. Ding and Xu [72, 71] gave a PTAS for the
chromatic k-median and k-means problems in the Euclidean space (i.e., C' C L = R")
and Bhattacharya er al. [28] improved the running time of the algorithm. No constant

factor approximation algorithm is known for the problem in the general metric spaces.

5. Fault-tolerant £-service problem: In the fault-tolerant k-service problem, given a fa-
cility set F' C L, the cost of a client x € C' is the sum of the distances to its ¢, closest
facility locations in F. If 7, is the same for every = in C, then we call the problem
the uniform fault-tolerant k-service problem. On the other hand, if 7, is not the same
for every x, then we call the problem the non-uniform fault-tolerant k-service problem.
For the non-uniform fault-tolerant k-median problem, the first approximation algorithm
was given by Anthony et al. [15]. The algorithm had a O(log n)-approximation guaran-
tee. Hajiaghayi et al. [92] gave an improved 93-approximation algorithm for the problem.
For the uniform fault-tolerant k-median problem, a better approximation guarantee of 4 is
known due to Swamy and Shmoys [130]. For the outlier fault-tolerant k-means problem,

Inamdar and Varadarajan [95] gave O({)-approximation algorithm.

6. Ordered-weighted-average (OWA) k-service problem: The problem was first pro-

posed by Byrka et al. [36]. The authors reduced the OWA k-service problem to the
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fault-tolerant k-service problem with client multiplicities. The client multiplicity means
that each client ;7 € C' could have multiple copies in the instance. This reduction gave
a 93-approximation for the OWA k-median problem, using the 93-approximation algo-
rithm of the fault-tolerant k-median problem [92]. However, since the multiplicity could
be exponential in |C/, a straightforward implementation of the algorithm of Hajiaghayi et
al. [92] does not run in polynomial time. However, the authors showed that the algorithm
of Hajiaghayi et al. [92] could be adapted to run in polynomial time for the fault-tolerant

k-median problem with client multiplicities.

. Strongly private k-service problem: This problem has recently been proposed by Ros-

ner and Schmidt [127] in the context of the k-center objective. The authors gave 5 and 4
approximation algorithms for the k-supplier and k-center versions, respectively, without
outliers. However, no constant factor approximation algorithm is known for the problem

for the k-service objective.

. {-diversity k-service problem: Bandyapadhyay et al. [21] noted that the /-diversity clus-

tering problem is a special case of the fair clustering problem when the color classes are
disjoint, and o; = 1/¢ and 3; = 0 for every color class C; € {C},...,C,}. Therefore,
the problem admit 4.675 and 20.443 approximation algorithms for the k-median and k-
means versions, respectively, without outliers [27]; however, the algorithms violate the
constraint by an additive factor of 3, i.e., 0 < |O; N C;| < |0;|/¢ + 3 for every cluster

O; € {O4,...,0} and color class C; € {C4,...,C,}.

Another variant of the ¢-diversity clustering problem was proposed by Li et al. [110].
Given an integer constant ¢ > 0, the task is to find a clustering @ = {Oy, ..., O;} of the
client set C' with minimum ®*(Q) such that for every cluster O;, |O;| > ¢ and O; should
not have any two clients with the same color. Note that, unlike other clustering problems,

here, we do not have any restriction on the number of open centers.

9. Fair k-service problem: In this problem, we are given w color classes: Ci,...,C,
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10.

that are subsets of the client set C' and two fairness vectors o, 3 € [0,1]“. No true
constant factor approximation algorithm is known for the problem yet. The existing
algorithms give O(1) approximation guarantee for the k-median and k-means objectives,
respectively; however, they violate the fairness constraint by an additive factor of 4A + 3,
where A denote the maximum number of groups a client can be part of [26]. For the case

of disjoint color classes, the fairness constraint is violated by an additive factor of 1 [27].

Unfair k-service problem (Probabilistic Clustering): The problem was proposed by
Cormode and McGregor [60]. The authors defined the input instance in the following
manner: A client j in C' is represented by a random variable X; such that j is present
at the location € X with probability ¢, i.e., P[X; = z] = tJ. Certainly, we have
Y osex tJ < 1 for every client j € C. Also, note that the probability could be less than
one since it is possible that a client might not exist at all. The cost function is defined in

two ways: unassigned and assigned, as follows.

(a) Unassigned Cost: In this case, we output a center-set /' that minimizes the follow-

ing cost function:

k-median: Z (H PriX; = x| Z d(z;, F))

(z1,22,...,tn)EXT™ \J=1

k-means: > (ﬁ Pr(X; = z;] - z": d*(z;, F))

(z1,22,...,en)EX™ \J=1

Here, n == |C|, and d(x, F') := minsep {d(z, f)} denote the distance of z to the

closest facility location.

Let F™* be an optimal center-set corresponding to the above objective function. We
assign a client j to a facility location in /' based on its realized position. Suppose
x; 1s the realized position of the client j. Then we assign j to a facility location that

is closest to ;.
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(b) Assigned Cost: In this case, we assign a client to a cluster center prior to its realiza-
tion. Therefore, we assume that for a client 7, all its realizations are assigned to the
same center. The goal is to output a center set F' and an assignment o : C' — F’ that

minimizes the following cost function:

k-median: Z (H PriX; =] - Z d(z;, U(i)))

(@1,02,mwn)EXT \j=1

k-means: Z HPI‘[Xj = ;] - Z d*(z5,0(7))

(z1,22,...,xn)EX™ \j=1

Cormode and McGregor [60] showed that using the linearity of expectation, the
problem can be equivalently stated as finding a clustering O = {0y, ..., Oy} and
facility set F' = {f1,..., fx} suchthat ) _.miny cpd(z, f;) is minimized, where
d(w, f;)7 = S0 th - d(xs, ).

The unassigned version of these problems is quite simple. In this case, both problems
can be simply reduced to their weighted unconstrained counterparts by linearity of ex-
pectation (see Section 5 of [60]). Thus we get a (2.675 + ¢)-approximation for the
uncertain k-median problem [35] and (9 + ¢)-approximation for the uncertain k-means
problem [8]. Therefore, in this work, we only study these problems with respect to their

assigned objectives.

For the assigned version, Lammersen and Schmidt [108] gave the first coreset construc-
tion for the assigned version of the uncertain k-median problem. Cormode and McGre-
gor [60] reduced the assigned version of the uncertain k-service problem to its weighted
unconstrained counterpart, with a certain loss in the approximation factor. In particu-
lar, they gave a (2« 4 1)-approximation algorithm for the uncertain k-median problem
3

and a (8a + 2)-approximation algorithm for the uncertain k-means problem °. Here,

3For the uncertain k-means objective, Cormode and McGregor [60] did not state the (8c + 2)-approximation,
explicitly. However, this result can be obtained using the same technique used to obtain the (2a.+1)-approximation
for the uncertain k-median problem. The (2« + 1)-approximation algorithm for the uncertain k-median problem
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« is the approximation guarantee of any unconstrained k-median/k-means algorithm.
The current best approximation guarantee for the unconstrained k-median problem is
(2.675 + ¢) [35], and the unconstrained k-means problem is (9 + ¢) [8]. Substituting
these «v values, we obtain (6.35 + ¢)-approximation for the uncertain k-median problem,
and (74 + ¢)-approximation for the uncertain k-means problem. All the above-stated

approximation guarantees assume that C' C [ = X.

3.3 Notations and Identities

This section defines the notations and identities that we frequently use in the paper. We
define the unconstrained k-service cost of a client set S with respect to a center set F' as
service-cost(F, S) := Y _cminsep d(f,x)?. For a singleton set { f}, we denote
service-cost({ f }, S) shortly by service-cost(f, S). For an instance Z = (L, C, k,d, z), we de-

note the optimal (unconstrained) k-service cost of the instance by OPT(L, C'| k).

The following is the binomial approximation inequality that we use to simplify the terms with

large exponents.

Fact 1 (Binomial Approximation). Fore -n < 1/2, we have (1 + &)™ < (1 + 2¢en)

Proof. We prove using induction on n. For the base case, n = 0; therefore, the fact holds
trivially. Then, we assume that the induction hypothesis holds for n = k. Thatis (1 + &)* <
1 + 2¢ek for ek < 1/2. Then, we show that induction hypothesis holds for n = k + 1 for

e(k + 1) < 1/2. The proof follows from the following sequence of inequalities:

(14 ) < (14 2ke)(1+¢)

(. ek <e(k+ 1) < 1/2 and using induction hypothesis for n = k)

is stated in Theorem 10 of [60]. In this theorem, if we replace the triangle-inequality with approximate triangle-
inequality for the k-means objective, we would obtain an (8« + 2)-approximation guarantee.
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=14 2k + ¢ + 2%
<1+2k+e+e, (ek <1/2)

=1+2(k+1).

Hence proved. O

We use the following fact to carry out the trade-off between two values a and b. We will choose

the value of § according to our requirements.

Fact 2. Forany 6,z,a,b > 0, we have (a + b)* < (14 6)% - b* + (1 + %)z - a”.

Proof. There are two possibilities: a < § - bor a > ¢ - b. For the first case, we have (a + b)* <
(1+6)% - b*. For the second case, we have (a+b)* < (1+ %)z -a”. Hence we get the required

result. L]

Since we are working on the metric spaces, triangle inequality becomes a powerful tool to prove
the required bounds. We need to generalize the triangle inequality since we deal with a general
cost function d*. The following inequality is the generalization of the triangle inequality and

simply follows from the power-mean inequality.

Fact 3 (Approximate triangle inequality). For a set of points {a,b,c} € X, d(a,b)* < 27t

((d(a,c)® + d(c,b)?). Similarly for a set of four points {a,b,c,d} € X we have d(a,b)* <
3771 ((d(a, c)* + d(c,d)* + d(d, b)?)

In the following lemma, we use uniform sampling to obtain a constant approximation for any
arbitrary cluster S. A similar version of the lemma has been used in multiple other works to

analyze sampling-based algorithms (for example, see Lemma 3.1 in [16]).
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Lemma 7. Foraset S C C, let f* be any center in L. If we uniformly sample a point x in S

and open a facility at the closest location in L, then the following identity holds:
E[service-cost(t(z), S)] < 3" - service-cost(f*, S),
where t(x) is the closest facility location from .

Proof. The proof follows from the following sequence of inequalities.

E[service-cost(t(z), S)]

|S| <Z service-cost(t(x), S))

€S

Ez

zeS z’'eS

IN

S\ZST 2 > (d(f ey +d(a, f)7 + (’5(95)»90)2)>, (using Fact 3)

zeS x'eS

IN

B\T| SN @) e £+ (f*,w)z)>, (by defn. of 1())

zeS z’eS

32—1

=5 Z service-cost(f*, S) + Z service-cost(f*, S) + Z service-cost(f™, S))
| ‘ z€eSs z'es z'es
32—1

= 5 (3|S| - service-cost(f*, S))

—3". service-cost(f™*, S)

Note that, in the above lemma, it is not necessary to open a facility at the closest location from
x. Rather, we can open a facility at a location that is at least as close to x as f*. In the next
lemma, we show that if we are allowed to open a facility location at client locations as well,

then it gives a better approximation guarantee.
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Lemma 8. Foraset S C C, let f* be any center in L. If we uniformly sample a point x in S

and open a facility at x, then the following identity holds:

E[service-cost(z, S)] < 2” . service-cost(f*, S)

Proof. The proof follows from the following inequalities.

E[service-cost(x, S)] = % (Z service-cost(z, S))
z€S
-5 (Z > d<x,w'>z)
z€S x’'eS
z—1
2
< —ar Z Z (d(f*,2)* +d(x, f*)*) |, (using Fact 3)
|S| zeS x'eS
z—1
2

= 1 <2|S| - service-cost(f*, S))

. service-cost(f™, S)

3.4 A Simple List k-Service Algorithm

In this section, we design an algorithm for the soft version of the list k-service problem. That
is, we can open more than one facility at a location in L while keeping the total number of
open facilities to most k. The algorithm is simple; however, it can not be extended to the
hard-assignment version. We use the techniques similar to Section 2.4; we convert the bi-
criteria approximation algorithm for the unconstrained k-service problem to the list k-service

algorithm. The bi-criteria approximation algorithm is defined as follows:

Definition 37 (Bi-criteria Approximation). Let Z = (L, C\ k,d, z) be any instance of the un-
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constrained k-service problem. An (o, [3) bi-criteria approximation algorithm is an algorithm
that outputs a set F' C L of Bk facilities such that the cost of the client set C' with respect to F’
is at most « times the optimal cost of the instance. That is,

service-cost(F’',C) < a- min {service-cost(F, C)} =« - OPT(L,C, k)

k-center-set F'

We convert an («, 3) bi-criteria approximate solution to a list k-service solution using the fol-

lowing theorem:

Lemma9. Let 7T = (L, C, k,d, z) be any instance of the k-service problem. Let S be any («, [3)
bi-criteria approximate solution of L. Let L be the list of all k-sized soft-subsets of S. Then,
for any arbitrary partitioning O = {Oy, ..., Oy} of C, there exists a k-sized set S in the list L

that gives (3271 - (a + 2))-approximation to the optimal assignment cost of Q. That is,
O(5.0) < (37 - (a+2)) - 2%(0).

Proof. Let Fy = {f1,..., fr} C L be an optimal soft-center set of Q. That is, ®(Fp, Q) =
$*(0). For any point z € C'U Fp, let g(x) denote a facility in .S that is closest to z. That is,
g(z) = argmin,eg {d(s,z)}. We define a new soft-center set S’ := {g(f1),...,9(fx)} C S.
We show that S’ is a (32_1 - (a 4+ 2))-approximate solution to Q. The proof follows from the

following sequence of inequalities:

Z d(z, ()
€0;

Mw ||M?r

~
Il
—
8
m
Q
S

IN

(d(:c, fi) +d(fi, g(fl))> Z, (using triangle inequality)

-

s
Il
—
8
m
2

(d(:zc, fi) +d(fi, g(m)))z, (from definition of ¢( f;))
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k z
Z Z < x, ;) +d(fi,x) +d(z, g(z ))> : (using triangle inequality)
i=1 2€0;
o Z >~ (dtw, £ +d(fi, ) + dlw,g(x))*), (using Fact 3)
i=1 z€0;
k
=373 S (24 dlw £)7 + d(, g(@))?),
i=1 z€O;
:3z_1 290 ZZda:g
i=1 z€O;
—37"2.0°0)+3" - Y d(w, g(x))?
zeC

—37 2. ®*(0)+3 - service-cost(S, ),
379 o*(0)+3 Ca OPT(L,C, k), (.- S'is an a-approximation)
<3 - (2+a) 27(0),

("." unconstrained cost is always smaller then the constrained cost)

This proves that S is a (3Z_1 - (a + 2))-approximate solution to O. Note that S’ C S and L is

the list of k-sized soft-subsets of S; therefore S’ € L. This proves the lemma. O]

To use the above lemma, we require a bi-criteria approximation algorithm for the uncon-
strained k-service problem. Interestingly, there exists a polynomial time randomized (1

e,0(In(1/¢))) bi-criteria approximation algorithm due to Neal Young [140]. The algorithm
outputs O(kIn(1/¢)) centers such that the expected unconstrained k-service cost of the client
set with respect to the center set is at most (1 + ) times the optimal. There also exists a
polynomial time deterministic (1 + &, O(In(1/e)/e)) bi-criteria approximation algorithm due

to Chandra Chekuri [41]. We substitute the algorithm of Chandra Chekuri [41] in the previous
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lemma; therefore, « = 1+ ¢ and § = O(In(1/e)/e). We set € = 5’/32_1 for some constant

¢’ < 1. Then, the above lemma gives the following result for the list k-service problem:

Corollary 10 (Main Result). Let Z = (L, C, k,d, z,0, ) be any instance of the list k-service
problem. Then, there is an algorithm that outputs a list £ of size (k1n(1/£)/2)°") such that it

contains a k-sized soft-center-set that is (BZ + &')-approximation to the optimal clustering cost

of Q. The running time of the algorithm is (k1n(1/¢)/2)°® . n°W which is FPT in k.
The above algorithm is simple; however, it has the following main limitations:

1. The algorithm does not hold for the hard assignment version of the list k-service problem.
The set S’ obtained using Fiy could have duplicate facilities since it is possible that two
distinct facilities f;, f; € Fp, their closest facilities in g(f;) and g(f;) in .S could be the

same.

2. The algorithm does not give improved approximation guarantee for the special case when

C CL.

3. We do not know how to extend the algorithm to the outlier setting while achieving the

same approximation guarantee of (3° + ¢).

4. We do not know how to convert the algorithm to the streaming algorithm.

In the next section, we use a different approach to solve the problem, and we do not face these

limitations.

3.5 Algorithm for List Outlier k-Service Problem

In this section, we design an FPT (in m and k) time algorithm for the list outlier k-service
problem with running time (k + m)°®*2) . n°M)_ It implies a k°*2*) . n°U) time algorithm

for the list k-service problem without outliers. Moreover, our algorithm works in the outlier
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setting. Our algorithm is based on D*-sampling technique: given a center set F' and client set

C, sampling a point from the client set C' w.r.t. center set F' using the distribution where the

service-cost(F, {z}) minycp d(f,r)*

service-cost(F, C) ZyEC minfep d(f,y)?’ If Fis

sampling probability of a client x € C'is

empty, then D*-sampling is the same as uniform sampling. Please see Algorithm 3.1 for the

list outlier k-service problem.

List-Outlier-k-Service (L,C,k,d, z, &, m)

Inputs: Outlier k-service instance (L, C, k, d, z,m) and accuracy ¢

Output: A list £, each element in £ being a k-center set

z . Qz%+4z+3 z . Q2%+452+1 . Qz+2

2% -3 1)y =2 3 : _afyk-3
c z+1 c 52
(1) Run any a-approximation algorithm with o = poly(k + m) for the unconstrained

(k 4+ m)-service instance (C,C, k + m, d, z) and let I be the obtained center-set.

(k-means++ [16] is one such algorithm.)

z

Constants: 3 = 4771 . (

2) L+

(3) Repeat (logn) - 2* times:

“4) Sample a multi-set M of nk points from C' using D*-sampling w.r.t.
center set [

(5) M+~ MUF

(6) T+« 0

7 For every point x in M

(8) T «+ T U {k facilities in L that are closest to =}

©)) For all subsets S of T" of size k:

(10) L+ LU{S}

(11) return(L)

Algorithm 3.1: Algorithm for the list outlier k-service problem

Let us discuss some of the main ideas of the algorithm and its analysis. First, note that as

per the algorithm description, the list size is 2" - ((”+1)Z2+mk) - (

logn), which is bounded by
@) ((log n)-((k+m)/ e)o(kz2)> for the parameters given. This is because in step (9), the al-
gorithm considers all possible k sized subsets of (multi)set 7" of size (n + 1)k* + mk. We
now discuss the approximation guarantee. Note that in the first step, we obtain a (m + k)-

sized center-set ' C C' which is an a-approximation for the unconstrained (k + m)-service

instance (C,C,k + m,d, z). Any « polynomial in k£ and m suffices for our analysis. That
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is, service-cost(F,C) < a - OPT(C,C,k + m). One such algorithm is the k-means++ al-
gorithm [16] that gives an O(4% - log(k + m))-approximation guarantee and a running time

O(n(k +m)), where k + m are the number of centers.

Now, let us see how the center-set /' can help us. Let us focus on any cluster O; of a target
clustering O = {O,...,O}. We note that the closest facility to a uniformly sampled client
from any client set O; provides a constant approximation to the optimal 1-median/means cost
for O; in expectation (see Lemma 7). Unfortunately, we cannot uniformly sample from O;
directly since O; is not known to us. Given this, our main objective should be to use F’ to try
to sample uniformly from O; so that we could achieve a constant approximation for O;. Let us
do a case analysis based on the distance of points in O; from the nearest point in F'. Consider
the following two possibilities: The first possibility is that the points in O; are close to F'. If
this is the case, we can uniformly sample a point from F’ instead of O,. This would incur some
extra cost. However, the cost is small and can be bounded. To cover this first possibility, the
algorithm adds the entire set /' to the set of sampled points M (see line (5) of the algorithm).
The second possibility is that the points in O; are far away from F'. In this case, we can D?-
sample the points from C'. Since the points in O; are far away, the sampled set would contain
a good portion of points from O;, and the points will be almost uniformly distributed. We will
show that almost uniform sampling is sufficient to apply Lemma 7 on O,. However, we would
have to sample many points to boost the success probability. This requirement is taken care of
by line (4) of the algorithm. Note that we may need to use a hybrid approach for analysis since
the real case may be a combination of the first and second possibilities. Most of the ingenuity
of this work lies in formulating and proving appropriate sampling lemmas to make this hybrid

analysis work.

To apply Lemma 7, we need to fulfill one more condition. We need the closest facility loca-
tion from a sampled point. This requirement is handled by lines (7) and (8) of the algorithm.

However, note that the algorithm picks k-closest facility locations instead of just one facility
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location. We will show that this step is crucial to obtain a hard-assignment solution for the
problem. Finally, the algorithm adds all the potential center sets to a list £ (see lines (9) and
(10) of the algorithm). The algorithm repeats this procedure (log n) - 2* times to boost the suc-
cess probability (see line (3) of the algorithm). We prove the following result (restatement of

Theorem 32):

Theorem 36. Let0 < ¢ < land z > 1. Let (L, C, k,d, 2, m) be any outlier-k-service instance.
Let O = {01, 0s,...,O} be any arbitrary clustering of some arbitrary subset C' C C' of size
at least |C| — m. The algorithm List-Outlier-k-Service, with probability at least
1 — 1/n, outputs a list L of size O ((log n) - ((k+ m)/e)O(k22)> such that there is a k-center-

set S € L in the list such that ®(S,0) < (3° + ¢) - ®*(0). Moreover, the running time of the

algorithm is O <n ((k+ m)/g)o(k'z2)>. For the special case when C' C L, the approximation

guarantee is (2° + ¢).

Firstly, we analyse the case when C' is not necessarily a subset of L. The analysis of the special
case C' C L is similar; however there are subtle differences. We analyse the special case in

Section 3.6.

Let Z C C be (unknown) target set of at most m outliers, O = {0;,0Os,...,Ox} be the
(unknown) target clustering of C' \ Z, and F* = {f, f5,..., f¥} be the optimal center set
of O. Suppose O; is assigned to f;, and A(O;) denote its assignment cost, i.e., A(O;) =
service-cost(f;*, O;). We classify the clusters into two categories: low-cost cluster set I and

high-cost cluster set H.

W = {0, | service-cost(F, O;) < 2

- service-cost(F, ), for 1 <i < k}
avk

€

H = {0; | service-cost(F, O;) > - service-cost(F, (), for 1 <i < k}

ary

In other words, the set W contains the clusters with low-cost and H contains the clusters with



FPT Approximation for Constrained ~-Median/Means 101

high-cost with respect to /. The set M that is obtained in lines (4) and (5) of the algorithm has

the following property:

Property-I: For any cluster O; € {O1, O,, ..., Oy}, with probability at least 1/2,

there is a point s; in M such that the following holds:

(3+5) a0+ i OPT(C.CLk +m), ifO; €W

service-cost(t(s;), 0;) <

(32 + g) A0, ifO; € H

where ¢(s;) denotes any facility location that is closer to s; than f, i.e., d(s;, t(s;)) <

d(siv fz*)

We prove the above property in Sections 3.5.1 and 3.5.2. Next, we note the following lemma:

Lemma 10. Let Z C C be any arbitrary set of at most m outliers, Q = {Oy, ..., Oy} be any
clustering defined over the client set C'\ Z, and F* = {f{, f5,..., [} C L be an optimal cen-

ter set of Q. Then OPT(C,C, k +m) < 2. Zle A(O;), where A(O;) = service-cost(f/, O;).

Proof. Let F, .= {g(f7),9(f5),...,9(f5)} be the set such that g(f) denote the client in O;
that is closest from f*. Note that ®(F,, Q@) < S°F 2" . A(O;). The proof follows from the

following sequence of inequalities:

O(F.,0) = Zdeg

1=1 z€0;
Z Z Fd(f,9(f)7) (using triangle inequality)
=1 z€0
k
Z ) +d(ff @) (using the definition. of g(f;"))
=1 z€0;

=2 Z > dx, i)

=1 2z€0;
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Now, consider each point in Z = {z1,...,z,}, as a cluster of its own. Let us denote these
clusters by {Ok11, Oki2, - -, Orim}, i€, Opyy = {z;}. Based on it, let us define a new clus-
tering Q' := {01, Os, ..., Ok} having k 4+ m clusters. Let F' := F. U Z be a center-set for
O’ such that for 1 < i < k, a cluster O; is assigned to f*; and for k +1 < i < k+m, a
cluster Oy, is assigned to z;. Thus we get &(F’, Q') = &(F,,0) < YF 2" - A(O;). More-
over, note that F” is a feasible center set and O’ is a feasible clustering for the unconstrained
(k + m)-service instance (C, C, k +m,d, z). Thus OPT(C,C, k + m) < ®(F’,Q'). Hence we

get OPT(C,C k +m) < 2°- Zle A(O;). This proves the lemma.

Now we use the above lemma and property to prove Theorem 36. The lemma and property
together implies that T = {t(s1),t(sz2),...,t(sk)} isa <3z + 5) -approximation for @, with
probability at least 1/2%. * Now note that the facility locations that are closest to s; satisfy the
definition of ¢(s;). Moreover, the algorithm adds one such facility location to set 7" (see line (8)
of the algorithm). Therefore there is a center-set 7 in the list that gives ( 37+ £)-approximation
for Q. To boost the success probability to 1 — 1/n, the algorithm repeats the process (logn) - 2%
times (see line (3) of the algorithm). Based on these arguments, it looks like we got the desired
result. However, there is one issue that we need to take care of. Remember, we are looking for
a hard assignment for the problem, and the set 7 could be a soft center-set, since the closest
facility locations might be the same for two s;’s. In other words, ¢(s;) could be the same as #(s;)
for some ¢ # j. However, we show that there is another hard center-set in the list £, that gives

the required approximation for the problem. To obtain a hard center-set, we use of line (8) of

the algorithm. In line (8), the algorithm picks the k closest facility locations from L instead of

“Note that the probabilities can be multiplied since M can be partitioned into k& groups and we actually show
that the good point s; for O; is either in F or is in any group with probability at least 1/2.
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just one. Note that it is not necessary to open a facility at a closest location in L. Rather we can
open a facility at any location f in L that is at least as close to s; as [}, i.e., d(s;, f) < d(sq, )

(see Property-I).

Let T'(s;) denote a set of k closest facility location for s;. We show that there is a hard center-set
T, ={f1,..., fx} C UiT(si), such that d(s;, f;) < d(s;, fF) for every 1 < i < k. We define

T}, using the following simple subroutine:

FindFacilities
() Th+0

(2) forie{l,.. k}:
3) if f7 € T'(s;):

4) T« T U{f}
) else
(6) let f be any facility in 7'(s;) that is not in 7},
(7) Th < Th U {f}
Lemma 11. T, = {f1, f2,..., fx} contains exactly k different facilities such that for every

1 <i <k, wehave d(s;, f;) < d(s;, 7).

Proof. Firstly, we show that all facilities in 7}, are different. Since f; is different for different
clusters, the if statement always adds different facilities to 7. And, the else statement only

adds a facility to T}, that is not present in 7},. Therefore, all the facilities in 7}, are different.

Now we prove the second property, i.e., d(s;, fi) < d(s;, fi) forevery 1 < ¢ < k. The property
is trivially true for the facilities that are added in the if statement. For the facilities added in the
else statement, we know that T'(s;) does not contain f;. Since 7'(s;) is a set of k-closest facility
locations, for any facility location f in T'(s;), d(s;, f) < d(s;, fF). Thus any facility added in

the else statement has d(s;, f) < d(s;, f;). This completes the proof. O
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Thus 7}, € L is a hard center-set, which gives (3z -+ &)-approximation to the problem. We prove

Property-I and Lemma 10 in the following subsections.

Now, we analyse Theorem 36 for the case when C' is a subset of L. In other words, we are
allowed to open a facility at a client location. For this case, the algorithm can open the facilities
at the locations {sy, so, ..., sx} instead of ¢(s;)’s, and it would not need to execute lines (7)
and (8). Furthermore, it can be shown that {s1, sa, ..., s;} gives (22 + ¢)-approximation to the
optimal clustering cost of Q. However, note that {s1, S, . . ., s} could be a soft center-set. To
obtain a hard center-set, the algorithm must execute lines (7) and (8). In that case, the analysis

differs slightly. We discuss these details in Section 3.6.

3.5.1 Proof of Property-I: Low-Cost Clusters

Let O; be a low-cost cluster, i.e., service-cost(F, O;) < aivk - service-cost(F’, (). For a point
x € X, let ¢(x) denote the closest location in F, i.e., c(z) = argmin;.p{d(z, f)}. Based on
the definition of ¢(z), consider a multi-set M; = {c(z) | € O;}. Since O; has a low cost
with respect to F', the points in O; are close to points from . Consider uniformly sampling a
point from M;. In the next lemma, we show that a uniformly sampled point from }/; is a good

enough center for O;.

Lemma 12. Let p be a point sampled uniformly at random from M,. Then the following bound

holds:

E[service-cost(t(p), 0;)] < (32 + g) -AO;) + % -OPT(C, C, k + m).
2k

Proof. The proof follows from the following sequence of inequalities.
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[E[service-cost(t(p), O;)]

— |Ol\ 103 service-cost(t(p),OD)

= |5A| 10303 d<x,t<p>>2)
! peEM; z€0O;

SH PP d(:c,t<c<x'>>)z>
t z'€0; x€0;

= |01.| 1 DIDBCUCEIEXCRICH) +d(c(x’),t(c(x’))))z> ,
! 2/ €0; z€0;

(using triangle inequality)

“or (Z > (. a) + d(a’. (@) + d(ela), f;*))Z) ,

' €0; z€0;

(by the defn. of t(x))

o (Z > (e, ) +d(@,e(@') + d(a cla '>>+d<w',f:>>Z>,

' €0; z€0;

IN

(using triangle inequality)

Let us use Fact 2, by setting a = 2 - d(2/,¢(2')) and b = d(z,2") + d(«', fF). We get the

following expression, for any 6 > 0:

O (m; ;go: (( ) (d(z, ") +d(a', f7))* + (1 4+ 6)* - 927, d(a', C(x’))z>>
(Z Z f:>>Z) "

( ) o (3
<Z|O| 2" d(a/, e >>)

z'eO

(1+6)?

By lemma 7, we have

z

57 (Zoco, oco ldle,a’) +d(’, £))7) <37 AO). Thus,

E[service-cost(t(x), O;)] <
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we get:

E[service-cost(t(p), O;)]

<

IN

IN

IN

IA

1+1
4]

<1+

1+

1+2z-

(SR

z+2
z-3

) 37 A0) + (1+68)* - |01i| : (Z [eA -zz-d(x',c(x’)y)

z'€0;

) .3 A(O;) + 2Z(1 + 0)* - service-cost(F, O;)

z

.37, A(O;) + 22(1 + §)* - service-cost(F, 0,),

z+2
z-3

(by substituting § = )

| 3" A(O;) + 22(1 + §)* - service-cost(F, 0,),

(using Fact 1)

-A(0;) + 2Z(1 + 8)? - service-cost(F, O;)

-A(0;) + 2Z(25)Z - service-cost(F, O;), (-1<0,fore<1)

-A(O;) + — service-cost(F, (),

(.- service-cost(F, O;) < c ? - service-cost(F’, C'))
«

P 3z2+5z+1

- A(O;) + —57— - service-cost(F, 0), (fy=")
2 ak €

- A(O;) + —— - OPT(C, C, k + m),
2

(.- service-cost(F, C) < a - OPT(C, C, k + m))
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This completes the proof of the lemma. 0

Since the above lemma estimates the average cost corresponding to a sampled point, there

3

has to be a point p in M; such that service-cost(t(p), O;) < <3Z + ;) -A0;) + —— -
2"k

OPT(C, C, k + m). Since M; is only composed of the points from F', and we keep the entire

set F'in M (see line (5) of the algorithm), therefore Property-I is satisfied for every low-cost

cluster O; € W.

3.5.2 Proof of Property-I: High-Cost Clusters

Let O; be a high-cost cluster, i.e., service-cost(F, O;) > aifyk - service-cost(F, (). Since the
cost of the cluster is high, some points of O; are far away from the center set /'. We partition

O; into two sets: O and O/, as follows.

1 service-cost(F’, O;)

O = {z | d(c(x),z)* < R, forx € O;}, where R" = 3 O]

2 z 1 i - tF )
Of == {z|d(c(x),z)* > R, forz € O;}, where R" = 3 — |COO.S‘( L

In other words, O} represents the set of points that are near to the center set F' and Olf represents
the set of points that are far from the center set F'. Recall that our prime objective is to obtain
a uniform sample from O; so we can apply lemma 7. To achieve that we consider sampling
from O} and Ozf separately. The idea is as follows. To sample a point from Ozf , we use the
DZ*-sampling technique and show that it gives an almost uniform sample from Of . For O}, we
use F' as its proxy and sample a point from F' instead. However, doing so would incur an extra

cost. We show that the extra cost is proportional to service-cost(£, O), which can be bounded
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easily. To bound the extra cost, we use the following lemma.

1 service-cost(F, O; . 241
Lemma 13. For R* = — - (£ 00) , we have service-cost(F, OF) < 5—2 :
g |0 : ~2 . 32245242

A(Oy).

Proof. We have,

A(0;) > service-cost(f;, OF)

= 3" d(f )

zeop

> Z w —d(z,c(x))* |, (using Fact 3)

zeoy 2

= ——————— | — service-cost(F, O;")
zeor 2

> Z d(c(f7), 17)?

zeOoy 2

— service-cost(F, O;").

Using Fact 3, we get service-cost(c(f;), 0;) < 2° . (A(O;) + 04| - d(e(fF), f)7). Since

service-cost(F, O;) < service-cost(c(f;), O;), we get
service-cost(F, O;) — 9", A(O;)

de(fr), f5)? > o] . Using this, the previous expression simplifies

to:

service-cost(F, O;) — 2" A(O;)

A(O;) > |0} — — service-cost(F, O

104

B8R

z—1

A0:)

= ’O:L’ ' z—1
2 |04

_lor|. — service-cost(F, OF),
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z 1 service-cost(F), O;)
TR ==.
( B |O;]
A(O;)

z

—1
2 04

)

B

z—1

> service-cost(F, O) - — |07 - — service-cost(F, O}),
(. service-cost(F, O") < |O}| - R

> ——————service-cost(F, O}") — A(O;), .07 <104 < 2 |O;i)

On rearranging the terms of the expression, we get

z—1
2.4
service-cost(F, O}') < — - A(Oy)
g —4
z+1 2—1 z , 2224+42z+3
I N A
2% .37 +5z+42 Z_:z+1
Hence proved. O
Since we are using F' as a proxy for OF, we define a multi-set M* = {c(x) | z € O},

where c(z) denote the location in F' that is closest to , i.e., ¢(z) = argmin; p{d(z, f)}.
Furthermore, we define another multi-set M, = Olf U M. In the following lemma, we show
that there is a point in M, that is a good center for O;. The lemma is similar to lemma 12 of the

low-cost clusters.

