Foundations of Comparison-Based Hierarchical
Clustering — Appendix

Debarghya Ghoshdastidar* Michaél Perrot*
Department of Informatics, TU Munich Max Planck Institute for Intelligent Systems
ghoshdas@in.tum.de michael.perrot@tuebingen.mpg.de

Ulrike von Luxburg
Department of Computer Science, University of Tiibingen
Max Planck Institute for Intelligent Systems
luxburg@informatik.uni-tuebingen.de

Appendix |A| contains the proofs of our different theorems, and Appendix |B| has details on the
experiments along with further numerical results.

A The hierarchical model and proofs of the theoretical results

In this section, we illustrate the planted hierarchical model and we provide detailed proofs of
Theorems [TH4l

A.1 Notations

We first recall some of the key quantities associated with the planted model, which include:

e N, the number of objects;
e [, the number of levels in the hierarchy;
o Ny = 2%, the size of the pure clusters;

e 11, expected similarity between pairs belonging to a pure cluster;

4, the separation between the expected similarities across consecutive levels; and
e o, the standard deviation of the similarities.

Throughout the appendix, we use Z to denote a generic standard normal random variable, that is,
Z ~ N (0,1). We also define £.5 = ¢'“*(x;, ;) as the level of the ground truth tree in which the

least common ancestor (Ica) of z; and x; resides. We extend this definition to the level of lca of two
clusters G, G/, denoted by ¢!°*(G,G"). If G, G’ are both subsets of the same pure cluster, we write
¢'e¢(G,G") = L. Hence, the range of £/**is {0,1,...,L}.

A.2 Analysis of Single Linkage (SL) and Complete Linkage (CL)

Proposition 1 (Active query complexity of SL and CL). The SL and CL algorithms require at
least ) (N 2) and at most O (N 2InN ) number of active quadruplet comparisons.

Proof. In the first step of SL or CL, the algorithm merges the pair x;,z; if w;; > wy; for all
k,l € {1,...,N}. This requires () number of ordinal comparisons to find the minimum, and
hence, the active query complexity of SL and CL is at least 2 (N?).
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33rd Conference on Neural Information Processing Systems (NeurIPS 2019), Vancouver, Canada.



To prove an upper bound on the active query complexity, it suffices to observe that single/complete
linkage only requires a total ordering of the (1;/ ) scalar similarities {w;; : ¢ < j}. Using a sorting
algorithm such as merge-sort, this ordering can be easily obtained from O (N InN ) actively chosen
comparisons. O

Theorem 1 (Exact recovery of planted hierarchy by SL and CL). Assume that n € (0,1). If
g >44/In ( ) then SL and CL exactly recover the planted hierarchy with probability 1 —

In (ﬂL) and large &

5 SL fails to recover the hierarchy with probability 5

[ 1
Conversely, for — < 1

2L;

Proof. We first prove the sufficient condition for exact recovery. Let Z ~ N (0,1). It can be
easily verified that P(|Z] > t) < \/g% exp(—0.5t2). For t > 1, we may simply bound this by
exp(—0.5t%). Now, observe that for every i # j, ““-F4 ~ N(0,1). Using this, we can write

etz t]) 5o (2 £) w0en(£)

since § > 20 under stated condition. The above probability is smaller than 7 for § > 4o ln(%).

Thus, under the stated condition, |w;; — ;5] < g for all ¢ £ j. We now show that the above scenario
leads to exact recovery of the hierarchy by single or complete linkage clustering. Note that

Elwi;] = pij = p— (L — £i5)5
Due to the concentration of the similarity score w, we know that w;; lies in the range
(1= (L —0lg*)s — &, — (L — £15*)6 + &) for all i # j with probability 1 — 7. Thus, the similar-
ity scores correspondmg to the different levels of the ground truth do not overlap, and this ensures
that the agglomerative algorithms merge objects or clusters in the same order as prescribed by the
ground truth. For instance, at the first stage, where the goal is to extract the pure clusters, we have
Wij > p— g if z;, z; belong to the same pure cluster, and w;; < p— % otherwise. Hence, both single

and complete linkage merge objects in the same cluster first before merging objects from different
clusters. The same argument also holds for the subsequent levels and hence, the claim.

We now prove the converse statement for SL. We first prove the result for L = 1. The argument
easily extends to L > 1 from the observation that exact recovery of the entire hierarchy involves
exact recovery for pairs of clusters at L — 1 levels. For L = 1, there are two pure clusters, G; and Go,
that are split at the top level of the true hierarchy.

Recall that single linkage corresponds to a cluster tree on the set of items (Chaudhuri et al.,2014).
For any ¢t € R, we consider the subgraph G of the cluster tree with edge set By = {(¢, j) : w;; > t}.
Observe that G is equivalent to a stochastic block model, where

t —
1-¢ M) for 7, 5 in the same cluster, and

P((i,j) € B) = 7
1—d t—pu+9d

a

(D
) when i, j belong to different clusters.