Lemma 14. Let p be a point sampled uniformly at random from M;. Then the following bound

holds:

E[service-cost(t(p), 0;)] < <SZ + Z) -A(O;)
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Proof. E[service-cost(t(p), O;)]

— ]Ol : (Z service-cost(t(p),@))

pEM;

- |01| ' (Z service-cost(t(c(z')), 0) + ) service—cost(t(x’),oi)> .

veoy weo!

We evaluate these two terms separately.

1. The first term:

Z service-cost(t(c(z')), O;)

z'e0}
= Z Z d(z, t(c(z’
2/ €O z€0;
< 3 (o) + d(a ea)) + d(ela’), He(@')))F
z’'€0 z€0;
(using triangle-inequality)
< DD (dlx,a) +d(ae(a)) + d(e(a), )7
x’'e0f z€0;
(by the defn. of t(c(x)))
< Y o) + d(@ o) + Al e(@!)) + do’ f7))
z’'€O z€0;

(using triangle-inequality)
1 z ! / * z ’ 2
<> > <<1+g> (d(z,7') + (@, [+ 27 (14 0)7 - (o, (&) )
z’'€O z€0;

(using Fact 2).
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2. The second term:

Z service-cost(t(x'), 0;) < Z Z "+ d(2 t(2"))?,

T GOIf T GOlf z€0;

(using triangle-inequality)

< Z Z(d(m,x') +d(2', f1))?,

Cﬂ'GOlf z€0;

(by the defn. of ¢(z)).

On combining the two terms, we get the following expression:

(z S (o) + di f;=>>z)

' €0; x€0;

E[service-cost(t(p), O;)] < <1 + 1) :

1
O

3" j0i] - 27 d( o))

x’'eOp

+ (14 6)7 -

Using Lemma 7, we have

E[service-cost(t(x), O;)] <

|Ol7| . <Zw’€Oi Zmeoi(d(aj,x’> —I—d(q;’7 fj))z) <3 . A(O» Thus,

we get the following:

E[service-cost(t(p), O;)]

1+1 Z-BZ-A(O~)+(1+5)Z- L.
0 Z [ea

IN

3 j0i] 27 d(! e(a!))?

z'eO}

= (1 + %) .3 A(O;) + 2z(1 + §)* - service-cost(F, O})
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=11+ | 3. A(O;) + 2Z(1 + §)* - service-cost(F, O}"),
Z -
5. 3z+3
(by substituting § = )
£
<|1+2z- €Z+3 .37 A(O;) + 22(1 + 9)* - service-cost(F, O}),
zZ-3
(using Fact 1)
= (ZSZ + % - A(0;) + 2z(1 + §)? - service-cost(F, O}"),
= <3Z + % -A(0;) + 2", (20)* - service-cost(F, O}), 1<, fore <1
z 3 3 .
< (3 + 3| A(O;) + 3 A(0;), (using lemma 13)
) <3Z +7)-a0)
4
This completes the proof of the lemma. [

We obtain the following corollary by applying Markov’s inequality to the previous lemma.
Corollary 11. For any 0 < € < 1 and point p sampled uniformly at random from M;, we have:

3

Pr |service-cost(t(p), O;) < <3Z + g) AO)| > -
3

Let us call a point p, a good point if ¢(p) gives (SZ + %) -approximation for O;. We obtain the

following corollary from the previous corollary.
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e 0]
32+2

Corollary 12. There are at least good points in M;.

Now, our goal is to obtain one such good point from M;. We are done if F' contains any good
point since the algorithm adds the entire set /' to M. As a result, Property I is satisfied for
high-cost cluster O;. On the other hand, if F' does not contain any good point, then there is
no good point in M as well. It simply means that all good points are present in Ozf . We use
the D*-sampling technique to sample these good points. Let G C Olf denote the set of good

04
3z+2

points. Then we have |G| > . Using this fact, we prove the following lemma.

Lemma 15. For any point p € Ozf and any D?-sampled point © € C, we have: Prlx = p] >

€ . z . ‘ g2
o kO] T and Pr [serwce—cost(t(x), 0,) < (3 + 5) AO) | > W
Proof. For any point p € Of, Pr[z = p| =
R’ .
d*(p, c(p)) S 1 service-cost(F, O;) S 5

service-cost(F, C') — service-cost(F, C) B B10;] ' service-cost(F,C) — afyk|O;

Let Z denote an indicator random variable, such that Z = 1 if service-cost(t(x), O;) < <3Z +

E) - A(0O;) and 0 otherwise.

2

This completes the proof of the lemma. [
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The above lemma states that every point in C’if has a sampling probability of at least 7. More-

52

over, a sampled point gives <3Z + %) -approximation for O; with probability at least .
(a Bk - 32+2>
afyk- 3+

To boost this probability, we sample 7 := — Q= points independently from C' using D?*-
sampling (see line (4) of the algorithm). It follows that, with probability at least 1/2, there
is a point in the sampled set that gives 3+ 5 |-approximation for O;. Hence, Property-I is
satisfied for high-cost cluster O;. Also, in line(4) of the algorithm, we sample 7 - k points, i.e.,

7 points corresponding to each cluster. Hence, Property-I holds for every cluster in H.

3.6 Analysis of List Outlier £-Service Algorithm: Special Case

CCL
Since we are dealing with a special case, all the previous lemmas (i.e., Lemma 12, 13, 14,

and 15) are valid here as well. We only update Lemmas 12 and 14 with approximation guarantee

of 2” instead of 3°. We show that M has the following property when C' C L:

Property-I1: When C' C L, for any cluster O; € {O1, O, ..., Oy}, there is a point
s; in M such that with probability at least 1/2, the following holds:
(2Z n 5) A0 + —5=— -OPT(C,Ck +m), ifO;, €W

. 2 2% +1 E
service-cost(u;(s;), O;) <

(22 + g) - A(0)), if O, € H.

Here, for any point x € C'U L, u;(x) denotes a location that is as close to z as
its closest point in O;. In other words, if p = arg min,c {d(y, )} is the closest

location in O;, then d(z, u;(x)) < d(x, p).

We prove Property-II for the low-cost and high-cost clusters in 3.6.1 and 3.6.2, respectively. Us-
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ing Property-1I and Lemma 10, the set {u;(s1), ua(s2), ..., ug(sk)} is <2Z + %)—approximation
for O with probability at least 1/2*. To boost the success probability to 1 — 1/n, the algorithm
repeats the procedure (logn) - 2% times (see line (3) of Algorithm 3.1). Note that s; is always a
possible candidate for u(s;), and it is added to the set 7" in line (8) of the algorithm. Therefore,
L contains a set that is <2Z + ;) -approximation for Q. However, the set {s1, s, ..., s, } could
be a soft center-set. Now we show that there is a hard center-set 7}, = {f1, f2, ..., fx} in the
list, which gives 2" + g -approximation. Our argument is based on the fact that we can open
a facility at any location w;(s;), which is at least as close to s; as the closest location in O; (see
Property-II). Let p; denote a location in O; that is closest to s; i.e. p; = argmin,cp, d(zx, s;).
We show that d(s;, f;) < d(s;,p;) for every 1 < i < k. The following analysis is very similar
to the analysis that we did in Section 3.5 for the general case. The only difference is that f* is

replaced with p;.

Let T'(s;) denote a set of & closest facility locations for a sampled point s; € M (see line(8) of

the algorithm). We define T}, = { f1, fa, . . ., fx} using the following simple subroutine:

FindFacilities
() Tp<+0

(2) foriec{l,.. k}:
3) if p, € T(s;):

4) Ty < Ty U{pi}

5 else

(6) let f be any facility in 7'(s;) that is not in 7},
0 Ty « T, U {f}

Since size of each T'(s;) is exactly k, T}, will contain k facilities at the end of the for-loop.

Lemma 16. The subroutine picks a set T, = {f1, f2, ..., fx} of k distinct facilities such that
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forevery 1 <i <k, d(s;, f;) < d(si,p;)-

Proof. Firstly, we show that all facilities in 7}, are different. Since, p; is different for different
clusters, the if statement adds facilities to T}, that are different. And, the else statement only

adds a facility to 7}, that is not present in 7}. Therefore, all the facilities in 7}, are different.

Now we prove the second property, i.e., d(s;, f;) < d(s;, p;) for every 1 < i < k. The property
is trivially true for the facilities added in the if statement. For the facilities added in the else
statement, we know that T'(s;) does not contain p;. Since T'(s;) is a set of k-closest facility
locations, for any facility location f in T'(s;), d(s;, f) < d(s;,p;). Thus any facility added in

the else statement has d(s;, f) < d(s;, p;). This completes the proof. O

Thus 7}, € L is a hard center-set, which gives (22 + ¢)-approximation for the problem. Now

we prove Property-II for the low-cost and high-cost clusters.

3.6.1 Proof of property-I11: Low-cost clusters

Let O; be a low-cost cluster, i.e., service-cost(F, O;) < aivk - service-cost(F’, (). For a point
x € X, let ¢(x) denote the closest location in F, i.e., c(z) = argmin ;. p{d(z, f)}. Based on
the definition of c¢(x), consider a multi-set M; == {c(z) | x € O;}. Since O, has a low cost
with respect to F', the points in O; are close to points from . Consider uniformly sampling a
point from M;. In the next lemma, we show that a uniformly sampled point from M/; is a good

enough center for O;.

Lemma 17. Let p be a point sampled uniformly at random from M,. Then the following bound

holds:

E[service-cost(u;(p), O;)] < (23 + g) -A(O;) + z+€1 -OPT(C,C, k +m)
2"k
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Proof. The proof follows from the following sequence of inequalities.

E[service-cost(u;(p), O;)] = | 01’ : Z service-cost(u;(p), OZ-))
¢ peEM; z€0;
- [ dle ey
|04l x'€0; z€0;
< o1 | T X (o) 4l et + et wteta')) >2),
¢ 2'€0; z€0;

(using triangle inequality)

i~
(]

(d(z, 2) + d(z', c(z")) + d(c(), $'))Z> :
(by the defn. of u;(c(z')))

ol (Z 2 () +2d<xcc<x'>>>z)

—_

Let us use Fact 2 by setting b = d(z,2') and a = 2 - d(2, ¢(2”)). We obtain the following

expression, for any 6 > 0:

3 (S5 () e sasin)
: (Z Z d(x,x’)z>

( ) o (22
<Z|0| 2°d(z, ce(x )))

z'€0

+ (14 0)?
= (1 + —) - E[service-cost(z, O;)] + 2Z(1 + §)? - service-cost(F, O;)

1\* P
< (1 + —) -2 - A(O;) +2 (14 6)7 - service-cost(F, O;), (using lemma 8)
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=1+ = | 2°. A(O;) + 2Z(1 + 6)* - service-cost(F, 0;),
Z .
z+2
Z-3 '
(by substituting § = )
€
<[ 1+4+2z = | 2. A(O;) + 2Z(1 + d)* - service-cost(F, O;), (using Fact 1)
Z .
=2+ g) -A(0;) + 22(1 + §)? - service-cost(F, O;),
< 9 + %) -A(O;) + 2. (20)* - service-cost(F, O,), 1 <o, fore <1
4.5 ¢
< <2Z + E) - A(O;) + ————— - service-cost(F, (),
2 avk
(.- service-cost(F, O;) < < r service-cost(F, C))
a
P c 27 322+52+1
<12 +=] -A0;)+ - service-cost(F, (), Y= —
2 z+1 c?
ak
z £ g
< (2 + —) -A(O;) + —— - OPT(C, C, k),
2 z+1
2k
(.- service-cost(F, (') < a - OPT(C, C, k + m))
This completes the proof of the lemma. 0

By the above lemma, we can claim that there is a point p in M; such that service-cost(u;(p), O;) <

<2Z + ;) - AO;) + % - OPT(C, C, k). Since M; is only composed of the points from F'
2 k

and I’ is contained in M, Property- II is satisfied for every low-cost cluster O; € W. Next we
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analyze the high-cost clusters.

3.6.2 Proof of property-11: High-cost clusters

Let O; be a high-cost cluster, i.e., service-cost(F, O;) > - service-cost(F, (). Since the

_c
avk
cost of the cluster is high, some points of O; are far away from the center set /. We partition

O, into two sets: O and Olf , as follows.

2 z 1 ice- F O;
O ={z | d(c(z),)* <R, forx € O;}, where R™ = 5 service |COC’§|t( O1)

1 service-cost(F’, O;)

B 0]

O/ = {z | d(c(z),z)* > R, forz € O;}, where R =

In other words, O} represents the set of points that are near to the center set F' and Olf represents
the set of points that are far from the center set F'. Recall that our prime objective is to obtain
a uniform sample from O; so we can apply lemma 7. To achieve that we consider sampling
from O and O/ separately. The idea is as follows. To sample a point from O/, we use the
DZ-sampling technique and show that it gives an almost uniform sample from Of . For O, we
use F' as its proxy and sample a point from F' instead. However, doing so would incur an extra
cost. We bound the extra cost using the Lemma 13 from the previous section. Since we are
using F as a proxy for OF, we define a multi-set M := {c(x) | z € OI'}, where ¢(x) denote
the location in [ that is closest to , i.e., ¢() = arg min . p{d(z, f)}. Furthermore, we define
another multi-set M, := Ozf U M. In the following lemma, we show that there is a point in M,

that is a good center for O;.

Lemma 18. Let p be a point sampled uniformly at random from M;. Then the following bound

holds:
E[service-cost(u;(p), 0;)] < <2Z + Z) - A(Oy)
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Proof. E[service-cost(u;(p), O,)]

- ‘01’ - (Z SeI‘ViCC-COSt(Ui(p),Oi)>

peM;

- : Z service-cost(u;(c(x')), O;) + Z service-cost(u;(z'), O;)

veoy weo!

We evaluate these two terms separately.

1. The first term:

D cor service-cost(u;(c(z')), O;)

= Z Zd(m,ui(c(x

z’'€0 x€0;
< Z Z ) +d(a (@) + de(z’), uile(@'))) )
(using triangle-inequality)
<3N (dl ) + @ e@) + d(ela), 7)) ),

z'€0f z€0;

(by the defn. of u;(c(2')))

=D > (daa!) +2d(',e(2))),

2'€0} z€0;

DI ((H%) -d<w,x’>2+2z<l+6>z-d(xxc(o:’))Z)

I/EO? z€O;

(using Fact 2)

2. The second term:
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> weo ! service-cost(u;(z'), O;)

Z Z )+ d(2',u;(2"))?, (using triangle-inequality)
= Z Z d(z,2')?,  (by the defn. of u;(2'), for 2’ € O, d(z', us(z')) = 0)

x’EOlf z€0;

Now we combine the two terms; we get the following expression:

E[service-cost(u;(p), O;)]

§<1+1)Z
:(1+1

5
< (1 + %) 2" A(O;) + 22(1 + §)* - service-cost(F, O}'), (using lemma 7)

(Z dex) (146)%- |01i|. S 0i] 27 - d(!, ea))?

z'€0; x€O €0}

z
) - E[service-cost(z, O;)] + 2Z(1 + §)* - service-cost(F, O}")

z

=11+ €Z+3 27 A(O;) + 22(1 + §)* - service-cost(F, O}),

(by substituting § = )

< (1 +2z- €z+3 97 A(O;) + 22(1 + 9)? - service-cost(F, O), (using Fact 1)
3

-A(0;) + 22(1 + §)* - service-cost(F, O}"),

-A(0;) + c. A(O;), (using lemma 13)

<2
= <2Z + % -A(0;) + 2" (20)* - service-cost(F, O}), 1<9, fore <1
2 1t

8 8
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- (22 + Z) L A0))

This completes the proof of the lemma. [

We obtain the following corollary by applying Markov’s inequality to the previous lemma.

Corollary 13. If we sample a point p € M;, uniformly at random, then for ¢ < 1:

9 g

Z 22+2 > 3z+2

Pr

service-cost(u;(p), O;) < <2Z + g) - A(O)

Since Corollary 11 is similar to Corollary 13, all the further arguments made in Section 3.5.2
are valid here as well. Thus with probability at least 1/2, there is a point x in the sampled set
M such that u;(z) gives 2"+ ;) -approximation for O;. In other words, Property-II holds

for every high-cost cluster in H.

3.7 A Matching Lower Bound on Approximation

In this section, we show that the algorithm List-Outlier-k—-Service does not provide
better than (3~ — &) approximation guarantee for arbitrarily small &' > 0 (and 2° — & for the
special case C' C L). In other words, the analysis of our algorithm is tight. To show this, we
create a bad instance for the problem in the following manner. Let G = (V, E) be an undirected
weighted graph with vertex set V' := C' U L. The shortest weighted path between two vertices
defines the distance metric d(.,.). The set C' is partitioned into subsets: C},Cs, ..., Cy, and
L is partitioned into subsets: Ly, Lo, ..., Lx. The subgraphs over C) U Ly,C5 U Lo, ..., and
Cy U L, are identical to each other. A subgraph over C; U L; is defined as follows: all the
clients are connected to a common facility location f;* with a unit weight edge. Each client is
connected to a distinct set of k facility locations with an edge of weight (1 — §). We denote this

set by T'(x) for a client = € C;. Figure 3.1 shows this subgraph. Lastly, all pairs of subgraphs
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C; U L; and C; U L; are connected with an edge (f;, f;) of weight A >> [C]. This completes

the construction of the bad instance.

Consider the unconstrained outlier k-service problem with m = 0 (no outliers allowed). It is
easy to see that O = {C,Cy, ..., Cy} is the optimal clustering for this instance. The optimal
cost of a cluster C; is service-cost(f;", C;) = |C;|, and the optimal cost of the entire instance is

OPT(L,C. k) = 52, |Ci| = |C].

O : Client Location

O : Facility Location

Figure 3.1: An undirected weighted subgraph on C; U L;.

Now, we show that the list £ produced by the algorithm List-Outlier-k-Service does
not contain a center-set that could provide better than (32 — ¢’)-approximation to @. To show
this, we examine every center-set in the list £ produced by List-Outlier-k—-Service.
Note that the set 7" obtained in line (8) of the algorithm does not contain any optimal facility
location f;* because f; does not belong to 7'(z). Therefore, no center set in the list contains
any of the optimal facility locations { f], ..., f;}. Now we evaluate the clustering cost corre-
sponding to every center set in the list. Let ' = {f1, fa, ..., fi} be a center-set in the list. We
have two possibilities for the facilities in £'. The first possibility is that at least two facilities
in F' belong to the same subgraph C; U L;. In this case, the cost of the clustering would be

service-cost(F, Q) > A > OPT(L,C, k). So, in this case, I’ gives an unbounded clustering
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cost. Let us consider the second possibility that all the facilities in F' belong to different sub-
graphs. Without loss of generality, we assume that f; € L;. Since f; can not be the optimal
facility location, we can further assume that f; € 7'(x) for some x € C;. The cost of a cluster in
this case is service-cost(f;, C;) = (3—0)*(|C;| — 1)+ (1 —=6)* > (3—0)*(|C;] — 1) . Hence, the
overall cost of the instance is ®(F, Q) > (3—0)*-(|C|—k) > (3—6)%-|C|=3"k > (3" =4")-|C],

z

3k
for & = 3*~!. 20 + —. Therefore, the list does not contain any center set that can provide

C
better than (3~ — 0") approximation guarantee to the optimal clustering O.
Theorem 37. For any 0 < §' < 1, there are instances of the k-service problem for which the
algorithm
List-Outlier-k-Service does not provide better than (3° — &) approximation guar-

antee.

Now, let us examine the same bad instance when we have the flexibility to open a facility at a
client location. In this case, we have a third possibility that ' = {f1, fo, ..., fx} such that f; is
some client location in C;. The cost of a cluster in this case is service-cost(f;, C;) = 2°-(|Cj|—1)
and the overall cost the instance is ®(F,Q) = 2°-|C|—2"-k = (2°=¢")-|C|, for & = 2" -k/|C|.

So for the special case C' C L, we obtain the following theorem.

Theorem 38. For any 0 < 0’ < 1, there are instances of the k-service problem (with C' C L),
for which the algorithm List-Outlier-k-Service does not provide better than (2Z —4")

approximation guarantee.

3.8 Streaming Algorithms

In this section, we convert the algorithm of the constrained outlier k-service problem to a
constant-pass log-space streaming algorithm. The offline algorithm for the constrained outlier
k-service problem has two main components: the list outlier k-service algorithm and the outlier

partition algorithm. The list outlier k-service procedure is common to all constrained versions
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of the problem. However, the outlier partition algorithm differs for different constrained ver-
sions. We convert the algorithm List-Outlier-k—-Service to a streaming algorithm in

the following manner:

Conversion of List-Outlier-k—-Service to Streaming Algorithm:

1. In the first pass, we run a streaming a-approximation algorithm for the instance
(C,C,k + m,d, z). For this, we use the streaming algorithm of Braverman et
al. [32]. The algorithm gives a constant-approximation with the space complexity

of O((k +m) - logn).

2. In the second pass, we perform the D*-sampling step using the reservoir sampling

technique [135].

3. In the third pass, we find the k-closest facility locations for every point in M.

This gives us the following result:

Lemma 19. There is a 3-pass streaming algorithm for the list outlier k-service problem. The
algorithm outputs a list of size f(k, m,e, z) -log n. Moreover, the running time of the algorithm
is O(n - f(k,m,¢e)) and space complexity is f(k,m,¢e, z) - logn, where f(k,m,e,z) = ((k +

m)/€>0(l~cz2)_

Now, we need to design the partition algorithms for the constrained clustering problems in the
streaming setting. For the chromatic k-service problems, there does not exist any deterministic
log-space streaming algorithm (see Section 4.5 of [87]). In Section 3.9.4 we show that this
impossibility result also holds for the strongly-private k-service problem. For the ¢-diversity
and fair k-service problems, we neither know any log-space streaming algorithm nor any im-

possibility result. For the remaining constrained clustering problems mentioned in Table 3.1,
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we design the streaming partition algorithms for their outlier and non-outlier versions in Sec-
tion 3.9. Together with Lemma 19, we obtain the following results for the constrained clustering

problems:

Theorem 39. There is a 6-pass streaming algorithm for the outlier version of the r-gather,
r-capacity, and balanced k-service problems that gives a (3Z + €)-approximation guarantee.
The algorithm has the space complexity of O(f(k,m,¢e,z) - logn) and the running time of
O(f(k,m, e, z) - n°W), where f(k,m,e,z) = ((k +m)/e)°%*). For the special case when

C C L, the algorithm gives (2z + €)-approximation guarantee.

Corollary 14. There is a 6-pass streaming algorithm for the r-gather, r-capacity, and balanced
k-service problems that gives a (3Z + ¢e)-approximation guarantee. The algorithm has the
space complexity of O(f(k,e,z) - logn) and the running time of O(f(k, e, z) - n°WV), where
f(k,e,2z) = (k/e)°® ). For the special case when C' C L, the algorithm gives (2° + ¢)-

approximation guarantee.

Theorem 40. There is a 4-pass streaming algorithm for the fault-tolerant, ordered-weighted-
average, and uncertain k-service problems that gives a (3Z + &)-approximation guarantee. The
algorithm has the space complexity of O(f (k, e, z) -log n) and the running time of O(f(k, ¢, z)-
n), where f(k,e,z) = (k/e)°* %) For the special case when C C L, the algorithm gives

(2° + )-approximation guarantee.

Theorem 41. There is a 5-pass streaming algorithm for the outlier version of the fault-tolerant,
ordered-weighted-average, and uncertain k-service problems that gives a (32+5)—appr0ximati0n
guarantee. The algorithm has the space complexity of O(f(k, m,e, z) - logn) and the running
time of O(f(k,m, e, z)-n), where f(k,m, e, z) = ((k4+m)/e)°*%*). For the special case when

C' C L, the algorithm gives (2° + ¢)-approximation guarantee.
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3.9 Partition Algorithms

In this section, we design partition algorithms for the outlier and non-outlier versions of the
constrained k-service problems mentioned in Table 3.1. We also convert each of these algo-
rithms to log-space streaming algorithms or show that such an algorithm does not exist. In the
streaming setting, the clients in C' arrive as a stream of points, and the partition algorithm has
to assign each client to a facility location in given set F' such that the clustering constraints are

satisfied.

3.9.1 r-gather/r-capacity/balanced k-service problem
We design a partition algorithm for the balanced k-service problem. The same partition algo-

rithm is also used for the r-gather and r-capacity k-service problems since they are the special

versions of the balanced k-service problem. Let Z = (L, C, k,d, z,m, ly, ... bk, 71,...,7%) be
any arbitrary instance of the balanced outlier k-service problem. Let F' = {fi,..., fx} be a
given set of facility locations. Let Z be an optimal set of outliers and O = {O;, ..., O} be an

optimal partitioning of C'\ Z with respect to F that satisfies the balanced clustering constraints.
Since we do not know which cluster is assigned to which facility location in F', we exhaustively
consider all k* possibilities. Without loss of generality, we assume that cluster O; is assigned to
facility location f;. Now we reduce the partitioning problem to a min-cost circulation problem

on a flow network G = (V, ). The vertex set V' is composed of the following vertices:

1. A source vertex s, sink vertex ¢, and vertex o.

2. A vertex set V¢ corresponding to the client set C'. In other words, for every client x € C'

there is a vertex v, in V.

3. A vertex set Vp that corresponds to the facility set /. In other words, for every facility

fi € F thereis a vertex vy, € Vp.
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Furthermore, the edge set £ is composed of the following edges, each with lower and upper

bound flow constraints:

1. There is a directed edge (s, 0) with a lower bound flow of |C| — m and an upper bound
flow of |C|. This edge ensures that at least |C'| — m clients are assigned to F'. The cost

of the edge is 0.

2. For every vertex v, € V¢, there is a directed edge (o, v,.) with upper bound flow of 1 and
lower bound flow of 0. These edges ensure that a client is assigned to at most one facility

in F'. The cost of each edge is 0.

3. For every vertex v, € V¢ and vertex vy, € Vp, there is a directed edge (v,, vy,) with
upper bound flow of 1 and lower bound flow of 0. The cost of each edge (v,,vy,) is

proportional to the distance d(z, f;).

4. For every vy, € Vp, there is a directed edge (vy,, t) with lower bound flow ¢; and upper
bound flow r;. These edges ensures that each partition O; € {O; ..., Oy} satisfies the

constraint: ¢; < |O;| < r;. The cost of each edge is 0.

It is easy to see that a feasible integral flow through the network G corresponds to an assignment
of at least |C'| —m clients in C' to F that satisfies the clustering constraints. The minimum cost
circulation problem on G can be solved in polynomial time using the algorithms in [76, 132, 23].
Since we run this algorithm for k* possible guesses of assigning O;’s to f;’s, the overall running
time of the partition algorithm is kE - nPM where n = |C'U L|. Formally, we state the result as

follows:

Lemma 20. There is a k°%) - n°W) time partition algorithm for the outlier version of the

balanced k-service problem, where n = |C'U L|.

To convert the partition algorithm to a streaming algorithm, we use the following result:
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Definition 38. Ler z be any positive real number. Let G = (Vg, Ve, E) be an edge-weighted
bipartite graph with partitions Vi and V. Further, we associate a number n,, with each vertex
v € V. We say that G approximately represents the pair (F,C'), where F' is a set of k facility

locations and C' is the client set if the following conditions are satisfied:

* The set Vi = F. Each client x € C'is mapped to a unique vertex v in Vi — call this

vertex ¢(z). Further n, is equal to |~ (v)].

* For each client x € C and facility f € F, the weight of the edge (¢(x), f) in G is within
(1%¢) of d(z, )

Theorem 42. Given a pair (F,C), there is a single pass streaming algorithm that builds a
bipartite graph G that approximately represents this pair. The space used by this algorithm

(which includes the size of G)is O (K? - 2 - (k +logn + log A) - (k - 6* - logn + k* - log"(1))),
maxgec, fer d(, f) = |CUF
mingaec\F,feF d(z, f)’ " |

Further, the dependence on log A\ can be removed by adding one more pass to the algorithm.

where A is the aspect ratio defined as A = ,and k = |F|.

Before proving Theorem 42, let us see how it gives streaming partition algorithm. We again
formulate the flow formulation in an analogous manner — the only change is that the subgraph
on the vertex set V- and V5 is replaced with the approximate graph representation using Theo-
rem 42 and the upper bound capacity on edge (o, v) is changed to n,, for every vertex v € V. It
is easy to see that an optimal cost flow in the flow network corresponds to (1+¢)-approximation
to the cost of optimal partitioning. After finding an optimal flow, the algorithm must assign the
clients to the facility locations in F'. For this, the algorithm makes one more pass through the
client set and assigns a client x to that facility location f to which a non-zero flow is going via
edge (¢(x), vy). After assigning a client to a facility location, the algorithm reduces the flow by
one unit on appropriate edges. In total, the algorithm makes three passes through the client set
— two passes to create an approximate graph representation of (F,C') and one pass to assign

clients to the facility locations in F'. Formally, we state the result as follows:
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Lemma 21. There is a 3 pass streaming partition algorithm for the outlier version of the bal-
anced k-service problem. The algorithm outputs a (1 + ¢)-approximate clustering with re-
spect to the optimal partitioning. The space used by the algorithm is O(f(k,¢) - logn) where

f(k,e) = KW “log"(1/e) and n = |C U L|.

Now, we prove Theorem 42.

Proof of Theorem 42

For each center f € F, we define a set of buckets By as follows: the bucket b( f, 7) corresponds
to the values [(1 + €)%, (1 + &)"™!). Let dppin and dpay denote the minimum and the maximum
between a pair of points in C'\ F' and F', respectively (s0 A = dyax/dmin). We define the buck-
ets b(f,1) for i = log, te min, - - -, 1081, dmax. As above, By denotes the collection of buckets

corresponding to f. Clearly, |By| = O(%).

Now we consider the set By, X By, ... x By — an element of this set is called a hyper-
bucket. In other words, a hyperbucket is a k—tuple (b(f1,71),- .., b(fx,ix)). Each point p € C
can be mapped to a hyperbucket in the natural manner — define ¢(p) to be the hyperbucket

(b(f1,11), -, b(fr,ix)), where ; is such that d(p, f;) € [(14¢)", (1+¢e)4 ) forj =1,..., k.

Call a hyper-bucket b to be empty if ¢~ (b) is empty. We now count the number of non-empty
hyper-buckets. For a center f and index 4, call the bucket b( f, ) interesting if there is another
center f’ such that [(1 + €)', (1 + &) N e ||f — fII,||f — f'l|/¢] is non-empty. Call a
hyperbucket (b(f1,%1),...,b(fk,)) interesting if all the buckets b(f;, ;) in it are interesting.

We first count the number of interesting hyperbuckets:

Claim 1. The number of interesting hyperbuckets is O (k* - log” (1))

Proof. For a fixed center f, the number of interesting buckets b(f,) is O(klog(1)). Since all
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the buckets in a hyperbucket needs to be interesting, the result follows. U

We now count the number of non-interesting hyperbuckets.

Claim 2. Let b(f,1) be a non-interesting bucket for some center f and index i. Then the number

of non-empty non-interesting hyperbuckets containing b(f,1) is O(6%).

Proof. Consider such a hyperbucket b containing b( f,7). Let p be a point such that ¢(p) is b.

Let f’ be a center other than f. Two cases arise:

e (1+¢e)™ <ed(f,f) : In this case,

d(p, f') € d(f, [)) £d(f,p) € (L£e)-d(f. [).

Therefore, there are at most 3 choices for the index i’ such that b(f’,4’) is one of the

coordinates of p.

e d(f,f") <e(l+¢)": Here,

d(pvf/> S d<f7 f/) j:d(fup) S (]‘ :t&f) ’ d(faP)

Again, there are at most 3 choices for i’ as above.

From the above argument, it is clear that the number of non-empty non-interesting hyperbuckets

b containing b(f, i) is O(6"). This proves the claim. O O

We can now count the number of non-empty non-interesting hyperbuckets. Consider such a
bucket b. There must be a coordinate b( f, 7) in it which is non-interesting — there are O(k log A)

choices for b( f, ). For each such choice, the above claim shows that there are O(6*) choices for
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the remaining coordinates of b. Thus, we see that the total number of non-empty hyperbuckets

is O(k - 65 log A + k" - log"(1)).

We can describe the streaming algorithm. The bipartite graph will have all the non-empty
hyperbuckets on the right side and the k centers F' on the left side. The length of an edge
between a hyperbucket (b(f,41), .. .,b(fx,ix)) and a center f; will be (1 + €)*%. Initially, the
right side of the bipartite graph will be empty (because all hyperbuckets are empty). Whenever
a new point p is seen, the algorithm computes ¢(p). If this hyperbucket is not present in the
right side of the bipartite graph, we add a new vertex corresponding to it. The algorithm can
also maintain the cardinality of ¢~ *(b) for every non-empty bucket b (this will be stored in the
variable n,,, where v is a vertex in the right side of the graph). The theorem now follows from the
fact that the number of edges is equal to & times the number of non-empty hyperbuckets, and the
space required to maintain n,, values is log n times the number of non-empty hyperbuckets. This
proves that there is a single pass streaming algorithm that builds graph G. The space used by this

algorithm (which includes the size of G) is O ((k +logn) - (k- 6" - log A + k* - 1og"(1))) .

Note that the space required depends on log A, whereas we would really like it to depend on

log n instead. We discuss this next.

Removing the dependence on A: Let D denote the set of all pair-wise distances between the

centers (so |D| < k?). The following is the key observation:
Lemma 22. Let p be a point in C, and [ be the closest center to it. For any center f' € F,

d(p, [') lies in the range [u/4, 4u| for some u € D U {d(p, f)}-

Proof. Assume d(p, f') > 4d(p, f), otherwise the lemma is already true. Then

d(f, f') = d(p, f') —d(p, f) > 3d(p, f).
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Therefore,
. ) < dls, 1)+ d(p, ) < N0 L,
and
iy, £) 2 d(5, ) = dlp, £) 2 210 L)
[l [l

We fix a solution to the partition problem (of course, the algorithm does not know it, but it
will help in the algorithm description). For a point x, let d, denote the distance from x to the
closest center, Let d* be the maximum over all points x of d,. We do know d*, we can find it

by performing a pass over the data.

Now suppose we guess the maximum « € D such that any point p € C which is not assigned
to a center in F' within distance 4d, is assigned to a center f’ such that d(p, f’) lies in the range
[u/4, 4u] (the lemma above ensures that such a value u exists). > If ¢* happens to be larger than

u, we update u to d*. We know that the cost of the solution is at least Q(uz)

Now, we contract all distances in the metric which are smaller than u/n? — again we cannot do
this directly in the streaming manner, but whenever a point p arrives, we will view all distances
to centers which are less than u/n? to be 0. Since the optimal cost is (u”), this distance
contraction affects the optimal value by at most a factor of (1 + 1/n). So now, all non-zero
distances between a point p and a center f € F' such that p can be potentially assigned to f lie
in the range [u/n?, 4u]. Thus A becomes polynomially bounded. However one issue remains —
each point p can only be assigned to a center (other than it’s nearest center) which is at most 4u
distance away. We need to incorporate this fact in the graph structure as well. For each point
p, let F(p) be the set of centers to which it can be assigned (these are the centers which are at

most 4u distance away, or the center closest to p). Note that there are 2¥ choices for F'(p).

5In the algorithm implementation, we will run this for all possible values of u € D. This will increase the
space complexity by a factor of k2.
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We modify the construction of GG. Recall that the right side of G had one vertex for every
hyperbucket b. Now we will have one vertex for every pair (b, .S), where S is a subset of F'. If
¢(p) is the hyperbucket b, then we assign p to the pair (b, F'(p)). The result of this construction
is that the log A can now be replaced with log n but at the cost of multiplying the overall space

requirement by a factor of k2 - 2 and adding one more pass. This proves the Theorem 42.

3.9.2 Fault-tolerant k-service problem

The fault-tolerant k-service problem does not satisfy Definition 29 of the constrained k-service
problem. Therefore, the techniques we developed for the constrained clustering problems may
not work for the fault-tolerant k-service problem. However, Ding and Xu [72] showed that the
fault-tolerant k-service problem can be reduced to the chromatic k-service problem. Since the
chromatic k-service problem satisfy Definition 29 of the constrained k-service problem, we can
solve the fault-tolerant k-service problem using the same set of techniques. In the fault-tolerant
k-service problem, we are given a positive integer ¢, < k for every client x € C' (see definition
5 in Table 3.1). The reduction to the chromatic k-service problem goes as follows: we create
¢, copies for each client z € C and assign each copy the same color. For two clients z,y € C'
if = # y, their copies have different colors. Ding and Xu [72] showed that an a-approximation
for the reduced chromatic k-service problem is also an «-approximation to the fault-tolerant
k-service problem, and vice-versa for any a > 1. However, the partition algorithm for the
fault-tolerant k-service problem is simple and does not require a reduction to the chromatic
k-service problem. Given a facility set F' and a client = € C, the algorithm simply assigns x to
¢, closest facility locations in F'. Computing k closest facility location from =z is a trivial step.

Formally, we state the result as follows:

Lemma 23. There is a single pass streaming partition algorithm for the fault-tolerant k-service
problem with O(k - |C|) running time, where C'is the client set, and k is the size of the center

set. The algorithm only stores O(k) points in the memory.
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The extension to the outlier setting is also simple: the algorithm identifies the m clients as
outliers that have the highest assignment cost. For this, the algorithm requires additional 2(m)
space and O(m logm) time (assuming the max-heap implementation). Note that in the stream-
ing setting, the algorithm can not assign a client to a facility until it identifies it as a non-outlier.
Therefore, in the streaming setting, the set of m outliers are identified in the first pass, and
non-outliers are assigned to facility locations in the second pass. Formally, we state the result

as follows:

Lemma 24. There is a two-pass streaming partition algorithm for the outlier version of the
fault-tolerant k-service problem with running time O(k - |C| + mlogm). Moreover, the algo-

rithm stores only O(k + m) points in the memory.

Note that the streaming version of the list k-service algorithm is not affected due to the reduction
of the fault-tolerant k-service problem to the chromatic k-service problem. The reason is that
the algorithm creates ¢, copies for a client x when it arrives in the stream. Therefore, the

streaming algorithm for the list outlier k-service problem stays the same.

3.9.3 Ordered-weighted-average (OWA) k-service problem

OWA Ek-service problem does not satisfy Definition 29 of the constrained k-service problem.
Therefore, the techniques developed for the constrained clustering problems do not directly
work for the OWA k-service problem. However, Byrka et al. [36] gave a reduction from the
OWA Ek-service problem to the fault-tolerant k-service problem with client multiplicities. The
client multiplicity means that each client x € C' has multiple finite copies in the instance. In
OWA k-service problem, we are given a vector (wy, ..., wy) of non-increasing weights (see
definition 6 in Table 3.1). The reduction to the fault-tolerant k-service problem goes as follows:
each client x € (' is replaced with k clients: x1,...,z; such that £,, = 7 and multiplicity
of each z; is some function of wy, ..., w;. Byrka et al. [36] showed that an a-approximation

for the reduced fault-tolerant k-service instance is also an a-approximation to the OWA k-
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service instance, and vice-versa for any o > 1. However, the partition algorithm for the OWA
k-service problem is simple and does not require a reduction to the fault-tolerant k-service
problem. Given a facility set F' and a client = € C, the algorithm computes the assignment cost
forz: > o Zle wj - (d; (x))z such that (d;(z), ...,dx(z)) is a non-decreasing ordering of

(d(z, f1), ... d(z, fx)). Formally, we state the result as follows:

Lemma 25. There is a single pass streaming partition algorithm for the ordered-weighted-
average k-service problem with O(klogk - |C|) running time, where C' is the client set, and k

is the size of the center set. The algorithm stores only O(k) points in the memory.

The extension to the outlier setting is also simple: the algorithm identifies the m clients as
outliers that have the highest assignment cost. For this, the algorithm requires additional 2(m)
space and O(m logm) time (assuming the max-heap implementation). Note that in the stream-
ing setting, the algorithm can not assign a client to a facility until it identifies it as a non-outlier.
Therefore, in the streaming setting, the set of m outliers are identified in the first pass, and
non-outliers are assigned to facility locations in the second pass. Formally, we state the result

as follows:

Lemma 26. There is a two-pass streaming partition algorithm for the outlier version of the
ordered-weighted-average k-service problem with running time O(klogk - |C| + mlogm).

Moreover, the algorithm stores only O(k + m) points in the memory.

Note that the streaming version of the list k£-service algorithm is not affected due to the reduction
of the OWA Ek-service problem to the fault-tolerant k-service problem. The reason is that the
algorithm creates k copies for a client x when it arrives in the stream. Therefore, the streaming
algorithm for the list outlier k-service problem stays the same. However, it is possible that
after reduction, the multiplicity of a client is exponential in |C/|. In that case, in Algorithm 3.1,

we must replace the D* sampling with weighted D* sampling, i.e., a point with weight w,, is

minger 3 d(f,z)* - wy

> yec minger {d(f,9)7 - w, }

sampled with the probability: . A trivial but important observation
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is that this new algorithm is equivalent to the old algorithm with w, copies created for each
client in C. Therefore the same analysis follows for the new list k-service algorithm, and it has

a polynomial running time.

3.9.4 Chromatic and strongly private £-service problems
We combine the discussion of the chromatic and strongly private k-service problems by defining

the hybrid k-service problem that encapsulates both problems.

Definition 39 (Hybrid k-Service Problem). Given a partitioning C, ..., C, of the client set
C, and a set of integers: {a1,...,a,,P1,...,0.}, find a clustering @ = {Oq, ..., O} with
minimum ®*(Q) that satisfies the constraint: 3; < |C; N O;| < «; for every i € [k] and

J € [w]-

The hybrid k-service problem encapsulates the chromatic and strongly-private problems as de-

scribed below:

* For a;; = |C, the hybrid k-service problem is equivalent to the strongly private k-service

problem.

* For 8; = 0 and o; = 1, the hybrid k-service problem is equivalent to the chromatic

k-service problem.

Let F = {f1,..., fx} be a given set of facility locations. A partition algorithm for the outlier
version of hybrid k-service problem finds an outlier set Z of size at most m and partitioning
O = {Oy,...,04} of C'\ Z that minimizes the objective function ®(F, Q) and satisfies the
constraint: 3; < |C; N O;| < a; forevery i € [k] and j € [w]. Now we reduce the partitioning
problem to a min-cost circulation problem on a flow network G = (V, ). The flow network is

shown in Figure 3.2.



138 FPT Approximation for Constrained k-Median/Means

® O

Figure 3.2: The flow network G = (V, E) that is used in the partition algorithm of the hybrid
k-service problem.

The vertex set V' has the following composition:

1. A source vertex s, sink vertex ¢, and vertex o.

2. A vertex set V> corresponding to the client set C'. In other words, for every client x € C

there is a vertex v,, in V.

3. A vertex set Vp that corresponds to the facility set F'. In other words, for every facility

[i € F thereis a vertex vy, € Vp.

4. The vertex sets: Vy,,..., V. A vertex set Vy, is defined as {vy, 1,..., vy, ., } such that a

vertex vy, ; corresponds to a facility f; € F' and a color class j € [w].

Furthermore, the edge set F is defined with the lower and upper bound flow constraints as

follows:

1. There is a directed edge (s, 0) with a lower bound flow of |C'| — m and an upper bound
flow of |C|. This edge ensures that at least |C| — m clients are assigned to F'. The cost

of the edge is 0.
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2. For every vertex v, € V¢, there is a directed edge (o, v,.) with upper bound flow of 1 and
lower bound flow of 0. These edges ensure that a client is assigned at most one facility in

F'. The cost of each edge is 0.

3. For every vertex v, € V¢ and vertex vy, ; € V5, there is a directed edge (v, vy, ;) if and
only if the client x belongs to color class C;. These edges have the upper bound flow of

1 and the lower bound flow of 0. The cost of each edge is d(z, f;)?.

4. For every i € [k| and j € [w], there is a directed edge (vy, ;, vy,) with lower bound flow
of /3; and upper bound flow of «;. These edges ensures that for every color class j € [w]
and every facility f; € F, the constraint 5; < |O; N C;| < «; is satisfied. The cost of

each edge is 0.

5. For every i € [k], there is a directed edge (vy,,t) with lower bound flow 0 and upper

bound flow |C|. The cost of each edge is 0.

It is easy to see that a feasible integral flow through the network G corresponds to an assign-
ment of at least |C| — m clients in C' to F' that satisfies the constraints of the hybrid k-service
problem. The minimum cost circulation problem on G can be solved in polynomial time us-
ing the algorithms in [76, 132, 23]. Thus we get a polynomial time partition algorithm for the

hybrid k-service problem. Formally, we state the result as follows:

Lemma 27. There is a polynomial time partition algorithm for the outlier versions of chromatic

and strongly private k-service problems.

In the streaming setting, Khanna and Assadi (see Section 4.5 of [87]) showed that there does
not exist any o(n)-space streaming algorithm for the chromatic k-service problem. The authors
proved this result for a bad instance of the chromatic k-service problem with m = n/2 colors

and two clusters. All clients in the instance are co-located, and there are precisely two clients



140 FPT Approximation for Constrained k-Median/Means

with the same color (assuming that n is even). Note that for this instance the chromatic k-
service problem is equivalent to the strongly private k-service problem with 8; = 1 and a; =
|C'|. Therefore, the impossibility result also holds for the strongly-private k-service problem.

Formally, we state the result as follows:

Lemma 28. There does not exist any o(n)-space streaming algorithm for the outlier or non-

outlier version of chromatic and strongly-private k-service problems.

3.9.5 Uncertain k-service problem

The uncertain k-service problem does not satisfy Definition 29 of the constrained k-service
problem. Therefore, the techniques developed for the constrained clustering problems may
not work for the uncertain k-service problem. However, Ding and Xu [72] showed that the
uncertain k-service problem can be equivalently stated as the constrained k-service problem on
the weighted point set U, D, with the constraint that all points in D, to be clustered in the
same cluster. For every point x; € D,, the weight of the point is ¢ . Now the partition algorithm
for the problem is simple: given a facility set F' and a client x € C, the algorithm assigns x to
a facility f that minimizes the assignment cost d(z, f)* = Zle tt - d(z;, f)?. In the streaming
setting, we assume that for each client z € C/, the points in set D, arrive as a contiguous stream

of points. Then it is trivial to design a partition algorithm that makes a single pass and has

running time O(h - k - |C).

Lemma 29. There is a single pass streaming partition algorithm for the uncertain k-service

problem with running time O(h - k - |C|). The algorithm stores only O(k) points in the memory.

In the outlier setting, the algorithm identifies the m clients as outliers that have the highest as-
signment cost. For this, the algorithm requires additional £2(m) space and O(m log m) running
time (assuming max-heap implementation). Note that in the streaming setting, the algorithm
can not assign a client to a facility until it is declared as a non-outlier. Therefore, in the stream-

ing setting, the set of m outliers are identified in the first pass, and the non-outlier clients are
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assigned to the facility locations in the second pass. Formally, we state the result as follows:

Lemma 30. There is a two-pass streaming partition algorithm for the outlier version of the
uncertain k-service problem with running time O(h - k - |C| + mlogm). The algorithm stores

only O(k + m) points in the memory.

3.9.6 (-diversity and fair %£-service problems

Bandyapadhyay et al. [21] noted that the ¢-diversity clustering problem is a special case of
the fair clustering problem. In other words, if the fair clustering problem has disjoint color
classes, and o; = 1/¢ and 3; = 0 for every color class C; € {C1, ..., C,}, then the problem is
equivalent to the /-diversity clustering problem. Therefore, designing a partition algorithm for

the fair k-service problem is sufficient.

For the fair k-service problem (without outliers), Bandyapadhyay et al. [21] designed an FPT
time partition algorithm. It is simple to extend their algorithm to the outlier setting. For the sake
of completeness, we describe the complete algorithm. LetZ = (L, C, k,d, z,m,C1, ..., C,, a, 3)
be any instance of the fair outlier k-service problem. Recall that the sets C', ..., C,, are the
color classes, each of which is a subset of the client set C'. Moreover, any two color classes can
overlap with each other. In other words, a client in C' might belong to a different color class. To
simplify the problem, we partition the client set into I" disjoint groups: P, ..., Pr such that the
points belonging to the same group F; belong to the same set of colored classes. In other words,
if clients x and y belong to the same group P;, then for every color class C; € {C1,...,C,},
x € Cyifand only if y € C. Also, if x and y belong to different groups F; and F;, respectively,
then there exists a color class C; € {C,...,C,} suchthatz € C; and y ¢ Cy, or x ¢ C; and
y € Cy. Note that if the color classes are pair-wise disjoint, then I" equals the number of color
classes, i.e., ' = w. Now, we design FPT time partition algorithm for the fair outlier k-service
problem with running time (kI')*T . n©(1), where I is the number of distinct collection of color

classes induced by the colors of clients. Formally, we state the result as follows:



142 FPT Approximation for Constrained k-Median/Means

Lemma 31. For the fair outlier k-service problem, there is a (kI')*' - n®WY) time partition
algorithm, where 1 is the number of distinct collections of color classes induced by the colors

of clients.

Proof. Let F = {f1,..., fr} be the given set of facility locations for which we want an optimal
partitioning satisfying the fair outlier constraints. Let Z denote the optimal set of outliers
and OPT denote the optimal k-service cost of assigning C' \ Z to F' while satisfying the fair
constraints. The assignment problem can be modeled as an integer linear program; however,
solving an integer linear program is NP-hard in general. Therefore, we model the problem as a
mixed integer linear program, which can be solved in FPT time parameterized by the number

of integer variables. The following is a formal statement for the same:

Proposition 2 (Proposition 8.1 of [21]). Given a real-valued matrix A € R™*9, vector b € R™,
vector ¢ € RY, and a positive integer p < d. There is an FPT time algorithm that finds a vector
x = (z1,...,24) € RY that minimizes c - x, and satisfies that A - v < b and 1, ...,v, € Z.
The running time of the algorithm is O (p>°P+o®) d*B), and the space complexity is polynomial

in B, where B is the bit size of the given instance.

Now, we model the assignment problem as a mixed integer linear program (MILP), as follows:

Minimize ZZQ(DE,JC)'C[(% f)?

zeC feF
Constraints: Z oy <1 for every client z € C
feF
Z Go.f = Ny for every group P; € {Py, ..., Pr} and facility f € F
zeP;
Z gzf > |Cl—m for client set C' and facility set F'

feFxeC
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Z Oof < Q- Z Gz, f for every facility f € F and color class C; € {C1,...,C,}
zeC; zeC

Z 9o = B - ng,f for every facility f € F and color class C; € {C1,...,C,}
IGCJ‘ zeC

0<g,r<1 for every client x € C and facility f € F

hyi € Zsg for every group P, € {Py, ..., Pr} and facility f € F

In the above MILP, for every client x € C' and facility f € F, there is a fractional variable
gz,+ < 1 that denotes the fraction of client = assigned to facility f. Moreover, for every group
P, € {P,..., Pr} and facility f € F, there is an integer variable h; that denotes the total
fraction of clients in P; that is assigned to facility f. In other words, hf; = >  p s s. The
third constraint of the MILP corresponds to the number of outliers being at most m. Lastly, the

fourth and fifth constraints of MILP correspond to the fairness constraints.

We solve the above mixed integer linear program in time O(kI')*" - n®1) as per Proposition 2.
However, the obtained optimal solution contains fractional g, s values. Next, we show that there
always exists a solution with integral g, ; values that can be obtained in polynomial time. We
reduce the problem to the minimum cost circulation problem on directed graphs. We construct
a flow network G = (V, E') with upper and lower bound flow requirements on every edge. The

construction is shown in Figure 3.3.

The vertex set V' contains a source vertex s, a sink vertex ¢, and an outlier regulating vertex
o. We will describe the functioning of o shortly. The rest of the vertex set is partitioned into
two sets: Vo and Vg p. The vertex set Vi corresponds to the client set C'. In other words, for
every client x € C there is a vertex v, € C. The vertex set Vp p corresponds to facility set F'
and groups Py, ..., Pr. In other words, for every facility f € F and group P; € {Py,..., Pr},

there is a vertex vy, in Vg p. Furthermore, the edge set £ is composed as follows. There is
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Figure 3.3: The flow network G = (V, E) that is used by the partition algorithm of the fair
outlier k-service problem.

an edge (s,0) with lower and upper bound flow requirement of exactly ZmEC, rer 9z,5- Note
that ) cc rep Gu,f 1S an integer since 3 o rcp Gup = S > jer hip and h; ;’s are integers.
Alsonote that 3 rcr g,y > |C| —m as per Constraint 2 of the MILP. Therefore, it ensures
that at least |C'| — m clients are assigned to F', and that’s why we call the vertex o the outlier
regulating vertex. Furthermore, the edge set E contains for every vertex v, € C, an edge (o, v,,)
with lower bound flow requirement 0 and upper bound flow requirement 1. These edges ensure
that a client is assigned to at most one facility in F'. Furthermore, for every vertex v, € Vi and
vsi € Vg p, there is an edge (v, vy;) if and only if z € P,. Each edge has a lower bound flow
requirement of 0 and an upper bound flow requirement of 1. Lastly, for every vertex vs; € Vg p,
there is an edge (vy;,t) with lower and upper bound flow requirement of exactly h ;. These
edges ensure that exactly /s ; clients of F; are assigned to any facility f € F'. Itis easy to see
that the constructed flow network G admit a feasible flow if we send a flow of g, ; through every
edge (v, vr,;). Moreover, this is the maximum flow that we can send through the network since
the capacity of edge (s, 0) is ZIEC, rer 9z,f- Since the lower and upper bound requirements
on every edge is an integer, a feasible integral flow exists through the network with the same
cost. We find that flow in polynomial time using the algorithms in [132, 76, 23]. Let the new

integral flow through (v,, vy;) is g ;- Then, we show that the values g, ;’s also satisfy the MILP
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constraints. The constraints (1)-(3) of the MILP are trivially satisfied from the flow network.
Also note that ), g, ; = hy; due to the flow network. Therefore, the fair constraints (4)
and (5) are satisfied since > .o Gor = Dopec Gop a0 D e o = Dosec, Yo g for every
facility f € F and every color class C; € {C1,...,C,}. These two equalities follow from the

following two sequences of equalities:

1.
r r
ng,f = Z Z Ju.f = th,i = ZQ;,f
zeC i=1 z€eP; i=1 zeC
2.
ng,f: Z Zga:,f: Z hyi = Zg;:,f
zeCj 1: P,CCj zeP; i: PCC5 zeCj
This completes the proof of the lemma. [

In the streaming setting, we do not know any log-space partition algorithm or hardness result

for the /-diversity and fair k-service problems.

3.10 Conclusion and Open Problems

In this paper, we worked within the unified framework of Ding and Xu [72] to obtain sim-
ple sampling-based algorithms for a range of constrained k-median/means problems in general
metric spaces. Surprisingly, even within this high-level framework, we obtained better (or
matched) approximation guarantees of known results designed specifically for the constrained
problem. On the one hand, this shows the versatility of the unified approach along with the
sampling method. On the other hand, it encourages us to try to design algorithms with bet-
ter approximation guarantees for these constrained problems. Our matching approximation
lower bound for the sampling algorithm suggests that further improvement may not be possi-

ble through sampling-based ideas. On the lower bound side, it may be useful to obtain results
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similar to that for the unconstrained setting where approximation lower bounds of (1 + 2/¢)
and (1 4 8/e) are known for k-median and k-means, respectively [53]. Another direction is to
find other constrained problems that can fit into the unified framework and can benefit from the

results of this work.



Chapter 4

FPT Approximation for Constrained
k-Median/Means: Euclidean & Outlier

Setting

In this chapter, we study the k-median and k-means problems in the continuous Euclidean
space. The continuous Euclidean k-median problem is defined as follows: given a set L of
feasible facility locations in p dimensional Euclidean space and a finite client set C' C R”, find

aset F C R” of k points (called centers) such that the following cost function is minimised:

kmedian-cost(F’ = i — fll.
median-cost(F, () ernelngﬂﬁ il

zeC

The continuous Euclidean k-means problem is defined similarly using squared Euclidean dis-
tances (i.e., ||z — f]|? instead of ||z — f||). For the constrained versions of these problems, there

already exists (1 + ¢)-approximation algorithms with running time O (np - (k/e)r°v(*/<)) [28,

147
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71]. In this chapter, we extend these algorithms to the outlier and streaming setting. We design
(1+¢)-approximation algorithm for the outlier version of the constrained k-means and k-means
with running time O (np - ((k +m)/e)Ok/ 50(1))>. Furthermore, we convert the algorithm to
a constant-pass log-space streaming algorithm. The high level ideas of the algorithm are the
same as previous chapter. However, some parts of the proof slightly differ since the sampling
lemmas in Euclidean space are different from the general metric spaces. We also extend the
algorithm to the general distance function ||.||? that is not studied in the previous works. Note
that here, the algorithm gives (1 + ¢)-approximation guarantee, which is independent of z un-
like the problems in the general metric spaces where the approximation guarantee was 3"+,

which is dependent on z.

4.1 Overview

The constrained k-median/means framework for the continuous Euclidean space is similar to
the framework for the discrete metric spaces that we discussed in the previous chapter (see
Section 3.1.2). It is just that the discrete set of facility locations L is replaced with R”, which
has an infinite size. For the sake of completeness, we define the framework again. We directly
define the framework for the outlier version of the problem since it trivially encapsulates the
non-outlier version. We combine the discussion of the k-median and k-means problems by

defining the k-service problem that encapsulates both these problems.

Definition 40 (Outlier Euclidean k-Service Problem). Let k, m, and p be any positive integers,
and z be any positive real number. Given a set C' of clients in p-dimensional Euclidean space

R’ find a subset Z C C of size at most m clients and a set F' C R” of k facilities such that the

k-service cost of C" := C\ Z is minimized: euclid-cost(F,C") =3 . { min e p {||x—f||z}}

The outlier version of the constrained k-service problem in the Euclidean space is defined as

follows:
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Definition 41 (Constrained Outlier Euclidean k-Service Problem). Let (C, k, p, z, m) be any
instance of the outlier Euclidean k-service problem and S be any collection of partitionings

such that every partitioning Q € S is a partitioning of some subset C' C C of size at least

C| — m. Find a clustering O = {O1, Oy, ..., O} in S, that minimizes the objective function:
| g j
*(0) = k_cegggeth)(F, 0), where ®(F, Q) = mil,ermuation « {21:1 > eco, 1T = fx(i) HZ}

and F ={f1,..., fx}.

Any constrained version of the outlier k-service problem can be solved using the list k-service
problem and a partition algorithm. The outlier version of the list k-service problem in the

Euclidean space is defined as follows:

Definition 42 (List Outlier Euclidean k-Service Problem). Let Z = (C, k, p, z,m) be an arbi-
trary instance of the outlier Euclidean k-service problem, O = {Oy, ..., Oy} be an arbitrary
partitioning of the some subset C' C C of size at least |C| — m, and 0 < € < 1 be an arbitrary
constant. The goal of the problem is to find a list L of k-center-sets (i.e., each element of the

list is a set of k elements from L) such that with probability at least 1 — 1 /n, the list L contains

a k-center-set F' such that ®(F,Q) < (1 +¢) - *(0) forn = |C|.

A partition algorithm for an outlier version of a constrained k-service problem is defined as

follows:

Definition 43 (Outlier Partition Algorithm). Let Z = (C, k, p, z, m) be an instance of the outlier
Euclidean k-service problem, and let S = {Q1, 0, ..., Oy} be a collection of clusterings such
that each Q) is a clustering of of some subset of C' C C' of size at least |C| —m. Given a center
set F' C L, an outlier partition algorithm outputs a clustering in S that has the least clustering

cost O(F, Q) with respect to F.

Suppose that we have an algorithm for the list k-service problem and a partition algorithm for a

specific constrained k-service problem in the Euclidean space. We can obtain an approximation
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algorithm for that constrained k-service problem. The following theorem state this result and is

analogous to Theorem 31 for general metric spaces.

Theorem 43. Let T = (C, k,p, z,m,S) be any instance of the constrained outlier Euclidean
k-service problem, and let As be an outlier partition algorithm for S with running time T 4.
Let B be any algorithm for the list outlier Euclidean k-service problem with running time T'g.
Then, there is an algorithm that, with probability at least 1 — 1/n, outputs a clustering O € S
that is an (14 €)-approximate solution for the constrained outlier Euclidean k-service instance

Z. Moreover, the running time of the algorithm is O(Tg + |L| - T4).
Proof. The proof is analogous to the proof of Theorem 26. [

The goal now becomes to design an algorithm for the list outlier Euclidean k-service problem
and outlier partition algorithms for different constrained versions of k-service problems. In
Section 4.4, we design an algorithm for the list outlier k-service problem with FPT running

time parameterized by m and k. Formally, we state the result as follows:

Theorem 44. Let 7 = (C| k, p, z,m,Q, €) be any instance of the list outlier k-service problem.
There is an algorithm that outputs a list L of size at most O ((log n) - ((k+ m)z/e)o(k 2/60(2))> :
Moreover, the running time of the algorithm is O (np ((k+ m)z/e)o(kZ/EO(Z))>, which is FPT

in k and m.

Using Theorems 43 and 44, we obtain the following two main results:

Corollary 15 (Main Result: Outlier Euclidean £-Median). For any constrained version of the
outlier Euclidean k-median problem that has a partition algorithm with running time T, there

exists a (1 + ¢)-approximation algorithm that succeeds with probability at least 1 — 1/n and

has running time T - ((k + m)/g)o(k/fo(l)) ~(logn) + O (np - ((k + m)/g)o(k/so(”))_

Corollary 16 (Main Result: Outlier Euclidean k-Means). For any constrained version of the

outlier Euclidean k-means problem that has a partition algorithm with running time T, there
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exists a (1 + ¢)-approximation algorithm that succeeds with probability at least 1 — 1/n and

has running time T - ((k +m) /2)°™= ") - (log n) + O (np - ((k +m) ) °=7)).

We consider the outlier versions of all the constrained k-service problems mentioned in Ta-
ble 3.1. In Section 3.9, we designed the FPT time partition algorithms for the outlier versions
of all these problems in general metric spaces. Therefore, these algorithms naturally hold in
the Euclidean space. Thus, we get FPT time (1 4 )-approximation algorithms for the outlier

versions of these problems. Formally, we state the results as follows:

Theorem 45. There is an FPT time (1 + ¢)-approximation algorithm for the outlier versions

of the following constrained k-service problems:

1. r-gather k-service problem 2. r-capacity k-service problem
3. Balanced k-service problem 4. Chromatic k-service problem
5. Fault-tolerant k-service problem 6. Ordered-Weighted-Average k-service problem

7. Strongly private k-service problem 8. Uncertain k-service problem

The running time of the algorithm is ((k +m)z/e)0*=/=7) . n0M) Ly,

Theorem 46. There is an FPT time (1 + ¢)-approximation algorithm for the outlier version of

the (-diversity k-service problem with running time ((k +m)z w/&t)o(k'<w+z/60(z>>> W p,

Theorem 47. There is an FPT time (1 + ¢)-approximation algorithm for the outlier version of
the fair k-service problem with running time ((k +m)z F/a)o(k'(r+z/€O(Z))) W) . p, where
I' denote the number of distinct collection of color classes induced by the colors of clients.

Moreover, if the color classes are pair-wise disjoint, then I' = w, and the running time of the

)0(k~(w+z/€°<z>)). o)

algorithm is ((k +m)zw/e -

This completes the discussion on the constrained outlier Euclidean k-service problem. Next,
we convert our algorithm to a streaming algorithm. We require a streaming version of the list
outlier k-service algorithm and a streaming version of the partition algorithm. In Section 4.5,

we design a constant-pass log-space streaming algorithm for the list outlier Euclidean k-service
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problem. In Section 3.9, we designed the streaming partition algorithms for the outlier versions
of some of the problems given in Table 3.1 in general metric space. Therefore, the algorithm

naturally holds for the Euclidean k-service problem as well.

4.2 Related Work

A unified framework for the constrained Euclidean k-means/k-median problems was intro-
duced by Ding and Xu [72]. Using this framework, they designed (1 + ¢)-approximation algo-
rithms for various constrained clustering problems with FPT running time parameterized by k.
They obtained the results using an algorithm for the list version of the k-means problem (even
though it was not formally defined in their work). The running time of their algorithm was
O(nd - (logn)* - 2vo(k/2)) and the list size was (log n)* - 2P°(¥/¢) Bhattacharya et al. [28] for-
mally defined the list k-service problem. They obtained a faster algorithm for the list k-service
problem with running time of O(nd - (k/)°(°e(*/%))) and list size of (k/c)°(oe(*/%)) We use a
sampling-based approach similar to the algorithm of Bhattacharya et al. [28]. Our work differs

from the previous works in the following ways:

1. Bhattacharya et al. [28] gave an algorithm for the list-k-means problem with list size
L] = (5)0(5) and running time O(nd|L|). Their algorithm explores a rooted tree of
size (f)o(g) and depth k& where the degree of every non-leaf vertex is (f)o(é). Every
node in this tree has an associated center and the path from root to a leaf node gives
one of the k-center-sets for the output list. The algorithm has an unavoidable iteration
of depth £ since their analysis works only when the centers are picked one-by-one in k
iterations. We circumvent this inherent restriction by using a constant factor approximate
solution F' to the unconstrained k-means/median problem for the given dataset C'. That
is, service-cost(F, C') < « - OPT, where OPT denotes the optimal k-means/median cost.
Then the sampling algorithm runs in a single iteration where O((k/£)°*/¢)) points from

C are D*-sampled with respect to F. We show that all the good k centers for % clusters
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can simultaneously be found from the sampled points and points in the set /. Thus, we
obtain the list £ in a single shot. This technique helps us in designing streaming algorithm

for the problem.

2. For the unconstrained outlier Euclidean k-means problem there exists a (1 + ¢) approx-
imation with running time O <np ((k +m)/e)*/ E)O(l)> [80]. We design a general al-
gorithm for the cost function ||.||* and outlier setting. We design (1 + ¢)-approximation
algorithm for the outlier versions of a range of constrained k-service problems in the

Euclidean space with FPT running time, parameterized by k£ and m.

Note that streaming coreset constructions provide another approach to designing streaming
algorithm for the k-means problem. An (e, k) coreset of a dataset C' C R” is a weighted set
S ¢ R” along with a weight function w : S — R such that for any k-center-set F, we
have: | 3, minger w(s) - [ls — fI? = Syeeminger o — fI2] < - ¥, comingep ||o -
fII2. So, it is sufficient to find a k-center-set that gives (1 + ¢)-approximation for a coreset S
(instead of the dataset C'). There exists one-pass streaming coreset construction [77, 44] that
uses poly (k, %, log n) space and outputs a coreset of size poly (k;, %, log n) Using this, one can
design a single-pass streaming algorithm for the £-means problem by first running the streaming
algorithm to output a coreset and then finding a (1 + ¢)-approximate & center set for the small
coreset. If the output is supposed to be a clustering, then we will need to make another pass
over the data. Note that the same idea of working on coreset does not trivially carry over to the

constrained k-service problem since there are additional constraints and general cost function

1117

4.3 Notations and Identities

We give some basic definitions and results that is useful in the context of the Euclidean k-

service problem. The unconstrained Euclidean k-service cost of a client set C' with respect to a
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center set [ is given by the following cost function:

lid-cost(F, C) = i - flI*.
euclid-cost(F’, C') ZI}IEIIQHIB il

zeC

We will use the above cost function repeatedly in our discussion. Hence for simplicity, when
F = {f} is a singleton set, then we use euclid-cost(f, C) instead of euclid-cost({ f}, C). We
denote the optimal cost of the unconstrained Euclidean k-service instance by OPT(C, k). That

is, OPT(C,k) =  min {euclid—cost(F, C)}

k-center-set ' C RP

Our algorithm is based on simple sampling idea. The following sampling result of Cohen-
Addad et al. [57] will be used in our analysis. The lemma says that an approximate solution
to the 1-service problem can be computed by uniformly sampling a small set of points from
the dataset C. We denote the optimal 1-service cost of any dataset C' C R” by A(C) =

min repe {euclid—cost( f,0) } .

Lemma 32 (Theorem 1 [57]). Let C' be any arbitrary instance of the Euclidean 1-service prob-
lem. Then there exists an algorithm that uniformly samples O(¢~73 - polylog(e~*)) log?(1/6)

points from C and computes (1 + ¢)-approximate solution of C' with probability at least 1 — 0.

In particular, we use the following corollary of the above lemma in our algorithms and proofs.

Corollary 17 (Corollary of Lemma 32). Let C' be any arbitrary instance of the Euclidean 1-
service problem. Then there exists an algorithm that uniformly samples T = O((¢/16)7*73 -
polylog(e™')) points from C and computes (1 + /16)-approximate solution of C' with proba-

bility at least 3/4.

We denote a (1 + ¢)-approximate solution obtained by the above lemma, by u(C), i.e.,

euclid-cost(u(C),C) < (1 +¢) - A(C).

We use the following facts frequently in our proofs. We also used these facts earlier in Chap-

ter 3. For proofs of these facts, please see Section 3.3.
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Fact 1 (Binomial Approximation). Fore-n < 1/2, we have (1 + ¢)" < (1 4 2¢n)

Fact 2. Forany §,z,a,b > 0, we have (a + b)* < (1+0)% - b* + (1 + %)Z - a”.

4.4 Algorithm for List Outlier k-Service Problem

The algorithm List-Outlier-Euclidean-k—-Service is given in Figure 4.1. The al-
gorithm takes as input client set C', number of clusters k, dimension of the Euclidean space p,
number of outliers m, and error parameter €. The algorithm outputs a list £ of k-center sets.
Let Z C C be the unknown set of m outliers, @ = {O, ..., Oy} be the unknown clustering of
the client set C'\ Z. Our goal is to find (approximately) good centers for these clusters. Since
O is not given we cannot hope to output a single such k-center-set. We are allowed to output a

list of such center sets.