Let p, ¢ denote the aforementioned within and inter-cluster edge probabilities in (I}, and recall the
bounds on the Gaussian tail

1 1

R L1 e
e <1-9(x) < e , 2
5 o0 (@) < =3 2
which is valid for all x > 1. Setting t = p + 0+/21n Ny, it is easy to verify that
1 1 1 1 Tt 8 )2
< — and > 6_( 21nN0+?) /2_

P v2m Nov21In Ny 1 \/27r2(\/21nN0+§)

Assuming 3 < l\/ha , the lower bound on ¢ can be simplified as ¢ > W. Hence,

In NO

for large enough Ny, we have p < V and ¢ > Now observe that the two subgraphs of



G| restricted to Gy and Go, Gy o and Gy g, Are Erd6s-Rényi graphs, each with Ny vertices and
edge-probability p. Using a standard result for random graphs (Chapter 8 of [Blum et al.||2018)), we
can conclude that both Gy, - and Gy, are disconnected with high probability for p < L. Similarly,

N() :
since q > h}VIXO , one can conclude that, with high probability, there exist edges between Gﬂg1 and

Gt|gz. Based on the cluster tree perspective of single linkage (Chaudhuri et al.,|2014), the above
conclusions about connectivity of Gy, and Gy, implies that SL merges items from G; and Go
before extracting the pure clusters. For large enough Ny, the probability of this event is greater than
1

L 0

A.3 Analysis of Active Quadruplets Kernel based Average Linkage (4K-AL)
Recall that the active quadruplet kernel is defined in the following way. A pair of distinct items (g, jo)

is chosen uniformly, and a set of landmark points S is constructed such that every k € {1,..., N} is
independently added to S with probability ¢q. The kernel K is defined as

Ki= % (Huwswn) = Lowcunn)) Tonsvan) ~lopcvge)) @

keS\{i.j}
for i # j. For ease of notation, we introduce the terms w* = w;,;, and §, = [(rcs). It follows that
&1, .+, &N ~iiq Bernoulli(q) and, with these notations, we write the kernel function (3) as
Kij = Z &k (2L(ws>we) — 1) (2u>we) — 1),
ki,j

where the re-arrangement of indicators are under the planted model assumption since any two
similarity scores are distinct with probability 1 due to the Gaussian assumption.

We now restate and prove the exact recovery guarantee for 4K—AL with actively obtained comparisons.
Theorem 2 (Exact recovery of planted hierarchy by 4K—-AL with active comparisons). Let
b

2
n € (0,1) and A = 1’6—0;6_%262/”2. There exists an absolute constant C' > 0 such that if

Ny > %\/N and we set
22L N 3 2
q>maX{CW1n<n> ,N1n<n>},

then with probability at least 1 — 1, 4K—-AL exactly recovers the planted hierarchy using at most
2¢N? number of actively chosen quadruplet comparisons.

In particular, if L = O (1), the above statement implies that even with g constant, 4K-AL exactly
recovers the planted hierarchy with probability 1 — 1 using only O (N In N) active comparisons.

Proof. We prove the result by proving the following statements:

e the probability that 4K—AL queries more than 2g/N? comparisons is at most 2, and

e the probability of not achieving exact recovery is at most .

To derive the bound on the number of comparisons, we observe that evaluation of the entire
kernel matrix requires quadruplet comparisons of the form [(,,,, -+ foralli =1,..., N and k € S.
Hence, the total number of comparisons is N|S|, which can be bounded by showing that the size of
S is at most 2¢N. This follows from Bernstein’s inequality since

N
P(|S| >2¢N) =P (Z & —qN > qN>

k=1
Xp (— q2N2 ) < exp <_qN>
2Nq(1—¢q) + %qN - 3 )

which is bounded by  since ¢ > % In (%)

IN
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To derive the exact recovery guarantee, we analyze the kernel matrix K, and also 4K-AL, condi-
tioned on w*. For this, we need to characterize the behaviour of w* under the planted model. Since

L
w* is the similarity of a randomly chosen pair, one can observe that w* ~ > ayN (u — 06, 02)

£=0
. S . L(mo gLtt—2 N2
has a mixture of Gaussian distribution, where the weights ag = ( N§ and ay = WU for
2 2
¢=1,...,L are the proportion of similarities corresponding to item pairs merged at level (L — ¢) of

the panted hierarchy. We claim that, with probability 1 — 7,

,uL§0“2111(2)<w*<u+01/21n<787). 4)

The bounds follow from the mixture of Gaussian nature of w* since
L
P (w* >t) :ZagP(u—€5+UZ>t)
£=0
<P(p+oZ>t),

where we use Z to denote a standard normal random variable. Setting ¢ = p + 04/21In (%) and

using the upper bound on Gaussian tail probability (2), we can bound the above probability by . A
similar argument holds for the lower bound on w*, where the probability of violating the bound is
also at most ¢. Hence, the bounds in (@) hold with probability 1 — 7.