List-Outlier—-Euclidean-k-Service(C,k,p,e,m)

Inputs: Outlier Euclidean k-Service Instance (C, k, p, m) and accuracy &
Output: A list £, each element in £ being a k-center set

Constants: 1 = 27/v; 7 = O((¢/16)7*73 - polylog(e™1)); ¢ = (1 + 32z/¢);
_ . v = (2
B=(1+162/2) - (2+e/2:7= 50 (52)
(1) Run any a-approximation algorithm with o = poly(k + m) for the unconstrained
Euclidean (k + m)-service instance (C, k + m, p) and let I be the obtained
center-set. (k-means++ [16] is one such algorithm.)

2) L+ 0
(3) Repeat 2% - (log n) times:
4) Sample a multi-set M of nk points from C' using D*-sampling
w.r.t. center set /'
5 M < MU {7 k copies of each element in F'}
(6) For all disjoint subsets Sy, ..., S; of M such that Vi, |.S;| = 7:
(7) L LU{(p(S1), - u(Sk))}
(1(S;) is (14 €)-approximate solution to 1-service cost of S;. It is obtained using
Lemma 32)

(8) return(L)

Algorithm 4.1: List Outlier Euclidean k-Service Algorithm
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We will show the list £ produced by the List-Outlier-Euclidean-k-Service algo-
rithm, with high probability, will contain a k-center set S such that &(S,0) < (1+¢) - *(0).

We formally state our result as the next theorem.

Theorem 48. Let (C,k,p,m) be any instance of the outlier Euclidean k-service problem
and 0 < ¢ < 1/2. Let Z \ C be any arbitrary set of m outliers and QO = {Oy,...,O}
denote an arbitrary clustering of C'\ Z. Let L denote the list returned by the algorithm
List-Outlier—-Euclidean-k-Service(C,k,p,e,m). Then with probability at least

1 — 1/n, L contains a center set S such that
O(S,0) < (1+¢)-97(0)

where ®*(Q) = Y. A(O;). Moreover,

L] = (logn) - (((k+m)z/€)o(kz)/eo(z)> and the

running time of the algorithm is O(np|L|).

First we analyse the running time of the algorithm. In line(1) of the algorithm, we run k-
means++ algorithm [16] that gives an O(4%-log(k+m))-approximation guarantee and a running
time O(np(k + m)), where k 4+ m are the number of centers. Line (4) of the algorithm D”-
samples (zk/c)°®) points from C' with respect to F. It takes O(np(k + m)(zk/e)°®)) time.
After line(5) of the algorithm, M contains O(k + m)(zk/c)°®) points. Then, in lines (6) and
(7), the algorithm takes all possible 7 subsets of M, computes 1-service cost of each subset,
and take all k-combinations of them. It takes O (((k: +m)z/e)0%)/ EO(Z)) time. Since the
algorithm repeats lines (4)-(7) 2¥ log n times, size of list £ is (logn)- (((k + m)z/g)o(kz)/50<z)>

and running time of the algorithm is O (np (k4 m)z/e)Ok=)/=2 ))

Now, we show that the list £ contains a good k-center set for O with probability at least 1 —1/n.
Note that the outer iteration (repeat 2% (log n) times in line (3)) is to amplify the probability that
the list £ containing a good k-center set. We will show that the probability of finding a good

k-center set in one iteration is at least (1/2)* and the theorem follows from simple probability
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calculation. So in the remaining discussion we will only discuss one iteration of the algorithm.
Consider the multi-set M after line (5) of the algorithm. We will show that with probability
at least (1/2)*, there are disjoint (multi) subsets T3, ..., T; each of size T such that for every
j=1 .k,

euclid-cost(u(T;), 0;) < (1+5) - A(0;) + 7 - (). @.1)

2k

Since we try out all possible subsets in step (7), we will get the desired result. More precisely,
we will argue in the following manner: consider the multi-set /" = {7 k copies of each element
in F'}. We can interpret I as a union of multi-sets Fy, Iy, ..., I}/, where F] = {7 copies of each
element in F'}. Also, since M consists of nk independently sampled points, we can interpret
M as a union of multi-sets M7, M, ..., M, where M is the first ) points sampled, M is the
second 7 points and so on. Forall j = 1,..., k, let M; = ] U (M} N O;)." We will show that
for every j € {1, ..., k}, with probability at least (1/2), M; contains a subset T; of size 7 that
satisfies eqn. (4.1). Note that 7;’s being disjoint follows from the definition of M;. It will be

sufficient to prove the following lemma.

Lemma 33. Consider the sets My, ..., My, as defined above. For any j € {1, ..., k},

I

Pr [31; € M; s |Tj| = 7 and (evclidcost(u(T3),0) < (14 5) - A0)) + 5 0°(0))] =

N —

where (1)) is the (1 + €)-approximate solution to the optimal 1-service cost of Tj.

It is easy to see that the above lemma gives the desired result:

O({u(Th), ..., u(Tx)}, 0) = > euclid-cost(u(T}), 0;) < (1+¢) - &*(0)

j=1

We prove the above lemma in the remaining discussion. We do a case analysis that is based on

euclid-cost(F, O;) .

whether cuclid-cost(F, C) is large or small for a particular j € {1, ..., k}.

'M ]’ N Oj in this case, denotes those points in the multi-set M j’ that belongs to O;.
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- Case-1 (euclid—cost(F ,0;) < ﬁ - euclid-cost(F, C’)): Here we will show that there is

asubset T; C Fj’ C M; that satisfies eqn. (4.1).

- Case-1I (euclid—cost(F, 0;) > ﬁ - euclid-cost(F,, C)): Here we will show that M; con-
tains a subset 7} such that euclid-cost(;.(7;), O;) < (1 + g) -A(Oy) and hence T; also satisfies
eqn. (4.1).

We discuss these two cases next. The analysis is similar to the analysis of the D?-sampling
based algorithm for k-means by Bhattacharya et al. [28]. Since there are a few crucial differ-

ences, and for the sake of clarity we continue with the detailed proof.

4.4.1 Proof of Case-1: Low-cost clusters

Case-I: <euclid-cost(F, 0;) < 2;% . euclid-cost(F, 0))

For any point x € C, let ¢(z) denote the center in the set F’ that is closest to x. That is,

c(x) = argmin.c ||c — z||. Given this definition, note that:

> [lz = c(x)||* = euclid-cost(F, O;) (4.2)
CCEOJ'
We define the multi-set O = {c(z) : * € O;}. Let y1 and yi denote the optimal centers to the 1-
service cost of the point sets O; and O, respectively. So, we have A(O;) = euclid-cost(u, O;)
and A(O}) = euclid-cost(y’, O}). We will show that A(O;) ~ A(Oj). First, we note the

following lemma:

Lemma 34. For any constant § > 0, A(O}) < (141/6)7-euclid-cost(F, O;)+(1+6)*- A(O;).
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Proof. The proof follows from the following sequence of inequalities.

AOH = lle— w7

/
xEOj

<>l = pll® (- 4" is optimal for O, )

/
erj

= > lle(@) — ul®

IEOj

< Z (lz — c(@)| + ||z — pl))*, (using triangle-inequality)
.Z‘EOj

< Z (1+1/6)%||z — c(z)||* + (1 + 6)*||la — p||¥),  (for any 6 > 0, using Fact 2)
wGOj

= (1+41/0)* - euclid-cost(F, O;) + (1 + 6)* - A(Oy),

Next, we show that a good center for the 1-service cost of O, is also a good center for O;.

Lemma 35. Let (1" be a point such that euclid-cost(y”, O}) < (1 + %) - A(O)). Then,
euclid-cost(y”, O;) < (1 + g) -A(0y) + % - P*(0).

Proof. The proof follows from the following sequence of inequalities.

euclid-cost(y”, O;)

=3 b

IEO]‘

<3 (llz = e(@)]| + llelx) — w17,

IGOj

(using triangle inequality)
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< D (A+1/6)7 - o — (@) + (14 6)* - fle(z) — 1"II*),

2€0;
(for any 0 > 0, using Fact 2)
(and we will later decide the value of ¢)
= (14 1/0)* - euclid-cost(F, O;) + (1 + ) - euclid-cost(x”, O})
< (14 1/6)% - euclid-cost(F, O;) + (1 +0)* - (1 +¢/8) - A(Oj)
<(1+1/0)*- (14 (1+9)*-(1+¢/8)) - euclid-cost(F, O,)
+(146)**- (14+¢/8) - A(O;), (using Lemma 34)
=(1+16z/c)* - (14 (1 +¢/162)* - (1 4+ ¢/8)) - euclid-cost(F, O;)
+(14¢/162)** - (14+¢/8) - A(O;), (substituting § = ¢/162)
< (1+16z/¢)* - (1 + (1 +¢/16) - (1 +¢/8)) - euclid-cost(F, O;)
+(14¢/8)-(14+¢/8)-A(O;), (usingFact 1)

< (1+4162/¢)? - (24 ¢/2) - euclid-cost(F, O;) + (1 +¢/2) - A(O;)

(fore <1)
< (1+162/2)"- (2+2/2) - Ofﬁ - -euclid-cost(F, C) + (1 +£/2) - A(0))
(by the defn. of Case-I)
€

< (14162/e)*- (2+¢/2) -

5k OPT(C,k+m)+ (1+¢/2)- A(O;),

(.- euclid-cost(F, C) < a- OPT(C, k + m))

< (1+162/e)7 - (24¢/2) - —— - B*(0) + (1 +/2) - A(O;)

28k
(.- unconstrained optimal cost < constrained optimal cost)
= % . (I)*(@) + (1 + g) . A(Oﬂ, (¢ 5 _ (1 + 16Z/€)Z . (2 + 8/2))

This completes the proof of the lemma. 0
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We know from Corollary 17 that there exists a (multi) subset S of O} of size 7 such that
1(.S) of these points satisfies the condition of the lemma above with probability at least 3/4.
Since F contains at least T copies of every element of F, there is a subset T; C F] that

satisfies eqn. (4.1) with probability at least 3/4. So, for any index j € {1,...,k} such that

euclid-cost(F, O;) < ¢

cuclidcosF.O) = Ta Bk’ M; has a good subset 7); with probability 3 /4.

4.4.2 Proof of Case-I1: High-cost clusters

Case-II: (euclid-cost(F, 0;) > ﬁ - euclid-cost(F, C))

If we can show that a Dz—sampled set with respect to center set [’ has a subset S that may be

considered uniform sample from O}, then we can use Lemma 32 to argue that )/; has a subset

euclid-cost(F, O;) €
euclid-cost(F, C) 28k’

argue that if we D’ -sample O((kz/£)°/9)) elements, then we will get a good representation

T such that ;(75) is a good center for O;. Note that since

we€ can

from O;. However, some of the points from O; may be very close to one of the centers in F'
and hence will have a very small chance of being Dz—sampled. In such a case, no subset S
of a Dz—sampled set will behave like a uniform sample from O;. So, we need to argue more
carefully taking into consideration the fact that there may be points in O; for which the chance

of being Dz—sampled may be very small. Here is the high-level argument that we will build:
* Consider the set O’; which is same as O; except that points in O; that are very close to F°
have been “collapsed" to their closest center in F'.
* Argue that a good center for the set O;» is a good center for O;.
* Show that a convex combination of copies of centers in F’ (i.e., F}) and Dz—sampled

points from O; gives a good center for the set 0.

The closeness of point in O; to points in F' is quantified using radius R that is defined by the
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equation:

z defn. ? lid- F j
R dé ( I ) ‘euc ld COSt( 703) wh67‘6 C:(1_|_322/5) (43)

50¢ [eA ’

Let O7°*" be the points in O; that are within a distance of R from a point in set /" and Ojc =
O; \ O3, Thatis, O7°" = {z € O; : mineer ||z — ¢[| < R} and O}c‘" = 0; \ O7°". Using

these we define the multi-set O;- as:

1 __ ~far . near
O; = 03" U{c(r) : x € 07"}

Note that |O;| = [O}]. Let 1 and y" are the optimal centers for the 1-service cost of O; and O},
respectively. Let n = |O;] and 71 = |O7°*"|. We first show a lower bound on A(O;) in terms of

R.

Lemma 36. A(O,) > n - < )Z, where ( = (14 32z /¢).

Proof. Let ¢ = argmingcp || — ||. We do a case analysis:

13¢R
g

1. Case 1: || —c|| >

. . near . ) . )
Consider any point p € O7°*". From triangle inequality, we have:

13CR 12¢CR

llp = pll = [le(®) — ul| = lle(p) —pl| > — - R>——
. _ 12¢ R\ 7
This gives: A(O;) > Zpeo;ww llp—pl)F >n- ( g ) _

2. Case 2: || — ] < ——

In this case, we have:

euclid-cost(F, O;) < euclid-cost(c, O;)
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= > llz—el

Z‘EOJ'
< Z (e = pll + [Je = l])® (using triangle inequality)
ZEEOJ'
<23 (e = pll* + i = cl?).
Z‘EOj

(using Fact2 and § = 1)

z

<2 A0 +n-2 - [lu—cf?

On rearranging the terms, we get:

- euclid-cost(F, O,)

—n-|lp—cfl?

S euclid-cost(F, O;) . (13 ¢ R> z

2 e
. (B9CRYT ‘(13(R>Z
2¢ €
z
> (12 ¢ R)
€
z
> <12 ¢ R)
€
This completes the proof of the lemma. [

Next, we note the following lemma:

Lemma 37. Forany § > 0, A(O}) < (1+1/6)% - euclid-cost(F, O7°") + (1 + )% - A(O;).
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Proof. The proof follows from the following sequence of inequalities.

AO) = lle—wlIF

!
:JcGOj

< Z |z — ull?, (. ¢ is optimal for O )

!
zer

= > le@ —pllP+ > le—pl?

ze0peer p—

IN

S (le—cl@) +lle —ull* + 3 o —pl?,  (using triangle-inequality)

a:EO;‘e‘" a:EOJf‘"

< Y (1Pl = e(@)F + (14 8) e — )

zeonear
J

+ Z |z — p||®,  (forany 6 > 0 using Fact 2)

zGO{M

IN

(14 1/6)% - euclid-cost(F, O7*") + (1 + 0)* - A(O;),

In the next lemma, we show that a good center for the 1-service cost of O is a good center for

O; as well.

Lemma 38. Let ;i be a point such that euclid-cost(y”, O}) < (1 + %) - A(O%). Then,

euclid-cost(1”, O;) < (1 + g) - A(Oy).

Proof. The proof follows from the following sequence of inequalities.

euclid-cost(1”, O;)

=3 =P

wer
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-3

zeonear
J

W'+ Y Ml

far
z€0;

< Y lz—c@l+lle(@) ="+ Y lle—n"I,

reQnear
J

:cEOJfM

(using triangle inequality)

< Y (107 o —c@)F + (L4607 le(@) = " IF) + Y e — "I,

zeonear
J

= (1+1/6)*

< (1+41/6)*

= (141/6)
< (1+1/6)

< (1+1/6)

— (14 322/¢)

< (1+32z/¢)?

< (1+32z/¢)?

< (14 32z/¢)

:EEO;‘"
(for any 0 > 0, using Fact 2)

(we will later decide the value of 9)

-euclid-cost(F, O7°") + (1 + 9)* - Z lle(x) — 1|7

reQnear
J

+ D lle—u|P?

xEOfM

-euclid-cost(F, O7°"") + (1 + §)* Z |z — p"||?

er’

- euclid-cost(F, O7°"") + (1 + §) - euclid-cost(n”, O})
-euclid-cost(F, O7°"") + (1 +6)* - (1 + ¢/16) - A(Oj)

. (1 + (]. + 5)2 . (1 + 5/]_6)) . CUCIid-COSt(F’ O;’Lear)

+ (14 6)** - (1+¢/16) - A(O;), (using Lemma 37)

(14 (1+4¢/322)% - (1 +¢/16)) - euclid-cost(F, OF“")

+(14¢/322)** - (14+¢/16) - A(O;), (on substituting § = £/322)

(14 (14¢/32) - (1 4 £/16)) - euclid-cost(F, O7*")

+ (14¢/16) - (1 +¢/16) - A(O;), (using Fact 1)

(1 +1+¢e/4) - euclid-cost(F, OF“") + (1 +¢/4) - A(Oy),

(fore < 1)

S(24¢/4) R + (1+¢/4) - A(O;)
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€

< (1432z/e)* - (2+¢/4) - (EC

)Z CA(0)) + (142/4)- A0,

(using Lemma 36)

“AOj)+ (1 +¢/4)-A(O)) (- ¢=(1+32z/c)ande < 1)

This completes the proof of the lemma. [

Given the above lemma, all we need to argue is that our algorithm indeed considers a center
p" such that euclid-cost(u”, O) < (1 +¢/16) - A(Oj). For this we would need about ()
uniform samples from O). However, our algorithm can only sample using Dz—sampling W.I.L.
F'. For ease of notation, let ¢(O7°*") denote the multi-set {c(p) : p € O7°"}. Recall that O
consists of Ojc “"and c(O7*"). The first observation we make is that the probability of sampling
an element from Of " is reasonably large (proportional to £). Using this fact, we show how
to sample from O (almost uniformly). Finally, we show how to convert this almost uniform

sampling to uniform sampling (at the cost of increasing the size of sample).

Lemma 39. Let x be a sample from Dz—sampling w.rt. F. Then, for any point p € Ojf o,

z
— > 0 £ . (L) ,
Priz =p] > ok where 7y denotes 208k \5o¢

z z id- )
Proof. If x € O{ “", then euclid-cost(F, {z}) > R" = (ﬁ) . euclid T?)S.TF’ 9, ), Therefore,
J
euclid-cost(F, {x}) - R* - euclid-cost(F, O;) e \* 1
euclid-cost(F, C') ~— euclid-cost(F,C") — euclid-cost(F, ') 50¢ 10|

> € ) g Z‘ 1
T 2apk 5OC ‘OJ’

This completes the proof of the lemma. [
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Note that the algorithm adds the entire set ' in M. It means the algorithm samples a point from
c(O}w‘"’) with probability exactly 1. Therefore, based on this fact and the above lemma, it can

be said that the algorithm is sampling each point in O’; with probability at least /|O;|.

Now, consider a new experiment in which £, denote the event of choosing O, and F,, denote the
event of not choosing O;. The experiment is such that Pr[E.] = v and Pr[F,] = 1 — ~. Let E,
denote the event of choosing a point z € O;. The experiment is such that given ., an element
x € Oj is chosen with uniform probability 1/|O;|. In other words, Pr[E, | E.] = 1/]0;|.
Therefore, the probability of choosing a point x € O; is exactly v/|O;|. Suppose we run this
new experiment 7 = 27/~ times and S be the sampled set. Then, expected number of points
in S is 27. Then, with probability at least 3/4, S contains at least 7 points (using Chernoff-
Hoeffding bound). Since all points in .S are uniformly sampled, using Corollary 17, u(.S) gives
(1 + ¢/16) approximation for the 1-service cost of O’ with probability at least (3/4)* > 1/2
. Note that the set of points added by this new experiment is subset of the points added by
our algorithm since our algorithm adds a point x to A/ with probability at > ~/|O;| = Pr[E,].
Also, note that the algorithm adds 7 copies of F' to M to ensure that sufficient number of points
are sampled from ¢(O}°*"). This implies that in steps 6-7 of the algorithm, the algorithm adds
a point " that is (1 + €/16)-approximation for the 1-service cost of O}. Using Lemma 38, this
means that /; contains a subset 7} such that euclid-cost(x(7}), O;) < (1 + %) - A(O;) with

probability at least 1/2. This concludes the proof of Lemma 33, and thus Theorem 48.

4.5 Streaming Algorithms

In this section, we convert the algorithm of the constrained outlier Euclidean k-service problem
to a constant-pass log-space streaming algorithm. We use the same techniques that we used in
Section 3.8. The offline algorithm for the constrained outlier Euclidean k-service problem has
two main components: the list outlier Euclidean k-service algorithm and the outlier partition

algorithm. The list outlier Euclidean k-service procedure is common to all constrained versions
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of the problem. However, the outlier partition algorithm differs for different constrained ver-
sions. We convert the algorithm List-Outlier-Euclidean-k-Service toastreaming

algorithm in the following manner:

Conversion of List-Outlier-Euclidean-k-Service to Streaming algorithm:

1. In the first pass, we run a streaming «-approximation algorithm for the Euclidean
k-service instance (C,k + m,p, z). For this, we use the streaming algorithm of
Braverman et al. [32]. The algorithm runs in polynomial time and gives a constant-

approximation with the space complexity of O((k 4+ m) - logn).

2. In the second pass, we perform the D?*-sampling step using the reservoir sampling

technique [135].

This gives us the following result:

Lemma 40. There is a 2-pass streaming algorithm for the list outlier Euclidean k-service
problem. The algorithm outputs a list of size f(k,m,e,z) - logn. Moreover, the running
time of the algorithm is O(np - f(k, m,€)) and space complexity is f(k,m, e, z) - logn, where

flkym,e, 2) = ((k 4+ m)z/e)OW=/=7),

Now, we need the partition algorithms for the constrained Euclidean k-service problems in the
streaming setting. For the chromatic k-service problems, there does not exist any deterministic
log-space streaming algorithm [87]. In Section 3.9.4, we showed that this impossibility result
also holds for the strongly-private k-service problem. For the (-diversity and fair k-service
problems, we neither know any log-space streaming algorithm nor any impossibility result.
For the remaining constrained clustering problems mentioned in Table 3.1, we designed the

streaming partition algorithms for their outlier and non-outlier versions in Section 3.9. Since
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those algorithm are for the general metric spaces, they also holds for the Euclidean space. To-
gether with Lemma 40, we obtain the following results for the constrained k-service problems

in continuous Euclidean space:

Theorem 49. There is a 5-pass streaming algorithm for the outlier version of the r-gather,
r-capacity, and balanced Euclidean k-service problems that gives a (1 + ¢)-approximation
guarantee. The algorithm has the space complexity of O(f(k, m,e, z) - logn) and the running

time of O(f(k,m, e, z) - n®W), where f(k,m, e, z) = ((k +m)z/e)0*=/=".

Corollary 18. There is a 5-pass streaming algorithm for the r-gather, r-capacity, and balanced
Euclidean k-service problems that gives a (1 + ¢)-approximation guarantee. The algorithm has
the space complexity of O(f (k, e, z) -logn) and the running time of O(f (k, e, z) -n°M), where
f(k,e,2) = (kz/e)Ok2/=7),

Theorem 50. There is a 3-pass streaming algorithm for the fault-tolerant, ordered-weighted-
average, and uncertain Euclidean k-service problems that gives a (1 + €)-approximation guar-
antee. The algorithm has the space complexity of O(f(k,¢, z) - logn) and the running time of

O(f(k,e,z)-n), where f(k,e,z) = (k-z/g)O(kz/gO(z)).

Theorem 51. There is a 4-pass streaming algorithm for the outlier version of the fault-tolerant,
ordered-weighted-average, and uncertain Euclidean k-service problems that gives a (1 + ¢)-

approximation guarantee. The algorithm has the space complexity of O(f(k,m,e,z) - logn)

and the running time of O(f(k,m, e, z) - n), where f(k,m,e,z) = ((k +m)z/e)Okz/="9),

4.6 Conclusion

Our results demonstrate the versatility of the sampling based approach for k-means. This has
also been demonstrated in some of the past works. The effectiveness of k-means++ (which is
basically D?-sampling in k rounds) is well known [16]. The D?-sampling technique has been
used to give simple PTAS for versions of the k-means/median problems with various metric-

like distance measures [98] and also various constrained variations of k-means [28]. It has also
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been used to give efficient algorithms for coreset construction [115]. In this work, we see its use
in the streaming and outlier settings. The nice property of the sampling based approach is that
we have a uniform template of the algorithm that is simple and that works in various different

settings. This essentially means that the algorithm remains the same while the analysis changes.

This work raises many interesting questions. Our main result on list-k-service is a sampling
algorithm that helps us find good centers for any subset of k clusters. In the streaming setting
for the constrained k-means, we give a generic algorithm within the unified framework of Ding
and Xu [72]. The advantage of working in this unified framework is that we get streaming
algorithms for various constrained versions of the k-means problem. However, it may be pos-
sible to obtain better streaming algorithms (in terms of space, time, and number of passes) for
the constrained problems when considered separately as is the case for the classical k-means

problem [32]. It may be worthwhile exploring these problems.



Chapter 5

Tight FPT Approximation for Socially
Fair k-Median/Means

In this chapter, we study the socially fair k-median/k-means problem. We are given a set of
points C' in a metric space X with a distance function d(., .). There are ¢ groups: C1,...,C, C
C. We are also given a set L of feasible centers in X. The goal in the socially fair k-
median problem is to find a set ' C L of k centers that minimizes the maximum average
cost over all the groups. That is, find F’ that minimizes the objective function fair-cost(F, C) =
max; { Zzecj d(F,z)/|Cy] }, where d(F, x) is the distance of x to the closest center in F'. The

socially fair k-means problem is defined similarly by using squared distances, i.e., d*(.,.) in-

stead of d(.,.). The current best approximation guarantee for both the problems is O (log’lgo é z)
due to Makarychev and Vakilian [120]. In this work, we study the fixed parameter tractability
of the problems with respect to parameter k. We design (3 + ¢) and (9 + ¢) approximation
algorithms for the socially fair k-median and k-means problems, respectively, in FPT (fixed
parameter tractable) time f(k,¢) - n°Y), where f(k,e) = (k/¢)°*® and n = |C U L|. The

algorithms are randomized and succeed with probability at least 1 — 1/n. Furthermore, we

show that if W[2] # FPT, then better approximation guarantees are not possible in FPT time.

171
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Note that FPT algorithms have polynomial running time if the parameter under consideration
is a constant. This may be relevant even to a practitioner since the parameter £ is indeed a small

number in many real clustering scenarios.

5.1 Overview

In recent years, the topic: fairness in machine learning, has gained considerable attention, for
example, see [25] and [48] for the recent developments in this area. The main motivation is that
in many human centric applications, the input data is biased towards a particular demographic
group that may be based on age, gender, ethnicity, occupation, nationality, etc. We do not want
algorithms to discriminate among different groups due to biases in the dataset. In other words,

we aim to design fair algorithms for problems.

In the context of clustering, in particular the k-median/k-means/k-center clustering, various
notions of fair clustering have recently been proposed (see [46, 26, 11, 27, 104, 45, 116]).
Most of these notions are based on balanced or proportionality clustering. In other words, a
clustering is said to be fair if in every cluster, a protected group (e.g. demographic group) occurs
in an almost the same proportion as it does in the overall population. By the virtue of this, no
group is over-represented or under-represented in any cluster. However, recently, Abbasi et
al. [1] demonstrated that “balance” based clustering is not desirable in applications where a
cluster center represents an entire cluster. One such application is the placement of polling
location for voting (see [1] for details). In such applications, the quality of representation of
a group is determined by the proximity of the group members to their cluster centers. Such
cost representation is not captured by “balance” based clustering. Therefore, they introduced a
new notion of the fair clustering where each group has an equitable cost representation in the
clustering. Informally, given a point set C' and ¢ groups: C', ..., C, C C, the task is to cluster
C into k clusters such that the maximum of the average costs of the groups is minimized. In

an independent work, Ghadiri et al. [83] used a similar notion that they called the “socially
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fair” clustering problem. Recently, Makarychev and Vakilian [120] generalized the definition
of the socially fair clustering problem using the weighted point set. The following is a formal

definition of the problem as stated in [120].

Definition 44 (Socially Fair Clustering). We are given a set C of points and set L of fea-
sible centers in a metric space (X,d). There are { groups (possibly non-disjoint) of points
C1, ..., Cy C C with weight function w;: C; — R* foreach j € {1,...,(}. Let z be any real
number > 1. The unconstrained cost of a group C; with respect to a center set I’ C L is defined

as.

service-cost(F, C}) = Z d(F,z)* - w;(x), whered(F,z) =min{d(f,z)}.
xEC’j fer
In socially fair clustering, the goal is to pick a center set I' C L of size k so as to minimize the

objective function: max e[y service-cost(F, C;), which we call the fair cost:

fair-cost(F, C') = max {service-cost(F, C’j)}.

JE]

The case of averaging the cost of each group, i.e., w; : C; — 1/|C;|, was initially studied
by Ghadiri er al. [83] and Abbasi et al. [1]. Both these works gave a polynomial time O()-
approximation algorithm for the socially fair clustering problem for z = 1 and z = 2. Further-
more, Abbasi et al. [1] showed that the natural LP relaxation of the problem has an integrality

gap of Q(¢). To overcome this barrier, Makarychev and Vakilian [120] designed a strengthened

log ¢

LP and improved the approximation guarantee to O (eO(z) " Toglog?

> in polynomial time.

Note that in the definition of the socially fair clustering, it is given that groups might not be
disjoint. However, we can make the groups disjoint. If a point p appears in multiple groups say
Cj, ..., Cj,, then we create ¢ copies of point z such that its i" copy only belongs to j!* group.

Moreover, the weight of the i copy is w;, (). The objective function does not change due to
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this modification. Therefore, from now on, we will assume all the groups to be disjoint.

Now let us discuss some special cases of the problem. For z = 1 and z = 2, the problem is
known as “socially fair k-median” and “socially fair k-means” problem, respectively. On the
other hand, if z is arbitrary and ¢ = 1, the problem is known as the “k-service” problem (or
unconstrained clustering problem). Furthermore, in additionto ¢ = 1,if 2 = 1 or z = 2, the

problem becomes the classical (unconstrained) k-median/k-means problem, respectively.

5.2 Our Results

In this work, we study the fixed parameter tractability of the problem parameterized by k. It is
known that the classical k-median and k-means problems when parameterized by k, are W/[2]-
hard [53]. Hence, it immediately implies W[2]-hardness of the socially fair clustering problem.
Therefore, the problem does not admit an exact FPT algorithm unless W[2] = FPT. In this
work, we design a (3” 4 ¢)-approximation algorithm for the problem, with FPT running time,
parameterized by k. Furthermore, we show that this approximation guarantee is tight up to an
¢ additive factor. Also, note that in the running time analysis of the algorithms, we ignore the
dependence on z since it is typically considered as constant. Formally, we state the main result

as follows:

Theorem 52 (Main Theorem). Let z > 1 and 0 < ¢ < 1 be arbitrary constants. Let 1T =
(X,P,P,...,P, wy,...,wg, F,d k,z) be arbitrary instance of the socially fair clustering
problem and n = |P U F|. Then, there is a randomized algorithm that outputs a (3" + ¢)-

approximate solution to T with probability at least 1 — 1/n. The running time of the algorithm

is (kz/e)°®) . nOW which is FPT in k.

The following are two immediate corollaries of the above theorem.

Corollary 19 (k-median). For the socially fair k-median problem, there is a randomized (3 +

£)-approximation algorithm with FPT running time of (k/e)°®) - n®W) that succeeds with
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probability at least 1 — 1/n.

Corollary 20 (k-means). For the socially fair k-means problem, there is a randomized (9 +

Ok) . ,01)

e)-approximation algorithm with FPT running time of (k/¢) that succeeds with

probability at least 1 — 1/n.

In Section 5.6, we establish FPT hardness of approximation results for the problem that follow
from the known hardness results of the unconstrained clustering problems. The following are

two main results:

Theorem 53 (FPT Hardness for Parameters: ¢ and k). For any constant z > 0, € > 0, and
functions: g: RT xRt — Rt and f: R™ — R, the socially fair clustering problem can not be
approximated to factor [ 1+ (3"~ —1)/e — 5) , intime g(k, £)-n'©OW gssuming FPT # W[2]

and in time g(k, () - nO°®) assuming Gap-ETH.

Theorem 54 (FPT Hardness for Parameter k). For any constant z > 0, € > 0, and function
g: RY — R, the socially fair clustering problem can not be approximated to factor (SZ —¢€)

in time g(k) - n°Y assuming FPT # W([2] and in time g(k) - n°*) assuming ETH.

This completes the summary of our results. Note that Theorems 52 and 54 give tight approxi-
mation bounds (up to an additive ¢ additive factor) for the socially fair clustering problem when
parameterized by k. Thus, it settles the complexity of the problem when parameterized by k.

Next, we compare our work with the previous related works.

5.3 Related Work

The previous works of Abbasi et al. [1], and Makarychev and Vakilian [120] were based on the

LP relaxation and rounding techniques. Abbasi ef al. [1] gave O(¢) approximation guarantee,

and Makarychev and Vakilian [120, 47] gave O (1015{%) é e) approximation guarantees for the
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socially fair k-median/means problem. On the other hand, Ghadiri ez al. [83] designed a socially
fair k-means algorithm with performance guarantees similar to the Lloyd’s heuristics [114]

(popularly known as the k-means algorithm).

Recently, Bandyapadhyay et al. [21] gave an FPT time constant factor approximation algo-
rithm for a variant of “balance” based fair clustering problem. This variant was first studied
by Bera et al. [26]; according to this variant, a clustering is said to be fair if within each
cluster, the fraction of points that belongs to the ;% group is at least 3; and at most a;, for
some constants 0 < «;, 3; < 1. This results in fair representation of every group within each
cluster. It turns out that this variant falls under a broad class of the constrained k-median/k-
means problem [21, 72]. Informally, the constrained k-median/k-means problem is a class
of clustering problems where a set of constraints can be imposed on the clusters in addition
to optimising the k-means/k-median cost. Various other problems like: uniform capacitated
k-median/k-means problem [112], outlier k-median/k-means problem [106], fault-tolerant k-

median/k-means problem [92], etc., fall in this category.

In Chapter 3, we study that if any constrained k-median/k-means problem admits an FPT time
partition algorithm, then it also admits an FPT time constant factor approximation algorithm, in
general metric spaces. The fair clustering problem studied by Bera et al. [26] fits the constrained
clustering framework. We studied this clustering variant in Chapters 2 and 3 (see Definition 8
in Table 2.1 and Definition 9 in Table 3.1). Therefore, it is tempting to check if the socially
fair clustering problem fits the constrained clustering framework. Unfortunately, the objective
function of socially fair clustering differs from the classical k-service and k-supplier objectives.
Therefore, the problem can not be treated as a constrained clustering problem. However, we
note that the cost function for each group C is exactly the same as the k-median/k-means
objective. We use this fact to design a polynomial time bi-criteria approximation algorithm
for the problem. Then, we convert the bi-criteria approximation algorithm to a constant factor

approximation algorithm in FPT time. We will formally define the bi-criteria approximation
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algorithm in Section 5.5.1.

Another way of approaching this problem is to obtain a strong coreset for the socially fair
clustering instance. The coreset can be easily obtained by computing the coresets for each group
C; individually. For the coreset definition and its construction, see the work of Ke Chen [44],
or Cohen-Addad er al. [56]. After obtaining a coreset of the point set C, one can employ the
techniques of Cohen-Addad ef al. [53], and Cohen-Addad and Li [52] to obtain a constant
factor approximation for the problem in FPT time. The main idea is to try all possible &
combination of points in the coreset and choose the centers in L that are closest to those points.
This gives ('il) distinct center sets, where |S| is the number of points in the coreset. It can
then be shown that the center set that gives the least clustering cost is a (3” + £) approximation
for the problem. For details, see Section 2.2 of [52] in the context of k-median and k-means
objectives. However, there are an issue with this technique when we deal with the socially
fair clustering objective. The issue is that the coreset size would have an ¢ term, where ¢ is
the number of groups. Therefore, the running time would have a multiplicative factor of £*
which makes the algorithm not be FPT in k. Also note that ¢ can be as large as §2(n). In this
work, without using coreset techniques, we design a (3”4 ¢) approximation algorithm for the
problem. Moreover, the running time of the algorithm is FPT in k. In the following section, we

mention some notations and facts that we use frequently in this chapter.

5.4 Notations and Identities
LetZ = (X,C,C4,...,Cpws,...,wy, L,d, k, z) be an instance of the socially fair clustering
problem. For a weighted set S C C' with weight function w: S — R and a center set F' C L,

we denote the unconstrained clustering cost of .S with respect to F' by service-cost(F, 5), i.e,

service-cost(£, S) = Z w(z) - d(F,x)*, where d(F,z) = %ig{d(a:, )}

z€eS



178 Tight FPT Approximation for Socially Fair k-Median/Means

For simplicity, when S = {x}, we use the notation service-cost(F, z) instead of service-cost(F, {z}).

Similarly, when F' = { f }, we use the notation service-cost(f, S) instead of service-cost({ f }, 5).
In the remaining discussion, we will refer to the unconstrained clustering cost simply as clus-

tering cost.

We denote the fair clustering cost of C' with respect to a center set F' by
fair-cost(F, () = m?g]( {service-cost(F, Cj)}.
j€

Moreover, we denote the optimal fair clustering cost of C' by OPT and optimal fair center set
by F* = {ff,..., fr}, i.e., fair-cost(F*,C) = OPT. We also use the notation [¢] to denote a
set {1,...,t} for any integer t > 1. We also use the following inequality in our proofs. The
inequality is a generalization of the triangle inequality and easily follows from the power-mean

inequality.

Fact 4 (Approximate Triangle Inequality). For any z > 1, and any four points q,r,s,t € X:
d(q,t)* < (d(g,r) + d(r,s) +d(s,0))* <37 (dlg,r)* + d(r, ) +d(s,1)?).

5.5 FPT Approximation
In this section, we design a (3~ + ¢)-approximation algorithm for the socially fair clustering
problem with FPT time of (zk/ 5)O(k) -n®(), The algorithm turns out to be surprisingly simple.

Our algorithm consists of the following two parts:

1. A polynomial time (1 +¢e,0 ((z /e%) - In? n)) bi-criteria approximation algorithm for
the socially fair clustering problem. The algorithm outputs a center set /' C L of size
O((kz/€?) - In®n) and gives (1 + ¢)-approximation with respect to the optimal solution

with k centers.

2. We then show that there exists a k-sized subset S C F’ that gives (BZ + &) approximation.
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Note that since one needs to try all possible k-sized subsets of F', the overall running time

of the algorithm has a multiplicative factor of O (“]: ‘). This results in an FPT algorithm.

We discuss the above two parts in Sections 5.5.1 and 5.5.2.

5.5.1 Bi-criteria approximation

We start with the definition of («, ) bi-criteria approximation algorithm:

Definition 45 (Bi-criteria Approximation). An algorithm is said to be (o, B) bi-criteria approx-
imation for the problem if it outputs a set F' of Sk centers with fair clustering cost at most o
times the optimal fair clustering cost with k centers, i.e.,

fair-cost(F, C) < «v - min {fair-cost(F’ ,O) } =a-OPT
|F'|=k and F'CL

Note that for the unconstrained k-median problem, there exists a randomized (1+¢, O(In(1/¢)))
bi-criteria approximation algorithm due to Neal Young [140]. We extend that algorithm to the
socially fair clustering problem and obtain a randomized (1 + ¢, O ((z/£%) - In*n)) bi-criteria

approximation algorithm. Formally, we state the result as follows:

Theorem 55 (Fair Bi-Criteria Approximation). Let 0 < ¢ < 1 be any arbitrary constant. Let
T = (XCCh,...,Cpwy,...,wy L d k, 2) be any instance of the socially fair clustering
problem. Then, there exists a polynomial time algorithm that with probability at least (1 —1/n)
outputs a center set ' C L of size O ((kz/?) - In®n) that is a (1 + ¢)-approximation to the

optimal fair clustering cost of T with k centers. That is, fair-cost(F, C) < (1 + ¢) - OPT.

The theorem follows from the next two lemmas: Lemmas 41 and 42.

Lemma 41. There is a polynomial time randomized algorithm Randomized-Fair

—Subroutine that outputs a center set F' such that for every group C; € {C4,...,C}, the
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expected clustering cost of C; with respect to F' is at most (1 + ¢/2) times the optimal fair

clustering cost of instance L. That is, for all j,
E [service-cost(F”, C;)] < (1 + %) - OPT
Moreover, the center set F' contains at most O(kz1n(n/¢)) centers.

The above lemma follows from a modification of the known bi-criteria approximation algorithm
for the unconstrained clustering problem [140] which in turn follows from an LP-rounding
technique with respect to the most natural linear programming formulation of the problem. We
give the outline of the Linear Programming (LP) relaxation and the rounding procedure while

deferring the analysis to the Appendix. We start with the natural LP-relaxation for the problem:

minimize -y

subject to ny =k ()
feL
Z Tip=1 for every point z € C (2)
feL
Z me ~d(f,x)* - wi(x) <v forevery C; € {Cy,...,C¢}  (3)
:BEC]' feL
Tir < Y forevery f € Landz € C'  (4)
Yg, Tpg > 0 forevery f € Landz € C'  (5)

Here, y; is a variable that denote the fraction of a center f picked in the solution. The variable
x ¢ denote the fraction of point x assigned to center f. The variable -y denote the fair clustering

cost of a feasible fractional solution. We solve the above linear program to obtain the fractional
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optimal solution: yj;, x’}’m, and v*. Since it is a relaxation to the original problem, v* < OPT.

For simplicity, we use the notations: yy, xy ., 7y for y3, 7}, and 7*, respectively.

Randomized-Fair-Subroutine (Z, ys’s, ¢S, €)

Inputs: Socially fair clustering instance Z, fractional optimal solution: y;’s and z,’s of
the relaxed LP, and accuracy € < 1.

Output: A center set /' C L of size O(k zIn(n/¢c)) such that
E [service-cost(F”, C;)] < (1+¢/2) - OPT for every group C; € {C4,...,C}

(1) F'« 0 (center set)
(2) Cy <« C (setof unassigned points)
(3) Repeat k (z ¢+ In(2n/e)) times for some constant c:

4) Sample a center f € L with probability y¢/k. Let f* be the sampled center.

(5) F'« F'u{f}

(6) For each point = € C:

(7 Assign x to f* with probability x g« , /1y s+

(8) If z assigned to f*, then C, + C,, \ {z}

(9) Run O (eo(z) . %) -approximation algorithm for socially fair clustering problem

on C. Let F}, C L be the obtained center set. Assign the points in C), to F,.
(10) F'«+ F'UF,
(11) return(F")

Algorithm 5.1: A rounding procedure used as a subroutine for bi-criteria approximation.

The randomized subroutine is described in Algorithm 5.1. The algorithm takes input the frac-
tional optimal solution to the relaxed LP of the socially fair clustering problem. In Line (1), the
algorithm initializes a center set /" as empty. In Line (2), the algorithm initializes a set C,, that
denotes the set of unassigned points. Initially, no point is assigned to any center; therefore C',

is initialized to C. Then, the algorithm proceeds in two phases:

e Phase 1 constitutes Lines (3) — (8) of the algorithm. In this phase, the algorithm samples
a center from L with probability distribution defined by y/k. Note that the sum of prob-
abilities over all f € L, is 1 due to constraint (1) of the relaxed LP. Therefore, a center
is always selected, and it added to F”. Suppose the selected center is f*. Then, for each

point z € C,,, the algorithm independently assigns = to f* with probability s« ,/y-.
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The algorithm removes the points from C, that are assigned to f*. The algorithm repeats
this procedure k (z ¢+ 1n(2n/¢)) times. Here, c is a constant whose value will be defined

later during the analysis of the algorithm.

e Phase 2 constitutes line (9) of the algorithm. In this phase, the algorithm runs the
0] (eO(z) . %) -approximation algorithm .4 of Makarychev and Vakilian [120] for the
socially fair clustering problem on the entire point set C'. Let F,, be the center set output
by algorithm A. The remaining points in ', are assigned to their closest centers in F,.

After this phase, all the points are assigned. Lastly, the algorithm returns all the centers

selected in Phase 1 and Phase 2.

Next, we give proof of Lemma 41. It mainly involves analysis of Randomized-Fair

—-Subroutine.

Proof. We bound the expected assignment cost of each group C; with respect to F”, the center
set returned by Randomized-Fair-Subroutine. Let the centers selected in Phase 1 of
the algorithm be: Fy = {fy,..., f;}, fort = k(zc + In(2n/e)). In other words, f; is the
center sampled in the i*" iteration of Line (3) of the subroutine. For each point z € C; and
iteration 7 € {1,...,t}, we define a random variable A’. It takes value 1 if x is unassigned
after ¢ iterations; otherwise it is 0. In other words, A; = 1if z € C, after i iterations. Given

Al =1, the probability that x is assigned to some center in (i + 1) iteration is:

PriAl = 0] AL =1] =) Pr[zisassignedto f | f/y; = f]-Pr(f;, = f]

feL

:Z%.?ﬁ:—zf@xm_l (5.1)
uk 2 2 '

feL
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The last equality follows from the second constraint of relaxed LP. Also, note that Pr[Al =

0] = % using the above same analysis since the point was unassigned before the first iteration.

Now, we show that the probability that = is unassigned after ¢ iterations is (1 — %)Z, ie.,

PriAl =1] = (1- ) for every i € {1,...,t}. We prove this statement using induction

Base Case: For: = 1, the probability that x is unassigned after the first iteration is:

Pr[A;:1]:1—Pr[A;:0]:1—%

Induction Step: For ¢ > 1, the probability that z is unassigned after : iterations is:

PriAL = 1] =Pr[A, = 1| AT =1]-Pr[AS ' = 1] + Pr[AL = 1| AL = 0] - Pr[A! = 0],

(using the law of total probability)

Note that Pr[A} = 1 | Ai-1 = 0] = 0 since x ¢ C, after (i — 1) iteration; therefore it does

not participate in " iteration. Hence we get,

Pr(Al =1 =Pr[A, =1 | A7' =1]-Pr[A; ' = 1]

—Pr[Al =0| A" =1]) - Pr[AL ! = 1]

I
—~
—_

1 )
= (1 E) Pr[Ar ! =1], (using Equation (5.1))

1 " . , :
=11- E 1 - z , (using Induction Hypothesis)
Uk
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This proves that Pr[A} = 1] = (1 — %)Z, foreveryi e {1,...,t}.

Now, we evaluate the expected assignment cost for each group C; € {C4,...,C}. Let o,
denote the assignment cost of each point € Cj in the fractional optimal solution. That is,
Oy = pep, Tre - d(f,2)* - wj(x) . For every point x € C; and center f € L, let By, denote

(2

the event that x is assigned to f during Phase 1. Let Ef denote the event that z is assigned to
T

f in the 7" iteration, during Phase 1. If = remains unassigned after Phase 1, then let 3, denote

the cost of = during Phase 2. Then, the expected cost of group C; with respect to the center set

F'is:

E[service-cost(F”, C))]

= Z E[service-cost(F”, x)] (using linearity of expectation)

=2 (ZPr[Em] Cd(f,x)" - wj(x) + PriA; = 1] '5)
zcC; \ feL

=2 (Z S PelE ] d(f2)" wyle) + PrAL = 1] ﬁx) (5:2)

zeC; \ feL i=1

)

Next, we show that » _ ., S Pr[Ef |-d(f,z)? - wj(x) < a, for every point = € C}.

X jer S BB -d(f,2)7 ()

t i

<DODPE | AT =1 PrlAy = 1] d(f.2)7 ()
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S PE R ]-(1—%)“-d(f,x)z-wj(m)

feL i=1

EEE (1) e

fELz 1

- ; drer e d]if, ) - w;(z) | (1 ) l)“

()

:%.—1_(1_E) < a,

2 1k =

%

This proves that » ., S Pr[Ef ]-d(f,xz)? w;(x) < a,. Now, substituting this inequality

in Equation (5.2), we get

E[service-cost(F", C;)]

SZam—l—ZPr[A;:l]-ﬁ

CISECj IEC]'
=S es (1) 5
zeC IECj
1\’ log ¢
= Zax—i- (1——) -O(eo(z)- o8 ) - OPT,
= k log log ¢

log ¢
.0 (eo(z) 7 olg g) -approximation algorithm used in Phase 2)
0g 108

1 k (zc+1In(2n/e)) log ¢
= Z oy + (1 —— 00 . 28 - OPT,
_ k log log ¢

k
€ o) logl N 1
< _c . . . OPT 1—2) <1
_Zaw—i_ecz-?n O<e loglog ¢ OPT, ' k) — /e
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€ / log ¢
<Yt e . OPT, f tant ¢ > 0
< a +ecz-2-n e Toglog { (for some constant ¢ )

9 /
< . . CZ'OPT, €<
_ZO& +€cz,2 € ( —n>

IECj
= Z Qg + g - OPT, (we choose ¢ such that ¢ = )
$€Cj
<7+ g - OPT, (using constraint (3) of the relaxed LP)

This completes the proof of Lemma 41.

We now apply standard probability amplification method to bound the fair-cost.

Lemma 42. Suppose Randomized-Fair-Subroutine is repeated r = 81% times, inde-

pendently. Let I, ..., F! be the obtained center sets for each call to the algorithm. Then, the
center set F':= F{ U ... U F is a (1 + €) approximation to the optimal fair clustering cost of

C, i.e., fair-cost(F, C') < (1 + ¢) - OPT, with probability at least 1 — 1/n.

Proof. We say that a group C); violates the fairness bound with respect to some center set F7,
if service-cost(#}, C;) > (1 + ¢) - OPT. Now, note that for every center set £} € {F},..., F'}
and group C; € {C}...,C,}, we have that E[service-cost(F!,C;)] < (1 + ¢/2) - OPT, us-
ing Lemma 41. Furthermore, using the Markov’s inequality, we get the following probability

bound:

1+€/2_1 e/2

P ice-cost(F7, C) > (1 -OPT| <
r [ service-cost(F, C) > (1 +¢) ] 1+e l4+¢e—
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In other words, C; violates the fairness bound with respect to FZ-/ with probability at most

1 — ¢/4. Then, the probability that C; violates the fairness bound with respect to every center

set F/ € {F],..., F}is:

Pr(Vie {1,...,r}, service-cost(F;,C;) > (1 +¢) - OPT| < (1 — Z)r,

(. Independent events)

1 8lnn
< —, <'.'7": )
n? €

Since F' == F{U...U F/, we get

Pr [service-cost(F, C;) > (1 +¢) - OPT]

<Pr[Vie{l,...,r}, service-cost(F;,C;) > (1 +¢) - OPT]

<1
n2

In other words, C; violates the fairness bound with respect to £ with probability at most 1/n?.
Then, the probability that at least one of the groups in {CY, ..., C,} violates the fairness bound

with respect to F' is:
14
Pr[3C; € {Cy,. .., Gy}, service-cost(F, Cj) > (1 +¢) - OPT| < —;,  (using union bound)
n
<1/n (.-€<n)

Therefore, the probability that none of the groups in {C1, ..., C,} violate the fairness bound

with respect to F is:
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1
Pr [VC; € {C},...,Cy}, service-cost(F,C) < (14¢)-OPT| > 1 — -

This gives the following probability bound on the fair clustering cost of C":

Pr [fair-cost(F,C) < (1 +¢) - OPT|

=Pr |:H1E[i€)]( {service—cost(F, Cj)} <(1+¢)- OPT}
je

= Pr[VCj e {C4,...,C}, service-cost(F,C;) < (1 +¢) - OPT}
1

>1—-=
n

This proves that F' is a (1 + ¢) approximation to the optimal fair clustering cost of C' with

probability at least 1 — 1/n. This completes the proof of the lemma.

Note that 7 = 22 and |F}| = O(kzIn(n/e)) for every i € {1,...,r}. This gives |F| =
O ((kz/<*) - In*n), for e < 1. This proves Theorem 55.

5.5.2 Conversion: Bi-criteria to FPT approximation
In this subsection, we convert the (1+¢,0 ((z/e?) - In’n)) bi-criteria approximation algo-

rithm to (3~ + ¢)-approximation algorithm in FPT time.

Lemmad3. Let F' = {f1,..., fsr} C L be any («, B)-approximate solution to the socially fair
clustering instance T = (X,C,Cy,...,Cop,wy, ..., we, L,d, k,z). Then, there exists a k sized
subset F' of F that is a (32_1 - (av + 2))-approximate solution to I. Moreover, given F, the

center set F' can be obtained in time O((ef3)* - nk).
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Proof. Let F* = {ff,..., fi} C L be an optimal center set of Z. This set induces a Voronoi
partitioning in each of the groups. We denote this partitioning using the notation

C; = {C},C2,...,CF} for the j™ group. That is, C' are the set of those points in group C;
for which the center f is the closest. For any point x € C' U L, let g(x) denote the point
in F that is closest to z. That is, g(z) = argmingep {d(f,z)}. We define a new center set
F=A{g(f7),...,9(ff)} € F. We show that I is a (BZ_1 - (a + 2))-approximate solution to

7. The proof follows from the following sequence of inequalities:

fair-cost(F’, C)

= max [service-cost(F’, C))]
Jjelg

k
< max service-cost(g(f;), C"
< may Zl (9(f): C})
k
= max SN wix) - dlg(f7). x)?
| i=1 geCi
< max w; +d(f7, “1, (using triangle inequalit
may Z;IGZC: i F) +d(f,9(f))7 |, (using triangle inequality)
< max w; + d(f7, ,  (from definition of g( f]
ma ZZC 5 1)+ A7 g@))] )
< max w; +d(x +d(x,g(x)))*|, (using triangle inequalit
ma ZE(; 1)+ d(w, f7) + d(r,g(x))" |, (using tiangle inequality)
< max w; +d V¥ +d(z,g(x))?)|, (using Fact4)
ma ZE(; i JOVF + d(w, )7 + d(w, g(2))%) g

< max 37 2. Z Z wj(x) - d(z, f7)?| + max 37 Z Z wj(x) - d(z, g(x))?

JE]



190 Tight FPT Approximation for Socially Fair k-Median/Means

k
z—1
= max [2 -3 - E service-cost(f;, C)

Jel] Py

z—1
+max |3 - service-cost(F, C;)
JEl

z—1 z—1
<2-3 -0OPT+ me[mg]c [3 - service-cost([, C;)
je

z—1 z—1
<2-3 -OPT+3 -a-OPT, (." F'is an a-approximate solution)

z—1

=3 -(a+2) OPT.

This proves that F” is a (32_1 - (o + 2))-approximate solution to Z.

Now, we find the center set F’ using F'. Since, we do not know F*, we can not directly find
F'. Therefore, we take all possible k sized subsets of F' and compute the fair clustering cost
for each of them. We output that center set that gives the least fair clustering cost. There are at
most ('Bkk) < (eB)* possibilities ! for F. For each such center set, the fair clustering cost can
be computed in O(nk) time using the Voronoi partitioning algorithm. Therefore, the overall

running time is O((e3)* - nk). This completes the proof of the lemma. O O

In the above lemma, we substitute the bi-criteria approximation algorithm that we designed

in the previous subsection. It had & = 1+ ¢ and 8 = O ((z/?) - In’n). Moreover, we set
—1 . . .

e=¢/ 3" for some constant &’ < 1. Then, the above lemma gives the following main result

for the fair clustering problem:

Corollary 21 (Main Result (Restatement of Theorem 52)). Let 0 < ¢ < 1 be any arbitrary
constant. Let T = (X,C,C4,...,Cpwy, ..., wy, L,d, k, z) be any arbitrary instance of the
socially fair clustering problem and n = |C' U L|. Then, there is an algorithm that outputs a

(3° + &')-approximate solution for T with probability at least 1 — 1/n. The running time of the

algorithm is (kz/")°® . nOQ) \which is FPT in k.

"Here, we use a well known inequality that (}) < ($2)*.
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Proof. Itis easy to see that the approximation guarantee of the algorithm is (3z +¢’) since v =

l+cande =&’/ 3°7". Note that the bi-criteria approximation algorithm has polynomial running
time. Furthermore, converting the bi-criteria approximation algorithm to FPT approximation
algorithm requires O((e(z/£%)-In* n)¥-nk) time since 8 = O ((z/e?) - In* n). Using a standard
inequality that (Inn)* = k9% . n (for proof, see Hint 3.18 from the book: Parameterized
Algorithms [63]), we get total running time of (kz/e’)°™ . n®®), which is FPT in k. Hence

proved. [ [

5.6 FPT Lower Bounds

In this section, we establish the FPT hardness of approximation results for the socially fair
clustering problem. For this, we use the hardness results of the unconstrained k-median and

k-means problems. Firstly, note the following result from [121].

Theorem 56 (Corollary 3 of [121]). For any constant ¢ > 0 and any function g: Rt — R*,
the k-median and k-means problems can not be approximated to factors (1 + 2/e — ¢) and

(1+8/e — ), respectively, in time g(k) - n°®), assuming Gap-ETH.

The above hardness result also holds under the assumption that W[2] # FPT; however, with
weaker running time lower bound of g(k) - n®). Furthermore, the above result can be easily

extended to general value of z (see Section 9.3 of [121]). It gives the following theorem:

Theorem 57 ([121]). For any constant z > 0, ¢ > 0, and any function g: R™ — R*, the

unconstrained k-service problem can not be approximated to factor (1 + (3~ — 1)/e — &), in

time g(k) - n°%), assuming Gap-ETH and in time g(k) - n°Y), assuming W[2] # FPT.

It is easy to see that for / = 1, the socially fair clustering problem is equivalent to the un-
constrained k-service problem. This immediately gives the following hardness result for the

socially fair clustering problem.
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Theorem 53 (FPT Hardness for Parameters: ¢ and k). For any constant z > 0, € > 0, and
functions: g: RT xRt — Rt and f: R™ — R, the socially fair clustering problem can not be
approximated to factor | 1+ (3" — 1) /e — 6), in time g(k, £)-n/%W assuming FPT # W|2]

and in time g(k, () - n9°®) assuming Gap-ETH.

Proof. For the sake of contradiction, assume that there exists a constant € > 0, and functions:
g: Rt x Rt — R* and f: R™ — R™ such that the socially fair clustering problem can be
approximated to factor (1+ (3" —1)/e —¢) in time g(k, £) - n/©°® or g(k, £) -n/©OM)_ Then,
for ¢ = 1, it implies that the unconstrained k-service problem can be approximated to factor
(1+(3"—1)/e—¢) intime g(k, 1) -n°® or g(k,1)-n°"). This contradicts Theorem 57. Hence

proved. [

The above hardness result assumed the parametrization by k£ and /. Now we show stronger
hardness result for the problem when it is parameterized by &k alone. We show this using a

reduction from the k-supplier problem. The k-supplier problem is defined as follows:

Definition 46 (k-Supplier Problem). Let z be any positive real number and k be any positive
integer. Given a set C of points and set L of feasible centers in a metric space (X,d), find
a set F' C L of k centers that minimizes the objective function supplier-cost(F, C) defined as

follows:

_— _ 2 o
supplier-cost(F, C’)_rileagc{d(ij) }, where d(F,x) IJ{lEllI}{d(f,x)}

Hochbaum and Shmoys [94] showed that for = = 1, the k-supplier problem is NP-hard to
approximate to any factor smaller than 3. The proof follows from the reduction from the hitting
set problem (see Theorem 6 of [94]). A similar reduction is possible from the set coverage

problem ?. For the sake of completeness, we describe the reduction here:

’In the literature, a variant of this problem is called max-k-coverage problem.
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The set coverage problem is defined as follows.

Definition 47 (Set Coverage). Given an integer k > 0, a set U, and a collection € = {51, ..., Sn}
of subsets of U, i.e., S; C U for every j € [m], determine if there exist k sets in € that cover

all elements in U.

Now we describe the reduction. Given a set coverage instance (U, %, k), we construct a k-
supplier instance (C, L, d, k) as follows. For every set S; € &, we define a center f; € L. For
every element e € U, we define a point x, € C. Let us define the distance function d(.,.) as
follows. For any two points z.,z. € C, or f;, f; € L, the distance d(z.,z.) = d(f;, f;) = 2.
For any point z. € C'and f; € L, if e ¢ S;, the distance d(x., f;) = 3; otherwise d(x., f;) = 1.
Furthermore, assume that d(., .) is a symmetric function, i.e., d(x, y) = d(y, x) for every z,y €
C'U L. Also assume that d(z,z) > 0 for every x € C'U L. It is easy to see that d(., .) satisfies

all the properties of a metric space.

Now, suppose that there exist & sets: S;,, ..., S;, in € that cover all elements of U, i.e., S;, U
...US;, = U, then the center set I' = {f;,,..., f;. } gives the k-supplier cost 1. On the other
hand, if there does not exist any k sets in % that could cover all elements of U, then for any
center set /' C L of size k there would exist a point z € C' at a distance of 3 from F), i.e.,
d(F,z) = 3. Therefore, the k-supplier cost would be 3°. Since the set coverage problem is
W/(2]-hard, it implies that the k-supplier problem can not be approximated to any factor better
than 3°, in polynomial time, assuming W[2] # FPT. Moreover, the following FPT hardness

result for the set coverage problem follows from [128]: 3

Theorem 58 ([128]). For any function g: RT — R*, there is no g(k) - n°®) time algorithm

for the set coverage problem assuming ETH, and no g(k) - n°Y) time algorithm assuming

W[2] # FPT.

This implies the following FPT hardness of approximation for the k-supplier problem.

3The result follows from a trivial reduction from k-dominating set problem to the set coverage problem [101]
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Theorem 59. For any constant z > 0, € > 0, and any function g: Rt — R™, the k-supplier

problem can not be approximated to factor (3° — ¢) in time g(k) - n°®) assuming ETH, and in

time g(k) - n°%Y) assuming W[2] # FPT.

Using this, we easily get the following hardness result for the socially fair clustering problem.

Theorem 54 (FPT Hardness for Parameter k). For any constant z > 0, € > 0, and function
g: Rt — R*, the socially fair clustering problem can not be approximated to factor (3~ — )

in time g(k) - n°Y) assuming FPT # W([2] and in time g(k) - n°®) assuming ETH.

Proof. We prove this result by showing that the k-supplier problem is a special case of the
socially fair clustering problem. Let Z = (C,CY,...,Cy,wy,...,wy, L, d, k, z) be an instance
of the socially fair clustering problem defined in the following manner. The number of groups
is the same as the number of points, i.e., ¢ = |C|. For every point x € C, we define a singleton
group C,, as C, := {x}. Let the weight function be defined as w,: C;, — 1 for every z € C,
1.e., each point carries a unit weight. Then, for any center set /' C L, the fair clustering cost of
Cis:
fair-cost(F, C') = max {service—cost(F, C’x)} = max {d(F, x)* }

Recall that max,cc {d(F, w)z} = supplier-cost(F, (') is the k-supplier cost of the instance
(C,L,d, k). It means that the fair cost of instance Z is the same as the k-supplier cost of the
instance (C, L, d, k). Therefore, the k-supplier problem is a special case of the socially fair
clustering problem. Therefore, the hardness result stated in Theorem 59 also holds for the

socially fair clustering problem. Hence proved. 0

The following are the two corollaries that immediately follow from the above theorem.

Corollary 22 (k-median). For any ¢ > 0 and any computable function g(k), the socially fair

k-median problem can not be approximated to factor (3 — ¢) in time g(k) -n°* assuming ETH,

and in time g(k) - n°Y) assuming W[2] # FPT.
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Corollary 23 (k-means). For any ¢ > 0 and any computable function g(k), the socially fair

o(k)

k-means problem can not be approximated to factor (9 — €) in time g(k) - n°*) assuming ETH,

and in time g(k) - n°Y) assuming W[2] # FPT.

5.7 Conclusion

We designed a constant factor approximation algorithm for the socially fair k-median/k-means
problem in FPT time. In addition, we gave tight FPT hardness of approximation bound us-
ing the observation that the k-supplier problem is a special case of the socially fair clustering
problem. This settles the complexity of the problem when parameterized by k. The natural
open problem is to obtain better approximation guarantees parameterized by both &k and ¢, or ¢

alone.
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Chapter 6

Hardness of Approximation: k-Median

In this chapter, we show the hardness of approximation of the k-median problem in the con-
tinuous Euclidean space. The k-median problem in the continuous Euclidean space is defined
in the following manner: given a set C' of n points in d-dimensional Euclidean space R,
and an integer k, find a set F' C R” of k points (called centers) such that the cost function
cost(F,C) = Y . mingep ||x— f||2 is minimized. The Euclidean k-means problem is defined
similarly by replacing the distance with squared Euclidean distance in the cost function. Various
hardness of approximation results are known for the Euclidean k-means problem [19, 109, 51].
However, no hardness of approximation result was known for the Euclidean k-median prob-
lem. In this work, assuming the unique games conjecture (UGC), we provide the hardness of
approximation result for the Euclidean k-median problem in O(log k) dimensional space. This

solves an open question posed explicitly in the work of Awasthi et al. [19].

Furthermore, we study the hardness of approximation for the Euclidean k-means/k-median
problems in the bi-criteria setting where an algorithm is allowed to choose more than £ centers.
That is, bi-criteria approximation algorithms are allowed to output Sk centers (for constant

B > 1) and the approximation ratio is computed with respect to the optimal k-means/k-median

197
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cost. We show the hardness of bi-criteria approximation result for the Euclidean k-median
problem for any # < 1.015, assuming UGC. We also show a similar hardness of bi-criteria
approximation result for the Euclidean k-means problem with a stronger bound of 5 < 1.28,

again assuming UGC.

6.1 Overview

We start by formally defining the Euclidean k-median problem.

Definition 48 (Euclidean k-Median Problem). Given a set C' of n points in R’ and a positive
integer k, find a set of centers F' C R” of size k such that the cost function cost(F,C) =

> peominger |z — f|| is minimized.

The Euclidean k-means problem is defined similarly by replacing the distance with squared
Euclidean distance in the cost function (i.e., replacing ||z — ¢|| with ||z — ¢||*). This version
of the problem is known as the continuous version. In the discrete version, the centers are
restricted to be chosen from a specific set L C R”. In the approximation setting, the continuous
version is not harder than its discrete counterpart since it is known(e.g., [77, 122]) that an a-
approximation for the discrete problem gives an a+-¢ approximation for the continuous version,
for arbitrary small constant ¢ > 0, in time poly(n,d)-(k/)°(/¢). In this work, we study only
the continuous version of the problem. In this chapter, we use k-means/median to implicitly

mean continuous Euclidean k-means/median unless specified otherwise '.

For the k-means problem, there exists a constant € > () such that there does not exist an efficient
(1 + &)-approximation algorithm, assuming P # NP [19, 109, 51]. The best-known hardness
of approximation result for the k£-means problem is 1.07 due to Cohen-Addad and Karthik [51].
However, unlike the Euclidean k-means problem, no hardness of approximation result was

known for the Euclidean £-median problem. Resolving the hardness of approximation for the

lin some literature, the Euclidean space implicitly means the dimension is bounded, but in our case the dimen-

sion d can be arbitrarily large
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Euclidean k-median problem was left as an open problem in the work of Awasthi et al. [19].
They asked whether their techniques for proving the inpproximability results for Euclidean k-
means can be used to prove the hardness of approximation result for the Euclidean k-median

problem. From their paper,

“It would also be interesting to study whether our techniques give hardness of

approximation results for the Euclidean k-median problem.”

In this work, assuming UGC, we solve this open problem by obtaining the hardness of approx-
imation result for the Euclidean k-median problem. Following is one of the main results of this

work.

Theorem 60 (Main Theorem). There exists a constant € > 0 such that the Euclidean k-median
problem in O(log k) dimensional space cannot be approximated to a factor better than (1 + ¢€),

assuming the Unique Games Conjecture.

Having established the hardness of approximation results for k-means and k-median, the next
natural step in the discussion is to allow more flexibility to the algorithm. One possible relax-
ation is to allow an approximation algorithm to choose more than k centers, say, Sk centers (for
some constant 3 > 1) and produce a solution that is close to the optimal solution with respect
to k centers. This is known as bi-criteria approximation and the following definition formalizes

this notion.

Definition 49 ((«, $)-approximation algorithm). An algorithm A is called an (o, B) approx-
imation algorithm for the Euclidean k-means/k-median problem if given any instance 7T =
(C, k) with C C R, A outputs a center set ' C R” of size Sk that has the cost at most « times

the optimal cost with k centers. That is,

<

zeC P =k z€
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For the Euclidean k-means problem, D(p,q) = ||lp — q||* and for the k-median problem

D(p,q) = |lp — qll.

One expects that as [ grows, there would exist efficient («, 3)-approximation algorithms with
smaller values of «. This is indeed observed in the work of Makarychev et al. [118]. For ex-
ample, their algorithm gives a (9 + ¢) approximation for § = 1; 2.59 approximation for 3 = 2;
1.4 approximation for 5 = 3. In other words, the approximation factor of their algorithm de-
creases as the value of (3 increases. Furthermore, their algorithm gives a (1 + €)-approximation
guarantee with O(klog(1/¢)) centers. Bandyapadhyay and Varadarajan [20] gave a (1 + ¢)
approximation algorithm that outputs (1 + )k centers in constant dimension. There are vari-
ous other bi-criteria approximation algorithms that use distance-based sampling techniques and
achieve better approximation guarantees than their non bi-criteria counterparts [12, 3, 136].
Unfortunately in these bi-criteria algorithms, at least one of «, 3 is large. Ideally, we would like
to obtain a PTAS with a small violation of the number of output centers. More specifically, we

would like to address the following question:

Does the Euclidean k-means or Euclidean k-median problem admit an efficient

(1 +&,1+ €)-approximation algorithm?

Note that such type of bi-criteria approximation algorithms that outputs (1 + €)k centers have
been extremely useful in obtaining a constant approximation for the capacitated k-median prob-
lem [111, 112] for which no true constant approximation is known yet 2. Therefore, the above
question is worth exploring. Note that here we are specifically aiming for a PTAS since the
k-means and k-median problems already admit a constant factor approximation algorithm. In
this work, we give a negative answer to the above question by showing that there exists a con-

stant € > 0 such that an efficient (1 + ¢, 1 + ¢)-approximation algorithm for the k-means and

’In the capacitated k-median/k-means problem there is an additional constraint on each center that it cannot
serve more than a specified number of clients (or points).
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k-median problems does not exist assuming the Unique Games Conjecture. The following two

theorems state this result more formally.

Theorem 61 (k-median). For any constant 1 < (8 < 1.015, there exists a constant ¢ > ()
such that there is no (1 + ¢, 5)-approximation algorithm for the Euclidean k-median problem

in O(log k) dimensional space assuming the Unique Games Conjecture.

Theorem 62 (k-means). For any constant 1 < 3 < 1.28, there exists a constant € > 0 such that
there is no (1 + ¢, 5)-approximation algorithm for the Euclidean k-means problem in O(log k)
dimensional space assuming the Unique Games Conjecture. Moreover, the same result holds

forany 1 < 8 < 1.1 under the assumption that P # NP.

For simplicity, we present the proof of our results in O(n) dimensional space. However, the
results easily extend to O(log k) dimensional space using dimensionality reduction techniques

of Makarychev et al. [119].

Important note: We would like to note that assuming P # NP, a similar hardness of approxi-
mation result for the Euclidean k-median problem using different techniques has been obtained

independently by Cohen-Addad et al. [58].

In the next subsection, we discuss the known results on hardness of approximation of the k-

means and k-median problems in more detail.

6.2 Related Work

The k-means problem is known to be NP-hard even for fixed k or d [13, 64, 117, 133]. Sim-
ilar NP hardness result is also known for the k-median problem [123]. Also, the 1-median
problem, popularly known as the Fermat-Weber problem [75], is a difficult problem and de-
signing efficient algorithms for this problem is a separate line of research in itself — see for

e.g. [105, 137, 38, 33, 49]. These hardness barriers motivate approximation algorithms for



202 Hardness of Approximation: k-Median

these problems and a lot of progress have been made in this area. For example, there are vari-
ous polynomial time approximation schemes (PTASs) known for k-means and £-median when
k is fixed (or constant) [122, 107, 77, 44, 98]. Similarly, various PTASs are known for fixed
d [54, 82, 50]. A number of constant factor approximation algorithms are also known for
k-means and k-median when £ and d are considered as part of the input. For the k-means
problem, constant approximation algorithms have been given [100, 8], the best being a 6.129
approximation algorithm by Grandoni et al. [89]. Also, for the k-median problem there are
constant-approximation algorithms [39, 17, 113, 35, 8]. The best known approximation guar-

antee for k-median is 2.633 due to Ahmadian et al. [8].

The first hardness of approximation result for the Euclidean k-means problem was given by
Awasthi et al. [19]. They obtained their result using a reduction from Vertex Cover on triangle-
free graphs of bounded degree A to the Euclidean k-means instances. Their reduction yields
a(l+ %) hardness factor for the k-means problem for a constant ¢ > 0. Lee et al. [109]
showed the hardness of approximation of Vertex Cover on triangle-free graphs of bounded
degree four. Using A = 4, they obtained a 1.0013 hardness of approximation for the Euclidean
k-means problem. Subsequently, Cohen-Addad and Karthik [51] improved the hardness of
approximation to 1.07 using a modified reduction from the vertex coverage problem instead
of a reduction from the vertex cover problem. Moreover, they also gave several improved
hardness results for the discrete k-means/k-median problems in general and ¢, metric spaces.
In their more recent work, they also improved the hardness of approximation results for the
continuous k-means/k-median problem in general metric spaces [55]. Unlike the Euclidean
k-means problem, no hardness of approximation result was known for the Euclidean k-median
problem. In this work, we give hardness of approximation result for the Euclidean k-median

problem assuming the Unique Game Conjecture. We summarize these results in Table 6.1.

As mentioned earlier, Cohen-Addad et al. [58] have independently obtained hardness of ap-

proximation result for the Euclidean k-median problem using different set of techniques and
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Fixed k& Fixed d General
Lower Bound | Upper Bound | Lower Bound | Upper Bound | Lower Bound | Upper Bound
) 1+4+¢) NP-hard 1+¢) 1+e) 2.633
k-Median OPEN
[107] [123] [54] (this work) (8]
NP-hard (1+e¢) NP-hard (1+¢) 1.07 6.129
k-Means
[13] [107] [117] [54] [51] [89]

Table 6.1: The known approximation guarantees for the Euclidean k-Median and k-Means
problems. For fixed k or d, all the mentioned (1 + ¢)-approximation algorithms have FPT
running time.

under the assumption that P = NP. They also gave bi-criteria hardness of approximation re-
sults in /.-metric for the k-means and k-median problems. We would like to point out that in
the bi-criteria setting, our result is the first hardness of approximation result for the Euclidean

k-means/k-median problem to the best of our knowledge.

6.3 Summary of Our Contributions

Awasthi et al. [19] proved the first hardness of approximation result for the Euclidean k-means
problem. Given any instance Z = (C| k) for the Euclidean k-means problem, they showed
that there exists an € > 0 such that obtaining (1 + €)-approximation for Euclidean k-means is
NP-hard. In this work we build on their techniques to prove the inapproximability result for the
Euclidean k-median problem. First, we describe the reduction employed by Awasthi et al. for

the Euclidean k-means problem and some related results.

Construction of k-means instance: Let (G, k) be a hard Vertex Cover instance
where the graph G has bounded degree A. Let n and m denote respectively the
number of vertices and the number of edges in the graph. A k-means instance
Z = (C,k) with C C R™ is constructed as follows. For every vertex i € V, we

have an n-dimensional vector z; € {0, 1}", which has a 1 at i*" coordinate and 0



204 Hardness of Approximation: k-Median

everywhere else. For each edge e = (i,j) € E, a point . = x; + z; is defined
in {0,1}". The set C' == {z. | e € E} with m points in R" and the parameter k

define the k-means instance.

Awasthi et al. [19] proved the following theorem based on the above construction.

Theorem 63 (Theorem 4.1 [19]). There is an efficient reduction from vertex cover on bounded
degree triangle-free graphs to the Euclidean k-means problem that satisfies the following prop-

erties:

1. If vertex cover of the instance is k, then there is a k-means clustering of cost at most

(m — k).
2. If vertex cover of the instance is at least (1 + €)k, then the cost of optimal k-means
clustering is at least (m — k + 0k).
Here, ¢ is some fixed constant > 0 and 0 = €(¢).
Awasthi et al. [19] used the following hardness result for the vertex cover problem on bounded
degree triangle-free graphs.
Theorem 64 (Corollary 5.3 [19]). Given any unweighted bounded degree triangle-free graph

G, it is NP-hard to approximate Vertex Cover within any factor smaller than 1.36.

Theorem 63 and Theorem 64 together imply that the Euclidean k-means problem is APX-hard.
A formal statement for the same is given as follows (see Section 4 of [19] for the proof of this

result).

Corollary 24. There exists a constant ¢’ > 0 such that it is NP-hard to approximate the Eu-

clidean k-means problem to any factor better than (1 + €').
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We would like to obtain a similar gap-preserving reduction for the Euclidean k-median problem.
The first obstacle one encounters in this direction is that unlike the 1-mean problem, there does
not exist a closed form expression for the 1-median problem, and hence we don’t have an exact
expression for the optimal 1-median cost. We overcome this barrier by obtaining good upper
and lower bounds on the optimal 1-median cost and showing that these bounds suffice for our
purpose. More concretely, to upper bound the optimal 1-median cost, we use the centroid as
the 1-median and compute the 1-median cost with respect to the centroid. To obtain a lower
bound on the 1-median cost of a cluster, we use a decomposition technique to break a cluster
into smaller sub-clusters® for which we can compute exact or good approximate lower bounds
on the 1-median cost. Here we use a simple observation that the optimal 1-median cost of
a cluster is at least the sum of the optimal 1-median costs of the sub-clusters. For any sub-
cluster that corresponds to a star graph, one can compute the exact 1-median cost using our
reduction. In order to bound the 1-median cost for sub-clusters that correspond to non-star
graphs, we use the following observation crucially: the optimal 1-median cost is preserved
under any transformation that preserves the pairwise distances. For non-star graphs, we first
employ such a transformation that preserves the 1-median cost and then compute this cost
exactly in the projected space. Note that this technique does not give exact 1-median cost for
any arbitrary non-star graph, but works only for some special families of non-star graphs. The
main idea of the decomposition technique is to ensure that only these kinds of non-star graphs
are created in the decomposition process. The upper and lower bounds on the 1-median cost, as
constructed in the above manner, are used in the completeness and soundness steps of the proof

of the reduction, respectively.

The analysis for the completeness part of the reduction is relatively straightforward. If the
vertex cover of a graph is k, then the edges of the graph can be divided into £ star sub-graphs,

each of which results in a star cluster in the £-median instance. The cost for this clustering with

3Since a set of edges in a graph form a cluster of points in the reduction, we use the terms sub-graphs and
sub-clusters interchangeably.
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k star clusters can be found using the reduction easily.

In the proof for the soundness part of our reduction, we prove the contrapositive statement that
assumes the k-median clustering cost to be bounded and proves that the vertex cover of the
graph is not too large. Our analysis crucially depends on the relation between the vertex cover
of a subgraph and the 1-median cost for that subgraph. More specifically, we need to answer
the following question. Given a graph with 7 edges having vertex cover z, how does the optimal
1-median cost for that graph behave with respect to z. For example, for star graphs, z = 1 and
the optimal 1-median cost of a star graph on r edges is exactly m . For any non-star
graph with r edges, we first show that the optimal 1-median cost of the non-star graph is at
least the optimal 1-median cost of a star graph with r edges. For any non-star graph /' with r
edges, we denote by §(F') the extra cost of F, defined as the difference of the optimal 1-median
cost of F' and the optimal 1-median cost of a star graph with r edges. If we can figure out
non-trivial lower bounds for §(F") for different non-star graphs F, then we would be done. But,
figuring out these non-trivial lower bounds that work for any non-star graph is quite a daunting
prospect. The way we overcome this in our work is as follows. We characterize the non-star
graphs as having maximum matching of size two or more than two, and for each, we relate the
extra cost of 1-median clustering of that graph with the vertex cover of that graph. We show
that the extra cost of a non-star sub-graph is proportional to the number of vertex-disjoint edges
in the sub-graph. And since we assume the k-median cost to be bounded, the number of vertex

disjoint edges is also bounded, giving a small vertex cover.

We need one more idea to finish the proof for the soundness part of the reduction. We call a
cluster ‘singleton’ if there is only one point in the cluster. Note that any such cluster would
cost zero in a k-median clustering. If there are a large number of singleton clusters, say ¢ < k,
then they pay zero to the cost of the solution, even though those edges have vertex cover . We
prove a key lemma showing that for any hard instance of the vertex cover, the vertex cover of

the sub-graph spanned by ¢ singleton edges is at most % We combine these ideas to prove that
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if k-median clustering cost is bounded, the vertex cover of the graph cannot be too large.

We also prove the hardness of bi-criteria approximation results for Euclidean k-means and
k-median problems. The hardness of bi-criteria approximation for Euclidean k-median is ob-
tained by extending the proof for the hardness of approximation for the Euclidean k-median
problem. We use the same reduction from the vertex cover problem and show that the sound-
ness guarantees hold even if one is allowed to use Sk centers, for some 8 > 1. We also show
that similar techniques give the hardness of bi-criteria approximation results for the Euclidean

k-means problem.

6.4 Notations and Useful Inequalities

In this section, we discuss some basic notations and inequalities that we use frequently in our
proofs. Recall that a point in C' corresponds to an edge of the graph. Therefore, a sub-graph
S of G corresponds to a subset of the point set C. We denote this subset as C'(.S) such that
C(S) ={z. | e € E(S)} C C. We define the 1-median cost of C'(.S) with respect to a center
feR"ascost(f, S) = >, o) |z — f||. Furthermore, we define the optimal 1-median cost
of the point set C'(S) as cost*(.S). That is, cost*(S) = min segn cost(f, S). We often use these
statements interchangeably, “optimal 1-median cost of a graph S to mean “optimal 1-median

cost of the cluster C'(S5)”.

First, we note that the Fermat-Weber problem is not difficult for all 1-median instances. We
can efficiently obtain 1-median for some special instances. For example, for a set of equidistant
points, the 1-median is simply the centroid of the point set. We give a proof of this statement
in the next section. Most importantly, we use the following fact and lemma to compute the

1-median cost.

Fact S ([124]). For a set of non-collinear points the optimal 1-median is unique.

Next, we give a simple lemma, that is used to prove various bounds related to the quantity
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m(m — 1).

Lemma 44. Let m and t be any positive real numbers greater than one. If m > t, the following

bound holds:

m—(t—/tlt—1)) < /m(m—1) <m—1/2.

Proof. The upper bound follows from the sequence of inequalities: \/m(m — 1) <

Vm?—m+1/4 = /(m—1/2)2 = m — 1/2. The lower bound follows from the following

sequence of inequalities:

m t

m(m—l)—m—i—m-( m—_l—l)Zm—Hf-( E—1>—m—(t— t(t—1)).

The second inequality holds because % > % for b > a. This completes the proof of the

lemma. L]

In some vector spaces, it is tricky to compute the optimal 1-median exactly. In such cases, we
transform the space to a different vector space, where computing the 1-median is relatively sim-
pler. More specifically, we employ a rigid transformation since it preserves pairwise distances.
Moreover, a rigid transformation preserves the 1-median cost of the instance. Formally, we

state the result as follows:

Lemma 45. Let A = {ay,...,a,} and B = {b,...,b,} be any two sets of n points in R”. If
the pairwise distances between points within A is the same as pairwise distance between points

within B. That is, foralli,j € {1,...,n}, |

a; — a;|| = ||b; — bj||. Then the optimal 1-median

cost of A is the same as the optimal 1-median cost of B.

Let co(A) and co(B) denote the convex hulls of A and B, respectively. We split the proof of the
Lemma 45 in two parts. In the first part (Lemma 46), we show that there exists a distance pre-

serving transformation R from co(A) to co(B) such that R(a;) = b; forevery i € {1,...,n}.
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By distance preserving transformation, we mean that for any two points z,y € co(A), the dis-
tance ||z — y|| is preserved after applying the transformation R, i.e., ||z —y|| = ||R(z) —R(v)||-
In the second part (Lemma 47), we show that applying the transformation R preserves the op-

timal 1-median cost of A.

Lemma 46. Given two sets of points A = {ay,as,...,a,} and B = {by,bs,...,b,} in R” such
that ||a; — a;|| = ||b; — b;|| for all i,j € {1,...,n}. Then there exists a distance preserving

transformation R : co(A) — co(B) such that R(a;) = b; for everyi € {1,...,n}.

Proof. Let X; be a vector* defined as a; — a; for every a; € A. Similarly, we define a vector
Y, .= b; — by for every b; € B. We will use these vectors to define the transformation R. For

now, note the following property of inner product of X; and X;.

(X, X;)=(Y5,Y;) foreveryi,je{l,...,n} (6.1)

The proof of the above property follows from the following sequence of inequalities:

2 (X, X5) = 1 X2+ 1 X507 = 11X — X5
= 1Yil? + 1Y5]° = 11X — X%,
Co | X5l = [las — aq| = [|b; — b || = [ Yi]l*)
forevery 1 <:<mn
= 1Yl + | Y511° = [|Y; — Y5,
(o1 X = X5 = [las — a4l = [|b; — bs]| = [|Y; = Y;[*)

=2-(Y;,Y;)

In other words, the triangles (a1, a;, a;) and (by, b;, b;) are congruent for all ¢, j € {1,...,n}.

Therefore, the inner product (X;, X;) is the same as (Y7, Y;).

“4For better readability, we boldfaced the vector symbols to distinguish them from any scalar quantity.
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Now, we describe the transformation R from co(A) to co(B). By the definition of co(A),

any point & € co(A) can be expressed in the form Z)‘i - a; for some 0 < Ms < 1 and
i=1
Z)‘i = 1. Equivalently, x can be expressed as a; + Z/\i - X;. For © € co(A), we define the

i=1 =2

transformation R as R(x) := \;b;. Again, R(x) can be equivalently expressed as by + Z)‘i :
=2

Y;. It is easy to see that \; - b; indeed belongs to co(B) since 0 < \; < 1 and Z)‘i = 1.

i=1
n

Now, we show that R is a distance preserving transformation. Let ¢ = a; + Z)‘i - X; and
=2

Yy =ai+ Z% - X; be any two points in co(A). The following sequence of inequalities prove

=2
that [z — y|| = [[R(z) — R(y)]].

=2, N =) - (N =) - (Y5, Y5), using Equation 6.1
= (Ai = %) Yz) : <Z()\z — %) - Yi)

= (R(z) = R(y))" (R(z) — R(y))

= |[R(z) — R(y)|I*

This proves that R is a distance preserving transformation from co(A) to co(B). Moreover,
note that R is a bijective function. It is possible that a vector € co(A) has multiple forms, say
Yo Ai-a;and Y A; - a;. Therefore, it appears that & maps to different vectors in co(B).

However, it always maps to the same vector. For the sake of contradiction, assume that & maps
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to two different vectors p := > | \;-b;and ¢ := Y | A; - b; in co(B). Then ||p — q|| # 0. It
contradicts the fact that R is a distance preserving transformation. Similarly, we can show that
any two different vectors x,y € co(A) can not map to the same vector in co(B). This proves

that R is a bijective function.

Furthermore, note that R(a;) = b; for every i e {1,...,n}. To see this, consider A = 1 and

A;j=0forallj € {1,...,n}\{i}. Thena; = Z/\ -a; and therefore R(a;) Z/\ -b; = b;.

j=1
This completes the proof of the lemma. 0

Similar to R, we can also define a distance preserving transformation R~! from co(B) to
n

co(A). The transformation R ! is defined such that for any = = Z)"' -b; € co(B), R} (x) =

i=1
Z)\ a; € co(A). Furthermore, as per this definition of R™!, R7!(b;) = a; for every
1 E {1,...,n}. Now, we show that applying the transformation R on A preserves the optimal

1-median cost of A.

Lemma 47. If there exists distance preserving transformations R : co(A) — co(B) and
R~ co(B) — co(A) such that R(a;) = b; and R7'(b;) = a; for everyi € {1,...,n}. Then

the optimal 1-median cost of A is the same as the optimal 1-median cost of B.

Proof. Recall that 1-median cost of an instance A with respect to a center ¢ € R” is denoted
by cost(c,A) = >, c4llai — c||. Let c} be the optimal 1-median of A. Furthermore, we
can assume that ¢ € co(A) since the optimal 1-median lies in the convex hull of A (see e.g.
Remark 2.1 in [125]). Similarly, let ¢; € co(B) be the optimal 1-median of B. Now, we show
that cost(cj, A) > cost(c}, B) and cost(c}, B) > cost(cy, A) using the following sequence of

inequalities:

cost(cy, A Z la; — ¢

a;€EA
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= Z IR(a;) — R(c7)], "R preserves the pairwise distances
a; €A

= > Il = R(eDIl R(@) = b
b;eB

> Z |b; — 51l . ¢y is the optimal 1-median of B
biEB

= cost(c;, B)

Similarly, we show that cost(c3, B) > cost(c}, A) as follows:

cost(cy, B) = Y _ ||b; — c3

b;eB

= Z IR (b;) — R (c3)], -+ R~ preserves the pairwise distances
b;eB

= > llai =R (e3)ll, R = ay

a;EA

> Z |a; — ¢, " c] is the optimal 1-median of A
a;EA

= cost(cy, A)
This proves that cost(cj, A) = cost(c}, B). Hence it proves the lemma. O

Therefore, Lemmas 46 and 47 together proves Lemma 45.

6.5 Inapproximability of Euclidean k-Median

In this section, we show the inapproximability result of the Euclidean k-median problem. We
obtain this result by showing a gap preserving reduction from Vertex Cover on bounded degree
triangle-free graphs to the Euclidean k-median. For Vertex Cover on bounded degree triangle-
free graphs, the inapproximability result is stated in Corollary 25. The corollary simply follows

from the following two results of Austrin et al. [18] and Awasthi et al. [19].



Hardness of Approximation: £-Median 213

Theorem 65 (Austrin et al. [18]). Given any unweighted bounded degree graph G = (V, E)
of maximum degree A, Vertex Cover can not be approximated within any factor smaller than

2—¢ fore =(2+0a(1)) - % assuming the Unique Games Conjecture.

In the above theorem, € can be set to arbitrarily small value by taking sufficiently large value of

A.

Theorem 66 (Awasthi et al. [19]). There is a (1 + €)-approximation-preserving reduction from
Vertex Cover on bounded degree graphs to Vertex Cover on triangle-free graphs of bounded

degree.

Corollary 25. Given any unweighted triangle-free graph G of bounded degree, Vertex Cover
can not be approximated within a factor smaller than 2 — €, for any constant ¢ > 0, assuming

the Unique Games Conjecture.

In Section 6.3, we described the reduction used by Awasthi et al. [19] to construct instances
for Euclidean k-means from a Vertex Cover instance. We use the same construction for the
Euclidean k-median instances. Let G = (V, E') denote a triangle-free graph of bounded degree
A. Let Z = (C, k) denote the Euclidean k-median instance constructed from G. We establish

the following theorem based on this construction.

Theorem 67. There is an efficient reduction from Vertex Cover on bounded degree triangle-free

graphs with m edges to the Euclidean k-median problem that satisfies the following properties:

1. Ifthe graph has a vertex cover of size k, then the k-median instance has a solution of cost
at most m — k /2.
2. If the graph has no vertex cover of size at most (2 — ) - k, then the cost of any k-median

solution on the instance is at least m — k /2 + k.

Here, ¢ is some fixed constant, 6 = (), and k > the size of maximum matching of the graph.
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The graphs with a vertex cover of size at most k are said to be “Yes” instances and the graphs
with no vertex cover of size at most (2 — ¢)k are said to be “No” instances. Now, the above

theorem gives the following inapproximability result for the Euclidean k-median problem.

Corollary 26. There exists a constant ¢’ > 0 such that the Euclidean k-median problem can

not be approximated to a factor better than (1 + €'), assuming the Unique Games Conjecture.

Proof. Since the hard Vertex Cover instances have bounded degree A, the maximum matching
of such graphs is at least [% |. First, let us prove this statement. Suppose )/ be a matching,
that is initially empty, i.e., M = (). We construct M in an iterative manner. First, we pick an
arbitrary edge from the graph and add it to M. Then, we remove this edge and all the edges
incident on it. We repeat this process for the remaining graph until the graph becomes empty.
In each iteration, we remove at most 2A edges. Therefore, the matching size of the graph is at

least [ 5% |.

Now, suppose k < 7x. Then, the graph does not have a vertex cover of size k since matching

m

sx | Therefore, such graph instances can be classified as “No” instances in

size is at least [
polynomial time. So, they are not the hard Vertex Cover instances. Therefore, we can assume
k > 5% forall the hard Vertex Cover instances. In that case, the second property of Theorem 67,

implies that the cost of k-median instance is (m — £) 4+ 6k > (14 5X) - (m — £). Thus, the k-

median problem can not be approximated within any factor smaller than 1+ % =14+Q(). O

6.5.1 Completeness

Let W = {vy,..., v} be a vertex cover of GG. Let S; denote the set of edges covered by v;. If
an edge is covered by two vertices v; and v;, then we arbitrarily keep the edge either in S; or S.
Let m; denote the number of edges in S;. We define {C'(.S;), ..., C(Sk)} as a clustering of the
point set C. Now, we show that the cost of this clustering is at most m — k/2. Note that each

S; forms a star graph centered at v;. Moreover, the point set C'(.S;) forms a regular simplex of
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side length /2. We compute the optimal cost of C'(S;) using the following lemma.

Lemma 48. For a regular simplex on r vertices and side length s, the optimal 1-median is the

r(r—1)
5

centroid of the simplex. Moreover, the optimal 1-median cost is s -

Proof. The statement is easy to see for » = 1. For r = 2, there are two points s distance apart.
The optimal 1-median cost is s. So, for the rest of the proof, we assume that » > 2. Suppose
A = {ay,aq,...,a.} denote the vertex set of a regular simplex. Let s be the side length of
the simplex. Using Lemma 45, we can represent each point a; in an r-dimensional space as

follows; we use the same notation to denote the points after such transformations.

ay = (%,0,...,0) , Qg = (0,%,...,0) B (0,0,...,%)

Note that the distance between any a; and a; is s, which is the side length of the simplex.
Let ¢* = (¢q,...,¢,) be an optimal 1-median of point set A. Then, the 1-median cost is the

following:

T T r 2 1/2
cost(c*, A) = Z lla; — c*|| = Z (Z -+ (i — ci) >
= V2

i=1 \j=1

Suppose ¢; # c; for any i # j. Then, we can swap ¢; and c; to create a different median,
while keeping the 1-median cost the same. It contradicts the fact that there is only one optimal
1-median, by Fact 5. Therefore, we can assume ¢* = (¢, ¢, ..., c). Now, the optimal 1-median

cost 1s:

cost*(A) = cost(c*, A) =1 - \/(c - %)2 F(r—1)-c

The function cost(c*, A) is strictly convex and attains minimum at ¢ = — 2 _ which is the
m .

S

centroid of A. The optimal 1-median clustering cost is cost(c*; A) = s - T(TQ_ 1). This

completes the proof of the lemma. [
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The following corollary establishes the cost of a star graph .5;.

Corollary 27. Any star graph S; with r edges has the optimal 1-median cost of \/r(r — 1)

Furthermore, note that a set of r pairwise vertex-disjoint edges forms a regular simplex in C,

of side length 2. The following corollary establishes the cost of such clusters.

Corollary 28. Let I' be any non-star graph with r pairwise vertex-disjoint edges, then the

optimal 1-median cost of F is /2 - \/r(r — 1)

We use Corollary 28 in Section 6.6. For now, we only use Corollary 27 to bound the optimal
k-median cost of C. Let OPT(C, k) denote the optimal k-median cost of C. The following

sequence of inequalities proves the first property of Theorem 67.

i (Corollary 27) b (Lemma 44) F 1 k
OPT(C,k) <) cost™(S;) =" Vmi(m;—1) < Y (mi - -) = m—-.
=1 =1

i=1

6.5.2 Soundness

Now, we prove the second property of Theorem 67. For this, we prove the equivalent contra-
positive statement: If the optimal k-median clustering of C' has cost at most (m — g + 5k), for
some constant > 0, then G has a vertex cover of size at most (2 — )k, for some constant
e > 0. Let C denote an optimal k-median clustering of C'. We classify its optimal clusters
into two categories: (1) star and (2) non-star. Let I, Fs, ..., F; denote the non-star clusters,
and 51, ..., Sk denote the star clusters. For any star cluster, the vertex cover size is exactly
one. Moreover, using Corollary 27, the optimal 1-median cost of any star cluster with r edges
is \/m . On the other hand, it may be tricky to exactly compute the vertex cover or the
optimal cost of any non-star cluster. Suppose the optimal 1-median cost of a non-star cluster F'

on r edges is given as \/7(r — 1) 4+ §(F), where 6(F’) denotes the extra-cost due to a non-star
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cluster F. Using this, we define 6(F") as the following:

S5(F) = cost*(F) — /|F[(|[F| — 1)

The following lemmas bound the vertex cover of F in terms of §(F').

Lemma 49. Any non-star cluster ' with a maximum matching of size two has a vertex cover

of size at most 1.62 + (v/2 + 1) 0(F).

Lemma 50. Any non-star cluster F' with a maximum matching of size at least three has a vertex

cover of size at most 1.8 + (V2 + 1) 6(F).

These lemmas are the key to proving the main result. We discussed the main proof ideas of
these lemmas earlier in Section 6.3; however we give the complete proof in Section 6.6. Now,
let us see how these lemmas give a vertex cover of size at most (2 — ¢)k. Let us classify the star

clusters into the following two sub-categories:

(a) Clusters composed of exactly one edge. Let these clusters be: Py, P, ..., P, .

(b) Clusters composed of at least two edges. Let these clusters be: S, .5, ...,S,.

Similarly, we classify the non-star clusters into the following two sub-categories:

(1) Clusters with a maximum matching of size two. Let these clusters be: Wy, Wy, ... W,

(i1) Clusters with a maximum matching of size at least three. Let these clusters be: Y1, Y5, ..., Y;

Note that ¢; + t5 + t3 + t4 equals k. Now, consider the following strategy of computing the
vertex cover of G. Suppose, we compute the vertex cover for every cluster separately. Let C;

be any cluster, and |V C(C;)| denote the vertex cover size of C;. Then, the vertex cover of G

4
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can be simply bounded in the following manner:

VO@I < 3 IVER) + 3 VOS] + 3 VEWi| + 3 [VE(y)

However, we can obtain a vertex cover of smaller size using a slightly different strategy. In
this strategy, we first compute a minimum vertex cover of all the clusters except single edge
clusters Py, P, ..., P,,. Suppose that vertex cover is V'C’". Then we compute a vertex cover
for P, P, ..., P,,. Now, let us see why this strategy gives a vertex cover of smaller size than
before. Note that some vertices in V' C’ may also cover the edges in P, ..., P;,. Suppose there
are t| clusters in Py, ..., P, that remain uncovered by V' C’. Without loss of generality, assume

these clusters tobe P, . .., Fy;. Now, the vertex cover of G is bounded in the following manner:

veE) < e (ulp)l+ve

= VO (UL R) [+ VO (UL15)) U (U Wi) U (U, ) |

to t3 ta
< Ve (ULR) I+ Ives)+ Y Vel + 3 ve)
=1 =1 =1

Now, we will try to bound the size of the vertex cover of P, U ... U Ptfl . Note that we can cover
all these single-edge clusters with ¢} vertices by choosing one vertex per cluster. However, it
may be possible to obtain a vertex cover of smaller size if we collectively consider all these
clusters. Suppose Ep denote the set of all edges in Py, ..., Py and Vp denote the vertex set
spanned by them. We define a graph Gp = (Vp, Ep). Furthermore, suppose that Mp is a
maximal matching of Gp. Then, it is easy to see that if | Mp| < 7 /3 + 40k for some § > 0, we
can simply pick both end-points of every edge in Mp, and it would give a vertex cover of G p
of size at most 2t} /3 + 80k. On the other hand, if |Mp| > t|/3 + 4k, we show that the graph
G admits a vertex cover of size at most (2k — 25k). We prove this statement in the following

lemma:

Lemma 51. Let 6 > 0 be any constant and Gp = (Vp, Ep) be the graph spanned by single
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edge clusters Py, ..., Py. If Gp does not have a vertex cover of size < (% + 80k), then G has

a vertex cover of size at most (2k — 20k).

Proof. Let us define another subgraph G p of G that is obtained after removing the edges of Ep
from G. Thatis, Gp = (V, E \ Ep). In other words, G'p is the graph spanned by the remaining
clusters: Sy,..., S Wi,...,Wi; Y1,...,Y;, and Py 44,..., F,. An important property of
G'p is that any edge of G p does not have its both endpoints in Vp. In other words, every edge
of G'p is incident on at most one edge of G'p. This is because every edge of Gp has at least
one endpoint in V', and G p is only defined on the edges that are not incident on V'C’. This

property will help us in obtaining a better vertex cover for G.

Let Mp be a maximal matching of G p. It is easy to see that | Mp| > (¢]/3+45k); otherwise we
can cover all edges of Gp by picking both endpoints of every edge in Mp. It would contradict

that Gp does not have a vertex cover of size less than (2t}/3 + 80k). Therefore,

Mp| >

(t)/3 4 46k); using it we show that G has a vertex cover of size at most (2k — 20k).

We will incrementally construct a vertex cover V Cg of the graph G of size at most (2k — 20k).
First, let us discuss the main idea of this incremental construction. During the construction, we
maintain a maximal matching M of the graph G. Then, for every edge in M, we add both its
endpoints to V' C¢, except at least 20k edges for which we choose only one endpoint in V' .
Note that for the hard Vertex Cover instances, we can assume that maximum matching size is
at most k. This is because the graphs with a matching of size > k have a minimum vertex cover
of size > k. Therefore, such instances can be simply classified as “No” instances in polynomial
time. Since the size of a maximal matching is always less than the size of a maximum matching,
we can further assume | M| < k for the hard Vertex Cover instances. This implies that V Cg
has size at most 2(k — 20k) + 20k = (2k — 20k). Now, let us discuss the construction of such

a matching M and correspondingly the vertex cover V' C¢; that covers all edges of G.

Initially, both M and V Cg are empty sets. That is, Mg = () and VCg = (). Recall that G p is
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the graph spanned by Ep and G p is the graph spanned by £\ Ep. Let E; denote the set of edges
in Gp that are incident on Mp. Based on this, we define two new graphs: (1) Gr == (V, ER)
where EFr = Ep U Ey, and (2) G’ .= (V, E') where E' = E \ (Ep U E}). In other words,
G is the graph spanned by the edges of G'p and the edges of G p that are incident on Mp; and
G' is the graph spanned by the edges of Gp that are not incident on Mp. Now, we compute a

maximal matching M’ of G’, and then execute the following procedure:

(1) Mg+ M’

(2) For every edge e = (u,v) € Mg:

(3) VCG — VCG U {u, 1}}

4) Update G'r by removing all the edges in them that are incident on v and v

Figure 6.1: Adding vertices to V;; by picking both end points of every edge in M’.
Note that the above procedure removes every edge of GG’ since M’ is a maximal matching of G’.
Now, we will find a vertex cover and maximal matching of updated GG. Note that any maximal
matching of G can be combined with that of M’ to form a maximal matching of the original

graph G since we already removed the edges which were incident on M.

Note that G is composed of the edge sets Ep and a subset of edges from E;. Therefore, Gp
is also a subgraph of Gg. Recall that Mp is a maximal matching of Gp. We define a new
edge set Up that denote the set of unmatched edges in Gp, i.e., Up = Ep \ Mp. Note that
|Up| < 2t} /3 — 46k since |Mp| > t}/3 + 46k. Moreover, every edge in Up is incident on Mp,
since Mp is a maximal matching of Gp. In the next two procedures, we remove some edges
from Up and Mp such that the updated Up only contains those edges that are incident on one
edge of the updated Mp. Then, we will use this graph to obtain a vertex cover of G of size at

most 2k — 20k. Following is the first procedure:
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Procedure 1

(1)  while there is an edge ¢ = (u,v) € Mp that is incident on at least two edges of Up
2) Mg+ Mg U {6}
(3) VOG — VCG U {u, "U}
4) Update Gr, Mp, and Up by removing all the edges in them that are
incident on v and v

Figure 6.2: Adding vertices to Vi by picking both end points of every edge in Mp that is
incident on at least two edges of Up.

Note that before the beginning of this procedure there were at most < 2t/ /3 — 45k edges in Up
and at least ¢} /3 + 46k edges in Mp. Then, the above procedure removes at least two edges
from Up and one edge from Mp in each iteration of the while loop. Therefore, at the end of
the procedure at least 60k edges remain in M p. Moreover, at the end of the procedure, Mp has
the property that no two edges in Up are incident on the same edge of Mp. Next, consider the

following procedure:

Procedure 2

(1)  while there is an edge e = (u,v) € Up that is incident on two edges ey, e5 € Mp
(2) Arbitrarily pick one edge from {e;, es}. W.lo.g., let e; = (u,v) be that edge.
(3) Mg <+ Mg U{e}
(4) VCG “— VCG U {u7 U}
(5) Update Gr, Mp, and Up by remove all the edges in them that are

incident on u and v

Figure 6.3: Adding vertices to V(; on the basis of the edges in Up that are incident on two edges
of M, P-

Let p > 60k denote the number of edges in Mp, before the beginning of the above procedure.
Now, observe that the above procedure removes one edge from Up and one edge from Mp in
each iteration of the while loop. Furthermore, the while loop executes at most p/2 times since
M p had the property that two edges of Up do not incident on the same edge of M p. Therefore,
at the end of the procedure, Mp contains at least p/2 > 36k edges. Moreover, Up has obtained

the property that all its edges are incident on exactly one edge of Mp. Now, recall that all edges



222 Hardness of Approximation: k-Median

in F; are also incident on exactly one edge of Mp. We proved this property earlier (just at the
beginning of the proof) for every edge of @p that was incident on G,. Therefore, at this point,
G'r consists of the edge set Mp of size at least 30k, and the edges that are incident on exactly
one edge of Mp. Now, we will find a maximal matching and vertex cover of the remaining

graph G.

We color the edges of M p with red color and the remaining edges of G'r with blue color. Now,
let us define the concept of “plank edge”. A plank edge is red edge e = (u,v) € Mp that
satisfies the following two conditions. The first condition is that at least one blue edge in G is
incident on u and at least one incident on v. Let e,, and e,, denote one of the blue edges incident
on u and v, respectively. The second condition is that e,, and e, should be vertex disjoint from
every edge of M (with respect to the current set M which keeps getting updated). In other
words, we should be able to add e, and e, to M. Note that e, and e, do not share any common
vertex; otherwise it would form a triangle. Therefore, we can add both of them to M. Now,

we complete the construction of the maximal matching M using the following procedure.

Procedure 3

() T<+0

(2) My < 0 *(this variable accumulates plank edges below)*
(3) My < Mp  *(variable for non-plank edges)*

(4)  while there is a plank edge e = (u,v) € My

(5) MY < MY U {6}
(6) MN < MN \ {6}
7 T+ TU{ey e}
(8) Mg < Mg U {ey, e}

9) Mg+ MgU My

Figure 6.4: Adding edges to M by picking two blue edges each of which is incident on
different vertices of a plank edge. Then, adding the remaining non-plank red edges to M.

Note that the above procedure adds one edge in My and two edges in 7' in every iteration of
the while loop. Therefore, |T'| = 2 - |My|. Also, note that T C Mg. Now, we complete the

construction of the vertex cover VCg. We consider two sub-cases based on the size of My .
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And, for each of the sub-cases, we construct the vertex cover separately.

1. Sub-case: (|My| > k)

For every edge in Mp, we simply add both its endpoints to V C¢. This completes the
construction of V Cg. It covers all edges of G since all edges are incident on some edge
of Mp. Let us compute the size of V(. Note that for every edge in My C Mp, there

are two edges in 7' C M. Therefore, the size of vertex cover is:

VCq| = 2| Mg| — |T| = 2| Mg| — 2| My| < 2|Mg| — 20k < 2k — 26k

2. Sub-case: (|My| < 0k)

For this sub-case, we construct the vertex cover in the following manner. For every edge
in T', we add its both endpoints to VCs. And, we remove all the edges in G covered
by them. The remaining graph contains the set M, and some blue edges incident on it.
Since My is defined on non-plank edges, the remaining blue edges can not incident on
both endpoints of any edge of M. Now, for every edge in M, we pick its that endpoint
in the vertex cover that it shares with the blue edges incident on it. It completes the
construction of V' C¢, and it covers all edges of G . Note that for every edge in M, we
added its both endpoints to V' C¢ except the edges that came from My for which, we just
added one endpoint in VC. Also, note that |My| = |Mp| — |My| > 36k — 5k = 25k.

Therefore, the size of the vertex cover is:

VCe| = 2|Me| — | My| < 2|Mg| — 26k < 2k — 20k

Hence, we have a vertex cover of size at most 2k — 20k. This completes the proof of the lemma.

]
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Based on the above lemma, we assume that all single edge clusters can be covered with (% +
86k) < (% + 80k) vertices; otherwise the graph has a vertex cover of size at most (2k — 26k)
and the soundness proof would be complete. Now, we bound the vertex cover of the entire

graph in the following manner.

Ve

<|ve (Ulp) | +ve
= Ve (VLR ) 1+ VO ((U2485) U (U, i) U (U, V)|

<Zyvc y+Z\v0 )]+i!VC(Wi)I+i]VC(Y)
S(%+85k>+t2+2(<\/_+1) (W, +162>+Z<( ) Y)+1.8>,

(using Lemmas 49, 50, and 51)

— (0.67)ty + 80k + to + (1.62)t5 + (1.8)t, + (\/5 + 1) (Z 5(W;) + Z 5(Y; )

Since the optimal cost OPT(C, k) Z\/mj -1) +Z§ +Z(5 ) < m—k/2+k,

we get Zé )+ 2(5 ) <m—k/2+4 5k — Z m;(m; — 1). We substitute this value in

7j=1
the preV10us equatlon, and get the following inequality:

V()| < (0.67)t, + 85k + by + (1.62)t5 + (1.8)t4

+<\/§+1> ) (m—k/Q—zk:\/mj(mj—l)—l—(Sk)

Using Lemma 44, we obtain the following inequalities:
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1. For any cluster P; with |P;| = 1, we have /| P;| (|P;| — 1) > |P;| — 1

2. For any cluster S; with |S;| > 2, we have \/[S;] (|S;] — 1) > |S;| — (2 — v/2)

3. For any cluster W; with |[W;| > 2, we have /|W,[ (|W,] — 1) > [W;| — (2 — v/2)

4. For any cluster Y; with |Y;| > 3, we have \/|Y;| (]Y;] — 1) > |Y;| — (3 — V/6)

We substitute these values in the previous equation, and get the following inequality:
t1

IVC(G)| < (0.67)t; + 85k + to + (1.62)t5 + (1.8)t4 + <\/§+ 1) : (m —k/2=> (P - 1)

j=1

—i(w—@—ﬁ)) Y (-2 vB) —i(w—@—m)w)

j=1 j=1

t1 to t3 ta
Since the number of edges m = Z | P;| +Z |S;]+ Z |W; |+ Z |Y;|, we get the following
j=1 j=1 j=1 j=1
inequality:

VC(G)| < (0.67)t, + 86k + to + (1.62)t5 + (1.8)ty + (\/5 + 1) : ( — k24t +

tQ-(2—\/§>++t3-(2—\/§)+t4.(3—\/6)+5k)

We substitute & = t1 + t2 + t5 + t4, and obtain the following inequality:

t t t 3t
[VC(G)| < (0.67)ty + 85k + ty + (1.62)ts5 + (1.8)t, + (\/§+ 1) : (51 + % + 1—; + 5—6‘ + 5/<;)

= (1.88)t, + (1.25)ts + (1.87)ts + (1.95)t, + (\/5 + 9) 5k
< (L95)k + (V2+9) ok (using ts + tg + 1+ ts = k)

< (2 —¢)k, for appropriately small constants £,6 > 0

This proves the soundness condition and it completes the proof of Theorem 67. Note that the
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result holds under the Unique Games Conjecture. To prove the result in a weaker assumtion
of P # NP, it would require to show that |V C(G)| < (1.36)k instead of |V C(G)| < (1.95)k.
That would require tighter analysis of the cost of k-median instances than the one done in this

work.

6.6 Vertex Cover of Non-Star Graphs

In this section, we bound the vertex cover size of any non-star graph F'. We aim to obtain this
bound in terms of §(F'), i.e., the extra cost of the graph F'. To do so, we require a bound on the
extra cost. The 1-median cost of an arbitrary non-star graph is tricky to compute. Fortunately,
we do not require the exact optimal cost of a graph; a lower bound on the optimal cost suffices.
Furthermore, for some graph instances we can compute the exact optimal cost. For example, a
star graph with r edges corresponds to a regular simplex of size length s that has the optimal

r(r—1)
2

1-median cost: s - We proved this earlier in Lemma 48. For the more complex graph

instances, we use the following decomposition lemma to bound their optimal cost.

Lemma 52 (Decomposition lemma). Let G = (V, E) be any graph and let E, ..., E; be any
partition of the edges and let G, Gs, ..., Gy be the subgraphs induced by these edges respec-
tively. The following inequality bounds the optimal 1-median cost of G in terms of the optimal

1-median costs of subgraphs G4, ..., Gy.
cost”(G) > cost™(Gy) + ...+ cost™(Gy)

Proof. Let f* be an optimal median of C'(G). For any edge e € F, let =, denote the cor-

responding point in C'(G). The proof follows from the following sequence of inequalities:

cost*(G) = ZeEE d(ze, f*) = 22:1 ZeeEi d(xe, f*) > Z§:1 cost*(Gy). O

If we can compute the optimal 1-median cost for each subgraph, then we can lower bound the

overall cost of the graph using the above decomposition lemma. In general, a graph may be
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decomposed in various ways. However, we prefer that decomposition that gives better bound
on the optimal cost. In the next subsection, we use this decomposition lemma to bound the
extra cost of any non-star graph. We will use that bound in subsequent subsections to prove

Lemmas 49 and 50.

6.6.1 1-median cost of non-star graphs

In this section, we show that any non-star graph on m edges has the optimal 1-median cost at
least m —0.342 which is at least \/m +0.158. We assume all graphs to be triangle-free
since hard Vertex Cover instances we start with are triangle-free. Therefore, we do not explicitly

mention the “triangle-freeness” of graphs whenever we state a lemma related to graphs.

To obtain a lower bound on the optimal cost, we decompose a graph into so called “Fundamental
non-star graphs”. We will show this decomposition process later. For now, we first bound the
1-median cost of these fundamental graphs. We then bound the cost of any graph using the

decomposition lemma. Here is the formal description of fundamental graphs.

Definition 50 (Fundamental Non-Star Graph). A fundamental non-star graph is a graph that
becomes a star graph when any pair of vertex-disjoint edges are removed from it. The graph

that has only two vertex-disjoint edges is also a fundamental non-star graph.

3P, A, L,

1] Al

— —

n n

Figure 6.5: Fundamental non-star graphs: 3-P, A, and L,,.

The following lemma shows that there are exactly three types of fundamental non-star graphs.

These are shown in Figure 6.5.
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Lemma 53. There are only three types of fundamental non-star graphs: 3-P», A, and L,, for

n > 1. These are shown in Figure 6.5.

Proof. 1t is easy to see that the graphs 3-P,, A, and L,,, shown in Figure 6.5, are fundamental
non-star graphs. We need to argue that these are the only fundamental non-star graphs. For
this we do a case analysis. Let M denote a maximum matching of any graph G = (V| E). We

divide the analysis into three cases based on the size of the maximum matching.

1. Case 1: | M| > 4.

Suppose we remove any pair of vertex-disjoint edges from M. Then, the remaining graph
is still a non-star graph due to a matching of size at least two. Therefore, any such graph

can not be a fundamental non-star graph.

2. Case 2: |[M| = 3.

Let U denote the set of unmatched edges in the graph, i.e, U = E \ M. Suppose U # (),
and [ be any edge in U. Observe that [ can be incident on at most two edges of M. Since
the size of matching M is three, there is always an edge in M that is vertex-disjoint from
[. Let this edge be m, € M. The set of edges {/, m.} forms a 2-P; (i.e., two vertex-
disjoint edges), and we can remove it from (. The remaining graph still has a matching
of size at least two. Therefore, such a graph can not be a fundamental non-star graph.

Now, let us consider the case when U = (). In this case, the graph is equivalent to a 3-P;.

3. Case 3: |M| = 2.

Let e; := (uy,v1), and ey == (usg, v3) be the matched edges in M. Let U = E'\ M denote
the set of unmatched edges. If U forms a non-star graph, we can remove a pair of vertex-
disjoint edges from it. The remaining graph is a non-star due to |M| = 2. Therefore,
any graph with |[M| = 2 and U as a non-star graph, can not be a fundamental non-star

graph. Therefore, let us consider the case when U forms a star graph. Suppose all edges
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of U share a common vertex w. There are two possibilities: w is an endpoint of some

matching edge or not. Let us consider these two possibilities one by one.

(a)

(b)

Subcase: w is an endpoint of some matched edge

Without loss of generality, we can assume w = u;. Now, no two edges of U can
be incident on us and vy; otherwise, it would form a triangle (w, us, vo). Therefore,
at most one edge of U can be incident on either us or v,. If such an edge exists,
without loss of generality, we can assume that it is incident on wu5. This graph is of
type L,. On the other hand, if no edge of U is incident on either uy or vq, the graph

is of type A,,.

Subcase: w is not an endpoint of any matched edge.

If |U| = 1, the graph is simply A;. Now, let us assume that |U| > 2. Let [; and I, be
any two edges in U. The edges [; and /5, can not be incident on the same matched
edge, say (uy,v;). This is because then it would form a triangle: (w, uq,vy). Also,
note that every edge e € U must be incident on some matching edge; otherwise
M U {e} would form a matching of size > |M|. It would contradict that M is a
maximum matching. Therefore, without loss of generality, we can assume that [,
is incident on wuy, and [y is incident on us. Now, it forms a path of length four:
(v1,u1,w, ug,v7). We can always remove an alternating pair of edges from the
path, and the resulting graph still contains a pair of vertex-disjoint edges, i.e., a

2-P,. Therefore, any such graph can not be a fundamental non-star graph.

From the above case analysis we conclude that all fundamental non-star graphs are of type 3- P,

A, or L,,. This completes the proof of the lemma. 0

Next, we bound the optimal 1-median cost of each fundamental non-star graph. In this discus-

sion, we will use r to denote the number of edges in various cases.
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Lemma 54. Let r := 3 denote the number of edges in 3-P,. The optimal cost of 3-P; is at least

(r +0.46).

Proof. Tt is easy to see that C'(3-P,) forms a simplex of side length 2. Therefore, we can use
Corollary 28 to compute its optimal 1-median cost: cost*(3-P,) = v/24/3(3 — 1) = 2V/3 >
r+0.46 (since r = 3). ]

Lemma 55. Let r := n + 1 denote the number of edges in A,,. The optimal cost of A, is at

least:

1. r, forn > 1.
2. r+0.095, forn > 2.

3. r+0.135, forn > 3.

Proof. Consider the point set C'(A,,). It forms a simplex with (r — 1) points at a distance of v/2
from each other and the remaining point at a distance of 2 from the rest of the points. Based on
Lemma 45, we represent the coordinates of every point in an (r — 1)-dimensional space in the

following way.

Hereu = 5+, /-2 + ﬁ Let (c1,...,c,—1) be an optimal 1-median of S = {ay, ..., a,}.

If ¢; # c; for any i # j, we can swap ¢; and ¢; to create a different median with the same 1-
median cost. Since the 1-median is always unique for a set of non-collinear points (by Fact 5),

we assume ¢* = {c, ..., c} as the optimal median. Then, the optimal 1-median cost is:

r—1

cost(c*, S) = cost(c*, a,) + Z cost(c*, a;)
i=1
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— (=) Vi1 =) = P (-2

Vvr+1
V=1’

optimal cost on substituting the values of ¢ and ¢ in the previous equation:

e R G R e e e L R v ay==

Forr > t, we get:

The function is strictly convex and attains minimum at ¢ = We get the following

cost(c*,S) > /r(r—1) (or>t)

s A
-1
1
r(r—1) +\/3+ —\/ T
t_
— (t—t(t — 1 \/34— —\ ; (using Lemma 44)

Substituting ¢ = 2, we get: cost(c*,S) >r — (2 — V2) VA —V2 >

Substituting ¢ = 3, we get: cost(c*, S) > 1 — (3 —Vv6) ++/7/2 —/3/2 > r + 0.095.

Substituting ¢ = 4, we get: cost(c*, S) > r — (4 — V/12) + \/10/3 — \/4/3 > r + 0.135.

This completes the proof of the lemma. [

Lemma 56. Let r .= n + 2 denote the number of edges in L,,. Then the optimal cost of L,, is at

least:

1. r—0.268, forn = 1.
2. r—0.334, forn = 2.

3. r—0.342, forn > 3.
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Proof. Let us prove the first statement for » = 3 which corresponds to the graph being L, (i.e.,
n = 1). In C(Ly), there are two points at distance of 2 from each other, and the third point at
a distance of v/2 from the other two points. It forms a simplex S of dimension two. Based on

Lemma 45, we represent the coordinates of the simplex in the following way:

a1 = (0,0), as=(v/2,0), as=(0,v2).

Note that the pairwise distances are preserved in this representation. Let (cq, ¢2) be the optimal
1-median of S. If ¢; # ¢; for any ¢ # j, we can swap ¢; and c; to create a different median
with the same 1-median cost. Therefore, we consider ¢* := (¢, ¢) as the optimal 1-median of S.

Then, we get the following optimal 1-median cost of .S.

2
cost(c*, S) = cost(c*, ay) + cost(c*, ay) + cost(c*, az) = V2 - ¢+ 2- \/(C - \/5) + c?

The function is strictly convex and attains minimum at ¢ = \/g — \/% . Substituting the value
of cin cost(c*, S), we get cost(c*, S) = 1+ V3 > r — 0.268, for r = 3. This completes the

proof of the first statement.

Let us prove the second statement. Here, we have » = 4 (or n = 2). We create three copies of
L, (i.e., 3-L5), and decompose them into three subgraphs: 2-P,, A, and S5. The decomposition
is shown in Figure 6.6. Note that P; is the same as L. There are also other ways to decompose
the graph. However, some of those decompositions give weak bound on the optimal cost. And,

this decomposition gives sufficiently good bound on the optimal cost of L.
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L) ®

3-Ly

Figure 6.6: Decomposition of 3-L,

Let ¢* be the optimal 1-median for L,. Based on the decomposition, we bound the optimal

1-median cost of Ly as follows:

3 - cost™(Lg) > cost™(Ag) + 2 - cost™(Py) + cost™(.S3) (6.2)

We already have the bounds on the optimal costs of Ay, Py, and S3. That is,

* For A,, we have cost*(Ay) > 3 + 0.095. This follows from Statement 2 of Lemma 55.

* For P, we have cost*(FP;) > |P;| — 0.268 = 2.732. This follows from Statement 1 of
Lemma 56 since P, is the same as L, and that the number of edges in P, denoted by

| Py

, equals 3.

« For S3, we have cost*(S3) = 1/3(3 — 1) = v/6. This follows from Corollary 27, for

r=3.
Substituting the above values in Equation (6.2), we get the following inequality:
3. cost*(Ly) > 3.095 + 2 - (2.732) + V6 > 11

Thus, the optimal cost of L is at least 11/3 > 3.666 = |L,| — 0.334. This completes the proof

of Statement 2.
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Now, let us prove the third statement. Here, we have » > 5 (or n > 3). We create two copies
of L,, and decompose it into three subgraphs: A,, S,, and P,. The decomposition is shown
in Figure 6.7. Again, note that there are many ways to decompose the graph. However, those
decompositions may yield weak bound on the optimal cost. Whereas, this decomposition gives

sufficiently good bound on the optimal 1-median cost of L,,.

= // / +
o« - @
///T___T H_) H_J
Tl "
An Sn P4
2-L,

Figure 6.7: Decomposition of 2-L,, forn > 3

Let c¢* be the optimal 1-median for L,. Based on the decomposition, we bound its optimal

1-median cost in the following manner:

2 - cost™(L,) > cost*(A,) + cost™(.S,,) + cost*(Py) (6.3)

We already know the bounds on the optimal costs of A,,, S,, and P,. That is,

» For A,,, we have cost"(A,) > (n + 1) + 0.135. This follows from Statement 3 of

Lemma 55 (. n > 3).

« For S, we have cost*(S,) = \/n(n —1) > n — (3 — v/6). The first equality follows

from Corollary 27) whereas the second inequality follows from Lemma 44, for n > 3.

* Since P, is is the same as L;, we have cost*(P;) > |P;| — 0.268. This follows from

Statement 1 of Lemma 56.
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Substituting the above values in Equation (6.3) and using the fact that | P;| = 3, we obtain the

following inequality:

2-cost*(Ly,) > (2n + 1+ |Py|) + (0.135 + v6 — 3 — 0.268) > 2 - (n +2) — 0.684

Thus, the optimal cost of L, is at least (n + 2) — 0.342 = |L,| — 0.342. This completes the

proof of the lemma. O

Corollary 29. The cost of any fundamental non-star graph with r edges is at least r — 0.342.

Proof. The proof simply follows from Lemmas 54, 55, and 56. [

We will now bound the cost of any non-star graph by decomposing it into fundamental non-star
graphs. For this, we define the concept of “safe pair”. A safe pair is a pair of vertex-disjoint
edges in the graph such that when we remove it from the graph, the remaining graph remains
a non-star graph. Let us see why such a pair is important. First, note that the optimal cost of
a 2-P, is exactly two, using Corollary 28. Suppose we remove a 2-F» from the graph F'. Let
the remaining graph be F’. Suppose cost*(F”’) = |F’| 4+ 7, where ~y is some constant. Then
it is easy to see that cost*(F") > cost*(F’) + cost*(2-P,) = |F| + 7. Note that v value is
preserved in this decomposition. Suppose we keep removing a safe pair from F' until we obtain
a graph that does not contain any safe pair. Then the remaining graph is simply a fundamental
non-star graph by the definition of fundamental non-star graph. Moreover, we showed earlier
that the optimal cost of any fundamental non-star graph with r edges, is at least » — 0.342.
Note that here v > —0.342. Therefore, I has the optimal cost at least |F'| — 0.342. This is
the main reason for defining a safe pair and a fundamental non-star graphs. The decomposition

procedure described above is given below.
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Decompose(F)

Input: A non-star graph F'
Output: A fundamental non-star graph D € {3-P,, A,,, L, }

() D«F

(2)  while D ¢ {3-P», A,, L,}

3) Let {e, e’} € E(D) be a safe pair
3) B(D) « B(D)\ {e, '}

4) return D

Figure 6.8: Decomposition of any non-star graph F' into the fundamental non-star graphs.

The above discussion is formalised as the next lemma.

Lemma 57. The cost of any non-star graph F is at least (|F| — 0.342) > /|F|(|F| —1) +
0.158.

Proof. Suppose the procedure Decompose(F') runs the while loop ¢ times. This means that
F is composed of ¢ safe pairs and a fundamental non-star graph D € {3-P,, A,,, L,,}. We call
D the residual graph of F'. Note that D has exactly |F'| — 2t edges. Also, note that 2-P, is
a fundamental non-star graph since it the same as A;. Based on the decomposition of F' into

2-Py’s and D, we bound the optimal cost of F' as follows:

cost™(F') >t - cost™(2-Pz) + cost™(D)

=2-t+ cost"(D) (using Corollary 28)
>2-t+(|F| —2t) —0.342 (using Corollary 29)
— |F| — 0.342

>/|F|(|F|—1)+1/2—-0.342 (using Lemma 44)
— /|F|([F[ = 1) + 0.158

This completes the proof of the lemma. [
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Next, we show a stronger bound on the optimal cost than the one stated in the previous lemma.
However, this bound applies for a particular set of graph instances. For positive integers p, q,
let us define a new graph L, ,. This graph is composed of two star graphs S, and S, such that
there is an edge between the center vertices of S, and S,. Here, the center vertex is the vertex
that is the common endpoint of all edges in a star graph and the remaining vertices are called
pendent vertices. Let s, and s, denote the center vertices of S, and S, respectively. We call the
edge (s1, s2), the bridge edge, and the graph L, ,, the bridge graph. Also, we call the pendent
vertices of S, and S, as the left and right pendent vertices respectively. Please see Figure 6.9
for the pictorial depiction of L, ,. Note that when p = n and ¢ = 1, the bridge graph is the

same as L,,.

S1 S2

—

p q

Figure 6.9: A Bridge Graph: L, ,, forp,q > 1.

Now, we state the lemma that bounds the optimal 1-median cost of any non-star non-bridge

graph.

Lemma 58. Suppose F' is a non-star non-bridge graph. Then F' has the optimal 1-median cost

at least |F| > \/|F|(|F| — 1) + 0.5.

Proof. Here, we need to define the new concept of “ultra-safe” pair. An ultra-safe pair is a pair
of vertex-disjoint edges such that removing it from the graph does not make the resulting graph
a star or a bridge graph. We decompose F' in a similar way as we did before. However, instead
of removing a safe-pair from the graph, we remove an ultra-safe pair in every iteration of the

while loop. We decompose F' using the following procedure.
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UltraDecompose(F)

Input: A non-star non-bridge graph F'.
Output: A fundamental non-star graph D € {3-P,, A,,, L, }

() D« F

2)  while D ¢ {3-Py, A,, L}

3) Let {e, e’} € E(D) be an ultra safe pair
3) E(D) + E(D)\ {e,¢'}

4) return D

Figure 6.10: Decomposition of a non-star non-bridge graph F' into fundamental non-star
graphs.

First, note that the procedure Ult raDecompose(F') produces a residual graph of type 3-P; or
A,. Tt does not produce a residual graph of type L,, since we are always removing an ultra-safe
pair from the graph, and L,, is equivalent to L, ;. Next, we show that we can always remove
an ultra-safe pair from G until we obtain a graph of type 3-P, or A,,. Consider the i" iteration
of the while loop given that it is executed. Let D be the graph at the start of this iteration. It is
clear that D is neither a 3- P, nor A,,; otherwise, this while loop would not have been executed.
Also, D can neither be a star nor a bridge graph since an ultra-safe pair was removed in the
previous iteration. This fact also holds for the first iteration since the input graph is neither a
star nor a bridge graph. It implies that D is a non-star graph but not a fundamental non-star
graph. Since the graph is not a fundamental non-star graph, it must contain a safe pair. Let
e1 = (ug,vq) and es = (ug, v9) form a safe pair in D. If {e1, e5} is also an ultra-safe pair, we
are done. On the other hand, if {e;, €2} is not an ultra-safe pair, we show that there is another
ultra-safe pair in D. Since {e, e2} is a safe pair but not an ultra safe-pair, removing it would
make the resulting graph, a bridge graph L, ,. Therefore, D is composed of a graph of type
L, ., and the two additional edges: e; and e;. Let b = (s1, s2) denote the bridge edge of L, .
We split the analysis into two cases, based on the orientation of e; and e in the graph. For each

case, we show that D contains an ultra-safe pair.

» Case-I: At least one of the two edges, e, es connects a left pendent vertex with a right
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one.

Without loss of generality, let e; = (u1,v;) be the edge that connects a left pendent
vertex u, with a right pendent vertex v;. We claim that e; and the bridge edge b, form an
ultra-safe pair. Indeed, suppose we remove this pair from the graph. The resulting graph
would be a non-star graph since (s;,u;) and (s, v;) are still present in the graph, and
they form a 2-P,. Therefore, the pair {e;, b} satisfies the condition of being a safe pair.
Furthermore, the resulting graph is a non-bridge graph since there is no common edge

incident on (s1,u;) and (sy,vy). This proves that {e;, b} is an ultra-safe pair.

» Case-ll: Neither e, nor e; connects any left pendent vertex with a right one.

First, let us consider the possibility that both the edges e; and e are incident on the
bridge edge, i.e., ey is incident on s; and e; is incident on s,. Then the graph D is a
bridge graph of the form L, ; ,+1 which is not possible as per earlier discussion. Hence,
without loss of generality, we can assume that e; is not incident on b. Now, we claim that
the pair {eq, b} forms an ultra-safe pair. Note that it forms a 2-P;, since both edges are
vertex-disjoint. Now, suppose we remove this pair from the graph. Then in the resulting
graph S, and S, are not connected by any edge since e, does not connect left and right
pendent vertices. Such a graph can neither be a bridge graph or a star graph, since both

of these graphs are connected graphs.

The above discussion implies that there [ always contains an ultra-safe pair unless D is of
type 3-P, or A,. This means that if the procedure UltraDecompose(F’) runs the while
loop ‘¢’ times, then F'is composed of ¢ ultra-safe pairs and a fundamental non-star graph D €
{3-P,, A,,}. Based on this decomposition, we bound the optimal cost of F in the following

manner:

cost™(F') >t - cost™(2-P,) + cost™(D)

=2t + cost"(D), (using Corollary 28)
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>2-t+ (|F| —2t), (using Lemma 54 and 55)
= |F]

>VIF|(|F)—1)+1/2, (using Lemma 44)

This completes the proof of the lemma. [

In the next two subsections, we bound the vertex cover size of any non-star graph F' in terms of

the extra cost §(F).

6.6.2 Vertex cover for matching size two

In this section, we show that any graph with a maximum matching of size exactly two has a
vertex cover of size at most 2 (\/5 + 1) d(F) + 1.62. Let C5 denote a cycle on five vertices. In
the following lemma, we show that Cj is the only graph with a maximum matching of size two
and a vertex cover of size three. The rest of the graphs with a maximum matching of size two,

have a vertex cover of size two.

Lemma 59. Let F' be any graph other than Cs. If F' has a maximum matching of size two, it

has a vertex cover of size two. Furthermore, Cs has a vertex cover of size three.

Proof. Let M be a maximum matching of F'. Let e; = (uy,v;) and e5 = (ug, v2) denote the
edges in M. Let V}; denote the vertex set spanned by M, i.e., Vi = {uy, vy, us, vo}. Let U
denote the unmatched edges of F. i.e., U := E(F) \ M. Note that all edges in U are incident
on at least one of the matching edges; otherwise it forms a matching of size three and this
contradicts the fact that [’ has a maximum matching of size two. Let U; denote the edges in
U that are incident on exactly one of the matching edges and U, = U \ U, be the remaining

unmatched edges. In other words, U, contains the edges that have their both endpoints in V).

First, we claim that no two edges in U; can be incident on different endpoints of the same
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matching edge. For the sake of contradiction, suppose (x,u;) and (y,v;) are the edges in U;
such that x,y ¢ V). If z = y, it forms a triangle (x, u1, v1), which is not allowed. If = # ,
we have a matching of size three — {(x, u1), (v, v1), (ug, v2)}. This contradicts the fact that F'
has a maximum matching M of size two. Therefore, U; cannot contain both (x, u) and (y, v1).
Similarly, U; cannot contain both (x, u3) and (y, v2). Now, without loss of generality, we can
assume that all the edges in U; have their one endpoint in the vertex-set: {u;, us}. Let us divide
the remaining analysis into following two cases based on the existence of edge (v1, v2) in the

graph.

* Case I: (v1,v9) ¢ E(F).

U, can only contain the following edges: (uy,v2), (u2,v1), and (u1,us). Note that all
edges in U; have at least one endpoint in {uy, us }. Previously, we showed all edges of U;
are incident on {uy, us}. Based on both of these facts, we can cover all edges in U using
only two vertices: {u1, us }. Furthermore, these vertices also cover the matching edges in

M. Therefore, all edges of the graph are covered, and we have a vertex cover of size two.

» Case 2: (v1,v2) € E(F).

Now, note that U; can not contain the edges: (uy,vs) and (us,v1), since they form the
triangles: (v, v, u1) and (vq, v2, ug). However, Us can contain the edge: (uq,us). Let us

consider the following two sub-cases based on the existence of (uy, us) in the graph.

(a) Sub-case: (u1,us) € E(F).
We claim that either all the edges in U; are incident on u; or all of them are incident
on uy. For the sake of contradiction, let (z,u;) and (y, uy) be the edges in U; such
that z,y ¢ V. If o = v, it forms a triangle (x, uy, u2), which is not allowed. If
x # y, we get a matching of size three — {(x, uy), (y, u2), (v1, v2) } which contradicts
the fact that /' has a maximum matching M of size two. Without loss of generality,

we can assume that all edges in U; are incident on u;. Therefore, we can cover
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all edges of U; using only u;. Furthermore, u; covers one of the matching edge
(u1,v1) € M and the edge (uq,uz) € Us. Only two edges remain uncovered in the
graph, which are (ug,v) € M and (vy,v9) € Us. We cover both these edges by

picking the vertex vo. Thus, we get a vertex cover of size two.

(b) Sub-case: (uy,uz) ¢ E(F).

Let us consider the case when all the edges in U; are incident on either u; or us.
In this case, either {uy,vs} or {uy, v;} forms a vertex cover of size two. Hence,
we are done. Let us consider the other case. Suppose, there are two edges (x, u;)
and (y,us) in U; such that z,y ¢ V). If  # y, we get a matching of size three —
{(z,u1), (y,us), (v1,v2)}, which is not possible. On the other hand, if x = y, then
the only possibility is that F'is a cycle of length five — C5 : (x, u1, vy, vo, us). In this

case, the vertex cover of F'is of size 3.

We showed that all graphs with maximum matching 2 has a vertex cover of size 2 except for C’5

that has a vertex cover of size 3. This completes the proof of the lemma. [
Corollary 30. Let F' be any graph with a maximum matching of size two. If the graph is not a

Cs, it has a vertex cover of size at most (/2 + 1) 6(F) + 1.62.

Proof. In Lemma 57, we showed that any graph F' has an extra cost at least 0.158. In other
words, §(F) > 0.158. It is easy to see that [VCO(F)| = 2 < (vV2+1) §(F) + 1.62. Hence

proved. [

Next, we consider the particular case of C5. The following lemma bounds the optimal 1-median

cost of (5.

Lemma 60. The optimal 1-median cost of Cs is at least \/|C5|(|Cs| — 1) + 0.622.
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Proof. Let C5 be (u,v,w,z,y). We decompose the graph into two fundamental non-star
graphs: A;: {(u,v), (w,z)} and Ay: {(v,w), (z,y), (y,u)}. The following sequence of in-

equalities bound the optimal cost of C’.

cost™(Cs) > cost™(A;) + cost™(As)
> 2+ (3+0.095) (using Statement 1 and 2, of Lemma 55)

— V20 + (5-@) +0.095
= V/IC5[(|Cs — 1) + 0.622 (. |C5| =5)

This completes the proof of the lemma. [

Corollary 31. The graph C5 has a vertex cover of size at most (\/5 + 1) 0(Cs5) + 1.62.

Proof. Since §(C5) > 0.622, we get [VC(C5)| = 3 < (V2+ 1) §(C5) + 1.62 which proves

the corollary. O

6.6.3 Vertex cover for matching size at least three

In this section, we show that any non-star graph F', with a maximum matching of size at least
three, has a vertex cover of size at most 1.8+ (\/§ + 1) d(F'). First, let us define some notations.
Let M denote a maximum matching of F', and (Gj; denote the subgraph spanned by M. Let
F’ be the graph obtained by removing M from F, i.e., F' = (V, E(F)\ M). Let L denote a
maximum matching of F”, and G, denote the subgraph spanned by L. We call L the second
maximum matching of F after M. Now, we remove L from the graph. Let F” be the graph
obtained by removing L from F’, ie., F” = (V,E(F) \ (M U L)). Recall that in this entire

discussion, we are using |.| to denote the number of edges in any given graph.

Now, we obtain a relation between the vertex cover size and extra cost of a graph. To establish

this relation, we show that both of them are proportional to the number of vertex disjoint edges
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in the graph. For example, a graph with a maximum matching M has a vertex cover of size
at most 2|M|. Similarly, a set of m vertex-disjoint edges has an extra cost of (\/§ — 1) .
\/m (using Corollary 28). Also, note that a star graph which has a maximum matching
of size one, has an extra cost of only zero. In the next two lemmas, we formally establish these
relations of the vertex cover size and extra cost in terms of number of vertex-disjoint edges in
the graph. Then we will use the two lemmas to bound the vertex cover size in terms of the extra

cost. First, let us bound the vertex cover size in terms of |L| and |M|.

Lemma 61. Any non-star graph F' has a vertex cover of size at most (|M| + |L| — 1).

Proof. Let G, denote the graph spanned by the edge set M/ U L. Note that there are no odd
cycles in G ; otherwise there would be two adjacent edges in the cycle that would belong to
the same matching set L or M. Thus, G);y, is a bipartite graph. There is a well-known result
that says that in a bipartite graph, the size of a maximum matching is equal to the size of a
vertex cover [31]. Therefore, G, has a vertex cover of size exactly |M|. Let S’ denote a

vertex cover of Gy,

Now, we give an incremental construction of a vertex cover of the entire graph . Let this
vertex cover be denoted by S. Initially, we add all vertices of S’ to S. Therefore, at this stage,
S covers all edges in L and M which means that for every edge in L, at least one of its endpoints
must belong to S. Now, we include its other endpoint in S as well and we do this for all edges
in L. We observe that .S now covers all edges in F” since L is a maximum matching of F”,
and all edges in F” are incident on L. Therefore, S covers all edges in (G, and has a size of

| M+ [L].

Our main goal is to obtain a vertex cover of size | M| + |L| — 1. We again give an incremental
construction and let S denote this incrementally constructed vertex cover. Initially, S is empty.
Let us color the edges of the graph. We color the edges in M with red color, L with green

color, and E'(F") with blue color. Note that non-red edges are the edges of the graph F”. Now,
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for every edge in L except one, we add both its endpoints in S. Let ¢/ = (v/,v") € L be the
remaining edge of L. Now, we remove all the edges of F' covered by S. Let the resulting graph
be Gs. G s contains some red edges, some blue edges, and exactly one green edge ¢’. Also, note
that all non-red edges in G's form a star graph. This is because, if they form a non-star graph, it
would have a matching of size at least two and this matching together with the removed green
edges form a matching of F’ of size > |L| + 1. This contradicts with the fact that that F” has
a maximum matching of size |L|. Therefore, non-red edges of Gs form a star graph. Now,
let us construct a vertex cover of GGs. Let R be the set of red edges in Gs. Let VR be the
set of non-red edges in Gs. Further, assume that NR = {(u,vy), (u,v1),..., (u,v;)}, i.e., all
non-red edges are incident on a common vertex u. We consider three different cases depending

on the number of red edges in 1. For each of these cases, we construct a vertex cover for Gs.

1. Case 1: |R| < |M| — |L|.

Since N R forms a star graph, we cover it using a single vertex u. For every edge in R,
we pick one vertex per edge in the vertex cover. Thus, all edges of Gs are covered. So,

the size of the entire vertex cover of F'is (|M|—|L|)+1+2-(|L|—1) = |[M|+|L| - 1.

2. Case 2: |R| > |M|—|L| +2.

In this case, R and the removed green edges form a matching of size |M| + 1 which
contradicts with the fact that G has the maximum matching of size |M|. Therefore, we

can rule out this case.

3. Case 3: |R| = |M|—|L|+1

Here, we claim that every non-red edge in /N R must be incident on some red edge in R.
For the sake of contradiction, suppose this is not true and there is a non-red e; € N R that
is not incident on any of the red edges in R. It is easy to see that {e;} URU L\ {¢'} forms
a matching of size |M| + 1. It contradicts that F" has a matching of size |M|. Therefore,

each non-red edge in N R must be incident on some red edge in R. Moreover, note that
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no two edges in VR can be incident on the same red edge (r,72) € R. Otherwise, it
would form a triangle — (u, 1, 79), which is not allowed. Now, for every edge in R, we
pick exactly one of its endpoints. This is the endpoint that it shares with some non-red
edge in N R if one exists; otherwise an arbitrary endpoint is picked. Thus, we cover the
edges in G s using only | R| vertices. So, the size of the vertex cover of the entire graph F’

in this case is |R| + 2|L| — 2 = |M| + |L| — 1.

This completes the proof of the lemma. [

Now, we bound the extra cost of a graph in terms of |M| and |L|. There are some special graph
instances for which we do the analysis separately. For the following lemma, we assume that

|L| > 3 and F" is a non-star non-bridge graph.

Lemma 62. Let |L| > 3, and F" be a non-star non-bridge graph. Then the extra cost of F is

at least (v/2 — 1) - (|M| + |L|) — 1.06.

Proof. We decompose F' into three subgraphs: G, G, and F”. Tt gives the following bound

on the optimal cost of F'.

cost*(F) > cost™(G ) + cost™(G ) + cost™(F") 6.4)

We already know the bounds on the optimal costs of Gj;, G, and F”. That is,

Corollary 28 (Lemma 44,| M| > 3)

e cost(Guy) > V2. /IM[(]M]-1) > V2 (IM| = (3-v6)) > V2.
|M]| — 0.78.

(Lemma 44, |[L| > 3)

* cost’(G) =T V2 VILI(LI -1 > V2 (LI - (3-v06) 2 V2 |L] -
0.78.
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Lemma 58

e cost"(F") > |F"].

Substituting the above values in equation 6.4, we obtain the following inequality:

cost™(F) > [M| + |L| +|F"| + (V2 = 1) - (M| +|L|) — 1.56
= |F|+ (W2 =1)-(|M|+]|L]) —1.56
> /|F|([F| = 1)+ 05+ (vV2—=1)- (|M]| +|L|) — 1.56  (using Lemma 44)

=VIFI(IF] = 1)+ (vV2=1)- (IM| + |L|) — 1.06

This completes the proof of the lemma. 0

Note that in Lemma 61, we bound the vertex cover size in terms of |M| and |L|. Then in
Lemma 62, we bound the extra cost in terms of |M| + |L|. Now, we put these two results

together and obtain a relation between the extra cost and vertex cover size.

Corollary 32. Let |L| > 3 and F" is a non-star non-bridge graph. Then F has a vertex cover

of size at most 1.6 + (v/2 + 1) 6(F).

Proof. The proof follows from the following sequence of inequalities:
Lemma 62
1.6+ (V2+1)8(F) > |M|+|L|+1.6—(v2+1) (1.06) > [M|+|L|—1""=" |[VC(F)|.
]

There are some special graph instances for which either Lemma 61 gives a weak bound on the
vertex cover size or Lemma 62 gives a weak bound the extra cost of the graph. This would
give an overall weak relation between the vertex cover size and extra cost of the instances.
Therefore, we analyse such instances separately. We divide the remaining instances into the

following five categories.
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1. |L| = 0: In this case, we show |V C(F)| < (v/2 + 1)6(F) + 0.551.

2. |L| = 1: In this case, we show |VC(F)| < (V2 + 1)§(F) + 1.8.

3. |L| = 2 and F" is a bridge graph: In this case, we show |V C(F)| < (v2+1)6(F)+1.53.

4. |L| = 2 and F’ is a non-bridge graph: In this case, we show |V C(F)| < (v2+1)§(F) +
1.68.

5. |L| > 3 and F” is a bridge graph: In this case, we show |VC(F)| < (v2+1)6(F) + 1.4.

We analyse these instance one by one. Note that the overall technique remains the same. That
is, we first bound the vertex cover size in terms of |M | and | L|. Then, we obtain a lower bound
on the extra cost in terms of |[M| and |L|. And, finally we state a corollary (similar to the
corollary above) combining these two results. Also, note that for all the following cases we will

consider | M| > 3 since we have already dealt with the case |M| = 2 in Section 6.6.2.

6.6.3.1 Case: |L| =0
The following lemma is trivial.

Lemma 63 (Vertex Cover). If |L| = 0, F' has a vertex cover of size exactly | M]|.

Lemma 64 (Extra Cost). If |L| = 0, the extra cost of F is exactly (v2 — 1) - /]M| (]M] — 1).

Proof. The proof simply follows from Corollary 28. 0

Corollary 33. If |L| = 0, F has a vertex of size at most 0.551 + (v/2 + 1) 6(F).

Proof. The proof follows from the following series of inequalities:

(Lemma 44, | M| > 3)

0.551+ (V2 + 1) §(F) =" 0.551+ /[M| (]M] — 1) > 0.5514 | M| —(3—6) >
|M| "= VO(F)].
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6.6.3.2 Case: |L| =1

Note that the condition || = 1 is equivalent to F” being a star graph.

Lemma 65 (Vertex Cover). If |L| = 1, F has a vertex cover of size exactly | M |

Proof. The proof follows from Lemma 61 and substituting |L| = 1. O

Lemma 66 (Extra Cost). If |L| = 1, the extra cost of F is at least (v/2 — 1) (|M|) — 0.743

Proof. Let e be some edge in E(F"). The edge e must incident on some edge of M; otherwise
M would not be a maximum matching. Furthermore, e can only be incident on at most two
edges of M. Let us define the edges /; and [, in the graph depending on the orientation of e in

the graph.
* If eisincident on two edges of M, then [, and [, are defined as the corresponding incident
edges in M.
* If e is incident on only one edge of M, then [; € M is defined as the incident edge and /-

is defined as any other edge in M.

Let M’ = (M\{l1,0})U{e} and L' = E(F")U{/l, >} \ {e}. Given this, note that M/’ forms
a matching of size (|M| — 1) and L’ spans a graph of type A,, for n > 1. Let G;» denote the
graph spanned by M’, and (G;, denote the graph spanned by L’. We decompose F into these

two subgraphs, i.e., G;» and G1/. It gives the following bound on the optimal cost of F'.

cost™(F') > cost™ (Gp) + cost™ (G) (6.5)

We already know the bounds on the optimal costs of GG, and G,. That is,

Corollary 28 (Lemma 44, | M| > 2)

ceost(Gur) 2 VI 1) 2 V(M- (2 V2)).
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(Lemma 55 statement 1)

* cost*(Gr/) > |L'].
We substitute the above values in Equation (6.5). This gives the following inequality:

cost"(F) > |M'| + || + (V2= 1) |M'| +2 - 2V3
= M|+ F+ (V2= 1) (M| +3-3V2
(substituting |[M'| = [M| —1and |L'| = |F'| + 1)
= |F|+ (Va-1) M| +3-3V2 (o |F| = [M] + |F))
> VIFI(|F]=1)+ 05 + (\/5— 1> M| +3—3v2 (using Lemma 44)

> VIF[([F| = 1) + (ﬁ - 1) M| — 0.743

This completes the proof of the lemma. 0

Corollary 34. If |L| = 1, then F has a vertex cover of size at most 1.8 + (v/2 + 1) §(F).

Proof. The proof follows from the following sequence of inequalities:

Lemma 66

18+ (V24 1)0(F) 27 M|+ 18 = (V24 1) (0.743) > [M] =" [VC(F)|

6.6.3.3 Case: |L| = 2 and F’ is Bridge Graph

Since F" is a bridge graph, |L| = 2. For this case, Lemma 61 gives a vertex cover of size at

most | M| + 1. However, we show a stronger bound than this in the following lemma.

Lemma 67 (Vetex Cover). If F' is a bridge graph L, , for some p,q > 1, then F has a vertex

cover of size | M|.

Proof. Let b = (u,v) be the bridge edge of L, ,. Suppose b be incident on an edge e € M.
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Without loss of generality, we can assume that v is the common endpoint of e and b. Let us
pick the vertex u in the vertex cover and remove the edges covered by it. Let G’ denote the
resulting graph. Further, let M/’ denote a maximum matching of G’. Now, we claim that |M/’|
= |[M| — 1. For the sake of contradiction, assume that |M’| > |M]|. Then the edge b and
matching set M’ would together form a matching of size | M|+ 1 and this would contradict that
F has a maximum matching M of size |M|. Now, suppose we choose M’ = M \ {e} as the
maximum matching of G’ and let L’ be the second maximum matching after M’. If we remove
the edges of M’ from G, the remaining graph would be a star graph. Therefore, the size of
second maximum matching L’ is exactly one. Now, using Lemma 61, we can cover G’ using
|M'| 4+ |L'| — 1 vertices. Thus the vertex cover (including the vertex u) of the entire graph F

has a size at most | M’| + |L'| = |M|. This proves the lemma. O

Lemma 68 (Extra Cost). If F' is a bridge graph L, , for some p,q > 1, then the extra cost of
Fis at least (\/5— 1) - | M| —0.28.

Proof. We decompose F' into two subgraphs: G, and F”. It gives the following bound on the

optimal cost of F'.

cost*(F) > cost*(Gyy) + cost™(F") (6.6)

We already know the bounds on the optimal costs of G); and F’. That is,

Corollary 28 (Lemma 44, | M| > 3)

ceost'(Gy) 2 VIO - D) 2 VE (M- (8- VE) = V-
| M| — 0.78.

Lemma

e cost™(F') = |F'| — 0.342.
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We substitute the above values in Equation (6.6). It gives the following inequality:

cost” (F) > |F'| + M| + (V2= 1) [M] ~ 1122
= |F|+ (V2—1) |M| - 1122
> /IF[([F| = 1) + 0.5+ (\/5 - 1) IM|—1.122  (using Lemma 44)

> VIFIOFT=1) + (V2 = 1) [M] - 0.63
This completes the proof. ]
Corollary 35. If I is a bridge graph L, , for some p,q > 1, then F' has a vertex cover of size

at most 1.53 + (V2 +1) §(F).

Proof. The proof follows from the following sequence of inequalities:

Lem

153+ (V2+1)6(F) = [M|+153— (vV2+1) (0.63) > |M| = |VC(F)|. O

6.6.3.4 Case: |L| = 2 and F’ is Non-Bridge Graph

Lemma 69 (Vertex Cover). If |L| = 2 and F’ is a non-bridge graph, then I’ has a vertex cover
of size at most | M| + 1.

Proof. The proof simply follows from Lemma 61 for |L| = 2. O
Lemma 70 (Extra Cost). If |L| = 2 and F' is a non-bridge graph, the extra cost of F' is at least

(V2—1)-|M[+05

Proof. We decompose F' into two subgraphs: GG, and F”. It gives the following bound on the

optimal cost of F'.

cost™(F') > cost*(Gyy) + cost*(F") (6.7)
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We already know the bounds on the optimal costs of G, and F”. That is,

Corollary 28 (Lemma 44, | M| > 3)

ccost(Guy) > V2o /IMI(M[-1) > V2 (IM[-(3-V6) > V2
|M| — 0.78.

Lemma 58

* cost*(F') > |F'|.

We substitute the above values in Equation (6.7). It gives the following inequality:

cost" (F) > |F'| + [M] + (V2 1) [M] - 0.78
= |F+ (V2= 1) M| - 0.78 (o |F| = [F'| + |M])
>/|F|(|F|—1)4+ 0.5+ (\/5 — 1) |M| —0.78  (using Lemma 44)

= \FI(\FI—1)+(\/§—1> M| —0.28

This completes the proof. ]

Corollary 36. If F' is a non-star non-bridge graph, then I has a vertex cover of size at most

168+ (V2 +1) 6(F).

Proof. The proof follows from the following sequence of inequalities:

168+ (V2+1)6(F) = M|+ 1.68— (V2+1) (0.28) > |M| +1 = |[VC(F)|. O

6.6.3.5 Case: |L| > 3 and F” is Bridge Graph
Since |L| > 3, Lemma 61 gives a vertex cover of size at most |M/| + |L| — 1, which is at least
|M| + 2. However, we can obtain a stronger bound than this if 7 is a bridge graph as shown

in the following lemma.

Lemma 71. If |L| > 3 and F" is a bridge graph L, , for some p,q > 1, then F has a vertex

cover of size at most | M| + 1.
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Proof. We will incrementally construct a vertex cover S of size | M| + 1. Initially, S is empty,
ie., S =0.Letb= (u,v)be the bridge edge of L, ,. We will add both vertices u and v to the set
S, so that it covers all edges in . Now, we remove all the edges in the graph that are covered
by u and v. Let M’ and L’ be the remaining sets corresponding to M and L, respectively. Let
(' be the graph spanned by the edge set M’ U L’. Now, observe that G’ does not contain any odd
cycles; otherwise there would be two adjacent edges in the cycle that would belong to the same
set M’ or L'. Moreover, G’ has a maximum matching of size at most | M| — 1. This is because,
the edge b is vertex-disjoint from every edge of G’ and if G’ has a matching of size at least | M|,
then this matching together with b form a matching of size |M| + 1. This contradicts the fact
that /" has the maximum matching of size | M|. Since G is bipartite and has a matching of size
at most | M| — 1, it admits a vertex cover of size |M| — 1 (using the Kénig’s Theorem [31]).
Thus, the vertex cover (including the vertices u and v) of the entire graph has a size at most

|M| + 1. This completes the proof of the lemma. N

Lemma 72. If |L| > 3 and F" is a bridge graph L, , for some p,q > 1, then the extra cost of
Fis at least (v/2 — 1) - (|M| + |L|) — 1.41.

Proof. We decompose F' into three subgraphs: G, GG, and F”. Then, it gives the following

bound on the optimal cost of F'.

cost*(F) > cost*(Gar) + cost™(Gp) + cost™(F") (6.8)

We already know the bounds on the optimal costs of G;, G, and F”. That is,

Corollary 28 (Lemma 44, |[M| > 3)

ccost'(Gy) > V2-IMI(IM[-1) > V2-(IM|-(3-V6) > 2.
|M| —0.78.

(Lemma 44, |L| > 3)

+ cost’(Gy) "= VR IEIILI- D) TR VR (11 - (3 VE) 2 Ve
IL| — 0.78.
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Lemma 57

e cost'(F") > |F"|—0.342.
We substitute the above values in Equation (6.8). It gives the following inequality:

cost*(F) > |M|+ |L| + |F"| + (V2 = 1) - (|]M| + |L]) — 1.902
= |F|+ (V2 =1)-(|M|+]|L|) — 1.902
> V|F|(JF| = 1)+ 05+ (V2 —=1) - (|M] +|L|]) —1.902 (using Lemma 44)

> VIF|(|F| = 1) + (V2 = 1) - (|M]| + |L]) — 1.402

This completes the proof. 0

Corollary 37. If |L| > 3 and F" is a bridge graph L, , for some p,q > 1, then F has a vertex

cover of size at most 1.4+ (V2 + 1) 6(F).

Proof. The proof follows from the following sequence of inequalities:

144 (V2+1)8(F) = |M|+|L|+1.4— (V2 + 1) (1.402)

(L[> 3
> |

M[+1 "=V C(F)].
O

This completes the analysis for all graph instances.

6.7 Bi-criteria Hardness of Approximation

In the previous section, we showed that the k-median problem cannot be approximated to any
factor smaller than (1 + ¢), where ¢ is some positive constant. The next step in the beyond
worst-case discussion is to study the bi-criteria approximation algorithms. That is, we allow
the algorithm to choose more than & centers and analyse whether it produces a solution that is
close to the optimal solution with respect to k£ centers? Since the algorithm is allowed to output
more than k centers we can hope to get a better approximate solution. An interesting question

in this regard would be: Does there exist a PTAS (polynomial time approximation scheme) for
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the k-median/k-means problem when the algorithm is allowed to choose Bk centers for some
constant § > 1? In other words, is there an (1 + ¢, 3)-approximation algorithm? Note that
here we compare the cost of Sk centers with the optimal cost with respect to k£ centers. See

Section 6.1 for the definition of («, 3) bi-criteria approximation algorithms.

In this section, we show that even with Sk centers, the k-means/k-median problems cannot be
approximated within any factor smaller than (1 + ¢’), for some constant ¢’ > 0.The following

theorem state this result formally.

Theorem 68 (Bi-criteria Hardness: k-Median). For any constant 1 < (3 < 1.015, there exists
a constant € > 0 such that there is no (1 + ¢, )-approximation algorithm for the Euclidean

k-median problem assuming the Unique Games Conjecture.

Theorem 69 (Bi-criteria Hardness: k-Means). For any constant 1 < [ < 1.28, there exists
a constant € > 0 such that there is no (1 + ¢, 3)-approximation algorithm for the Euclidean
k-means problem assuming the Unique Games Conjecture. Moreover, the same result holds for

any 1 < 8 < 1.1 under the assumption that P # NP.

First, let us prove the bi-criteria inapproximability result for the £-median problem.

6.7.1 Bi-criteria inapproximability: k-Median

In this subsection, we give a proof of Theorem 68. Let us define a few notations. Suppose
7T = (C, k) be some k-median instance. Then, OPT(C, k) denote the optimal k-median cost of
C'. Similarly, OPT(C, Sk) denote the optimal Sk-median cost of C' (or the optimal cost of C
with Sk centers). We use the same reduction as we used in the previous section for showing the
hardness of approximation of the k-median problem. Based on the reduction, we establish the

following theorem.

Theorem 70. There is an efficient reduction from Vertex Cover on bounded degree triangle-

free graphs G (with m edges) to Euclidean k-median instances T = (C, k) that satisfies the



Hardness of Approximation: £-Median 257

following properties:

1. If G has a vertex cover of size k, then OPT(C, k) < m — k/2

2. For any constant 1 < [ < 1.015, there exists constants ¢,0 > 0 such that if G has no

vertex cover of size < (2 — ¢) - k, then OPT(C, Bk) > m — k/2 + §k.

Proof. Since the reduction is the same as we discussed in Section 6.3 and 6.5, we keep all
notations the same as before. Also, note that Property 1 in this theorem is the same as Property
1 of Theorem 67. Therefore, the proof is also the same as we did in Section 6.5.1. Now, we

directly move to the proof of Property 2.

The proof is almost the same as we gave in Section 6.5.2. However, it has some minor dif-
ferences since we consider the optimal cost with respect to Sk centers instead of k centers.
Now, we prove the following contrapositive statement: “For any constants 1 < 5 < 1.015 and
e > 0, there exists constants €, > 0 such that if OPT(C, k) < (m — k/2 + k) then G
has a vertex cover of size at most (2 — €)k”. Let C denote an optimal clustering of C' with Sk
centers. We classify its optimal clusters into two categories: (1) star and (2) non-star. Further,

we sub-classify the star clusters into the following two sub-categories:

(a) Clusters composed of exactly one edge. Let these clusters be: Py, P, ..., P;,.

(b) Clusters composed of at least two edges. Let these clusters be: 51,52, ...,S,.

Similarly, we sub-classify the non-star clusters into the following two sub-categories:

(1) Clusters with a maximum matching of size two. Let these clusters be: Wy, Wy, ... W,

(i1) Clusters with a maximum matching of size at least three. Let these clusters be: Y7, Y5, ..., Y,
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Note that t; +t5 +t5+t4 equals Sk. Suppose, we first compute a vertex cover of all the clusters
except the single edge clusters: Py, ..., P, . Let that vertex cover be VC’. Now, some vertices

in VC' might also cover the edges in P,..., P;,. Suppose there are ¢| single edge clusters

L
that remain uncovered by V' C’. Without loss of generality, we assume that these clusters are
Pi,...,Py. By Lemma 51, we can cover these clusters with ( + 80k) < (% + 86k)
vertices; otherwise the graph would have a vertex cover of size at most (2k — dk), and the proof

of Property 2 would be complete. Now, we bound the vertex cover of the entire graph in the

following manner.
1

|VC(G)|§Z|VC |+Z\vc )]+Z|VC(Wi)!+Z]VO(Y)

§<%+86k)+t2+2<(\/_+1> +162>+Z(( ) Y)+1.8),

(using Lemmas 49, 50, and 51)

:(0.67)751+85k:+t2+(1.62)t3+(1.8)t4+(\/§+1> (Za +Za )

Since the optimal cost OPT'(C, fk) = Z\/m] —1) —1—2(5 +Z(5 ) <m—k/2+

Bk
ok, we get 25 )+ Z(S <m-—k/2+5k— Z m;(m; — 1). We substitute this value
i=1 7j=1

in the previous equatlon, and get the following inequality:

IVO(G)| < (0.67)t; + 80k + ty + (1.62)ts + (1.8)t4+

(V2+1)- <m—k/2—§:,/mj(mj—1)+5k>

Using Lemma 44, we obtain the following inequalities:
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1. For P;, \/m(P;) (m(P;) — 1) > m(P;) — 1 since m(P;) = 1
2. For Sj, /m(S;) (m(S;) — 1) > m(S;) — (2 — v/2) since m(S;) > 2
3. For Wj, /m(W;) (m(W;) — 1) > m(W;) — (2 — V/2) since m(W;) > 2
4. For Y, y/m(¥;) (m(¥;) = 1) = m(¥;}) — (3 — V6) since m(¥;) > 3
We substitute these values in the previous equation, and get the following inequality:
IVO(G)| < (0.67)t1 + 86k + to + (1.62)t5 + (1.8)t4 + <\/§+ 1) - <m k2
t1 to t3
> mP) = 1) =Y (ms) = 2= v2) =D (m(Wy) - 2= v2)) -
j=1 =1 j=1
tq
> (m)-6-V6)+ 5k:>
j=1
t1 to t3 27
Since m = m(PJ)—i-Z m(Sj)+Z m(Wj)—i-Z m(Y;), we get the following inequality:
j=1 =1 j=1 j=1

VC(G)] < (0.67)t, + 86k + to + (1.62)t5 + (L.8)ts + (ﬁ + 1) : ( /24t +

+t2-<2—\/§>+ t3-<2—\/§>+t4-<3—\/6>+5k>

= (0.67)t1 + 85k + t2 + (1.62)t3 + (1.8)t4 + (\/§+ 1) : ((5 ;Uk — % 1+

+t2-<2—\/§>+ t3-<2—\/§)+t4-(3—\/6)+5k>
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Now, we substitute Sk = t; + t5 + t3 + t4, and obtain the following inequality:

VO(G)| < (0.67)t, + 80k + t5 + (1.62)ts + (1.8)t4
— Dkt ty ty 3t
4«ﬁ+g(@—l+l+i+i+i+M)

2 2 710 10 50
— (1.88)ty + (1.25)ty + (1.87)ts + (1.95)t4 + (\/5 + 1) : @ + (ﬁ + 9) Sk
< (L95)8k + (V2+1) - @ +(V2+9) ok (usingts+ b+t + by = k)

< (3.16)8k — (1L21)k + (ﬁ + 9) 5k

< (2—¢)k, for [ < 1.015 and appropriately small constants &, > 0

This proves Property 2 and it completes the proof of Theorem 70. 0

The following corollary states the main bi-criteria inapproximability result for the k-median

problem.

Corollary 38. There exists a constant €' > 0 such that for any constant 1 < 3 < 1.015, there is
no (1+¢€', B)-approximation algorithm for the k-median problem assuming the Unique Games

Conjecture.

Proof. In the proof of Corollary 26, we showed that £ > J% for all the hard Vertex Cover
instances. Therefore, the second property of Theorem 70, implies that OPT(C, 5k) > (m —
E)Y+ 6k > (14 5%) - (m — £). Thus, the k-median problem can not be approximated within

any factor smaller than 1 4+ ;& = 1+ Q(e), with 8k centers for any 3 < 1.015. O

Now, we prove the bi-criteria inapproximability result corresponding to the k-means objective.
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6.7.2 Bi-criteria inapproximability: k-Means
Here, we again use the same reduction that we used earlier for the £-median problem in Sec-

tions 6.3, 6.5, and 6.7.1. Using this, we establish the following theorem.

Theorem 71. There is an efficient reduction from Vertex Cover on bounded degree triangle-
free graphs G (with m edges) to Euclidean k-means instances T = (C, k) that satisfies the

following properties:

1. If G has a vertex cover of size k, then OPT(C k) < m — k

2. Foranyl < A < 2and 8 < % . </\ + g), there exists constants £,0 > 0 such that if G

has no vertex cover of size < (A — ¢) - k, then OPT(C, Bk) > m — k + 0k.

This theorem is simply an extension of the result of Awasthi et al. [19] to the bi-criteria setting.

Now, let us prove this theorem.

6.7.2.1 Completeness

Note that the proof of completeness is already given in [19]. Therefore, we just describe the
main components of the proof for the sake of clarity. To understand the proof, let us define
some notations used in [19]. Suppose F' is a subgraph of G. For a vertex v € V(F'), let dp(v)
denote the number of edges in F' that are incident on v. Note that, the optimal center for 1-
means problem is simply the centroid of the point set. Therefore, we can compute the optimal

1-means cost of F'. The following lemma states the optimal 1-means cost of F'.
Lemma 73 (Claim 4.3 [19]). Let I be a subgraph of G with r edges. Then, the optimal 1-means

costof Flis Y, dp(v) <1 - @)

The following corollary bounds the optimal 1-means cost of a star cluster. This corollary is

implicitly stated in the proof of Claim 4.4 of [19].
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Corollary 39. The optimal 1-means cost of a star cluster with r edges is r — 1.

Using the above corollary, we give the proof of completeness. Let V' = {v, ..., v; } be a vertex
cover of G. Let S; denote the set of edges covered by v;. If an edge is covered by two vertices
¢ and j, then we arbitrarily keep the edge either in S; or S;. Let m; denote the number of
edges in S;. We define {C'(S}),...,C(Sk)} as a clustering of the point set C. Now, we show
that the cost of this clustering is at most m — k. Note that each S; forms a star graph with its
edges sharing the common vertex v;. The following sequence of inequalities bound the optimal

k-means cost of C.

k
OPT(C k) < Z cost™(.S;) (Corollary39) Z =m — k.

i=1 i=1

6.7.2.2 Soundness

For the proof of soundness, we prove the following contrapositive statement: “For any constant
l<A<2and § < % . ()\ + g), there exists constants £,6 > 0 such that if OPT(fk) <
(m — k+ dk) then G has a vertex cover of size at most (A —¢)k, for e = Q(5).” Let C denote an
optimal clustering of C' with Sk centers. We classify its optimal clusters into two categories: (1)
star and (2) non-star. Suppose there are ¢; star clusters: S, ...,.S;,, and ¢, non-star clusters:

Fy, F,, ..., F;,. Note that ¢ 4 t5 equals Sk. The following lemma bounds the optimal 1-means

cost of a non-star cluster.

Lemma 74 (Lemma 4.8 [19]). The optimal 1-means cost of any non-star cluster F' with m
edges is at least m — 1 + §(F), where 0(F) > 2. Furthermore, there is an edge (u,v) € E(F)

such that dp(u) + dp(v) > m+1—§(F).

In the actual statement of the lemma in [19], the authors mentioned a weak bound of §(F') >
1/2. However, in the proof of their lemma they have shown 6(F') > 2/3 > 1/2. This difference

does not matter when we consider inapproximability of the k-means problem. However, this
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difference improves the [ value in bi-criteria inapproximability of the k-means problem.

Corollary 40 ([19]). Any non-star cluster F' has a vertex cover of size at most 1 + g -O(F).

Proof. Suppose (u, v) be an edge in F’ that satisfies the property: dp(u)+dp(v) > m+1—0(F),
by Lemma 74. This means that « and v covers at least m(F') — §(F') edges of F. We pick u
and v in the vertex cover, and for the remaining 6(F") edges we pick one vertex per edge.
Therefore, F has a vertex cover of size at most 2 + 6(F'). Since §(F') > ; by Lemma 74, we
get 2+ 6(F) < 1+ 2.5(F). Hence, I has a vertex cover of size at most 1 + 2 - §(F). This

proves the corollary. 0

Now, the following sequence of inequalities bound the vertex cover size of the enire graph G.

t1 to
VC(@) <Y IVOS) + Y IVC(E)
i=1 i=1
to 5
<t + ; (1 + 3 (5(E)> (using Corollary 40)

to
)
:t1+t2+§';5(5)

t1 to
Since the optimal k-means cost OPT(C, Sk) = Z (m(S;) —1)+ Z (m(F;) —146(F;)) <

i=1 i=1
to
m — k + 0k, and t; + to = Pk. Therefore, Zé(FZ) < (B — 1)k + dk. On substituting this

=1
value in the previous equation, we get the following inequality:

5 5
VC(G)| §t1+t2+§-(ﬁ—1)k+§-5k
5 b}
<(AN—¢)k, forp< ; . ()\ + g) and appropriately small constants £, > 0
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This proves the soundness condition and it completes the proof of Theorem 71. Based on
this theorem, the following corollary states the main bi-criteria inapproximability result for the

k-means problem.

Corollary 41. For any constant 1 < 3 < 1.28, there exists a constant ' > 0 such that there is
no (1 + €', B)-approximation algorithm for the k-means problem assuming the Unique Games

Conjecture. Moreover, the same result holds for any 1 < [ < 1.1 under the assumption that

P £ NP.

Proof. Suppose Vertex Cover can not be approximated to any factor smaller than A — ¢, for
some constant €, A > 0. In the proof of Corollary 26, we showed that £ > % for all the
hard Vertex Cover instances. In that case, the second property of Theorem 71 implies that
OPT(C, Bk) > (m — k) + 0k > (14 %) - (m — k). Thus, the k-means problem can not be
approximated within any factor smaller than 1 + % = 1+ Q(e), with Sk centers. Now, let us

compute the value of 5 based on the value of A\. We know that 5 < % . ()\ + g) Consider the

following two cases:

» By Corollary 25, Vertex Cover is hard to approximate within any factor smaller than 2 —¢
on bounded degree triangle-free graphs assuming the Unique Games Conjecture. Hence

A = 2 and thus 5 < 1.28 assuming the Unique Game Conjecture.

* By Theorem 64, Vertex Cover is hard to approximate within any factor smaller than 1.36
on bounded degree triangle-free graphs assuming P # NP. Hence A = 1.36 and thus
B < 1.1 assuming P # NP.

This completes the proof of the corollary. [



Chapter 7

Conclusion and Future Work

In this study, we designed FPT time constant-approximation algorithms for a range of con-
strained clustering problems, namely r-gather, r-capacity, balanced, ¢-diversity, chromatic,
strongly-private, fault-tolerant, and fair clustering problems. We designed these algorithms for
the k-supplier, k-center, k-median, and k-means clustering objectives in general metric spaces.

Moreover, we extended these algorithms to the outlier versions of the problems.

We used a simple technique to design the algorithms: obtaining a polynomial time bi-criteria
approximation algorithm and converting it to an FPT time algorithm. However, we observed
that this technique only gives a solution to the soft-assignment version of the problems. For
the hard-assignment version, we used distance-based sampling techniques to design the algo-
rithms. Unfortunately, the distance-based sampling technique only works with the k-median
and k-means objectives. For the constrained k-supplier and k-center problems, we leave it as
an open problem to design an FPT time approximation algorithm for the hard-assignment ver-
sion of the problem. Moreover, we converted the algorithms that use distance-based sampling
techniques to streaming algorithms. Therefore, we obtained constant-pass log-space streaming

algorithms for the constrained k-median and k-means problems. We leave it as an open prob-

265
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lem to design constant-pass log-space streaming algorithms for the constrained k-supplier and

k-center problems.

We also studied the socially fair clustering problem, which generalizes the k-supplier and k-
service problems. We designed an FPT time constant factor approximation algorithm for the
problem. Moreover, we showed that the obtained approximation guarantees are tight, assuming
FPT # WI]2|. For this problem, the hard-assignment and soft-assignment versions are equiv-
alent. Therefore, we used a simple technique to design the algorithm: obtaining a polynomial

time bi-criteria approximation algorithm and converting it to an FPT time algorithm.

We also studied the constrained k-median and k-means problems in continuous Euclidean
space. There already exists FPT time (1 4 ¢)-approximation algorithms for the constrained
k-median and k-means problems in continuous Euclidean space. We extend the algorithms to
the general distance function ||.||?, outlier setting, and streaming setting. Lastly, we provided
the hardness of approximation result for the Euclidean k-median problem in O(log k) dimen-
sional space. This solved an open question posed explicitly in the work of Awasthi et al. [19].
Furthermore, we gave hardness of approximation results for the bi-criteria versions of the Eu-
clidean k-median and k-means problems. In our future work, we aim to study the Euclidean

versions of the k-supplier and k-center problems.
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