We next compute the expected kernel matrix (3)) conditioned on the knowledge of w*. For this, we
first define the quantities

B =2Pzn(0) (10— (L —0)0 +0Z > w*|w*) — 1, and
12

=2P, 5 +0Z>u—05+07 —1:2@()—1
Be Z,7' ~N(0,1) (H 1% ) \/50

for any £ € R and w* € R. Observe that ¢ - = E [2(y,; 5+ — 1|w*] when ¢/5* = ¢, whereas
Be = E [2M(w,;>w,) — 1] when €5 — £}5* = £. In particular, 3, = 0. Based on (@) and the
observation that the product terms in (3] are independent conditioned on w*, we write for any i # j,

ki)

&)

Recall that, under the planted hierarchy, X is partitioned in pure clusters Gy, ..., Gor. We abuse
notation to write G, as the set {i : z; € G, }. In (3), observe that each term in the sum depends only
on the groups containing ¢, j, k, and hence, we may only compute it for each group and multiply
by the number of terms in the group. If 4,5 € Gy, then k can take only (Ng — 2) values in Gy,
and Ny values in other groups. We may perform the entire computation only at group level, and
then use a multiplicative factor of (1 + ¢) with € = Nio to account for fluctuations in the number of
terms from each group. Here, E[K;;|w*] = (1 £ €)a denotes (1 — €)a < E[K;;|w*] < (1 + €)a.
Allowing a fluctuation of (1 & €) also helps to ignore the small effect of the case where (4, k) or (4, k)
corresponds to (%o, jo), that is, the reference pair for which w* = wj, ;,. Thus, for ¢, j such that i # j
and E%a =/, we have

oL
E[K”\w*] = (1 + E)qNo Z /B[lca(i’gr),w*ﬁzlca(j’gr);w*

r=1
L
= (12 gNo S BrowBrwr #Hr : 0°°6,G,) = £,6°°(,G,) = '}, (6)
t,t’=0

where the second equality explicitly mentions that we need to count the number of different pure
clusters that are merged with ¢ or j at different levels of the true hierarchy. We now consider different



cases. First, if i, j belong to same group, then ¢ = L and ¢'°?(i, G,.) = £'°*(3, G, for every r. So,

L
k1 = E[Ki[w*] = (1 £ €)gNo Z(2L_1_t v 1)63’
t=0

w*

which we denote by a quantity xr, noting that it only depends on the level L and not on 7, j. Here, V
denotes the maximum of two values. The numbers of clusters are computed based on the fact that
there is only one cluster at levels L or L — 1, and otherwise 22 ~!1~* groups are merged with 7 at
level-t. If 4, j are not in the same group, that is, £ = Eé;“ < L, then we observe:

e if t < £, then for any G, such that £!°®(i, G,.) = t, we also have £/°*(j,G,) = t. So we may
only consider cases t = ¢’ when ¢ < /.

e there is no G, such that £/°*(i, G,.) = £*2(j,G,.) = ¢ which happens because the hierarchy
is a binary tree and G, must either merge first with ¢ or with j. So, we do not need to
consider t = ¢’ = ¢, which is the main difference from the case £ = L.

e if t > ¢, then for any G, with £°2(i, G,) = t, we have £!°*(j,G,.) = £. So we may set t' = ¢
whenever we have ¢ > £. Similarly, we should also count the cases t' > {,¢ = /.

Thus, we can decompose the summation into three parts based on the conditions on ¢, (t = t' < £;
t > 0,t' = {;t ={,t > {). For each case, we should count #{r : £/¢%(i,G,.) = t,£°*(4,G,) = t'}.
To compute these, we note that #{r : £1°*(i,G,.) = £/°(4,G,) =t} = 271"t whent = ' < { as
used above. But when t > £, ' = ¢, we have #{r : 1°*(i,G,) = t,£!°*(5,G,) = ¢} = 2L=1=t v 1
since this counts only those groups which merge with ¢ at level-t, and ¢’ plays no role in the count. A
similar argument holds for the case t = ¢, ¢’ > £. Based on this, we compute E[K;;|w*] for the case
Kﬁ;“ = { < L and denote the expected value by x, noting that it does not depend on 4, j. We have

-1 L
ko o= BIKy|w*] = (1+e)gNo [ Y 28778 o +2 > 25 'V 1) BwBru | 5
t=0 t=0+1

where the second term, counted twice, corresponds to both the cases of ¢ > £ or t’ > ¢, which behave
similarly. Since §; ,~ € [—1, 1], one can easily verify that |x,| < ¢ for all 4.

The above discussion leads to the conclusion that E[K |w*] has a block diagonal structure with exactly
L + 1 distinct off-diagonal entries, ko, ..., k1, and the block structure corresponds to the planted
hierarchy shown in Figure 1 in the main paper (right). We now show that these distinct terms are
sufficiently separated, that is, kg1 — k¢ is large for every £ = 0,1,..., L — 1. To derive this, we
require a lower bound on

Bitrw — B =2P (n—(L—t=1)6+0Z > w*|w*) = 2P (u— (L = t)0 + 0 Z > w*|w")
(w* —p+(L—)8) /o

e~ /24

2
N ™
(w*—pt(L=t=1)d) /o

2 2 éef(azv(a75)2)/202’

™0

where @ = w* — u + (L — t)d. Conditioned on the bounds w* stated in (@), one can see that
a®>V(a—6)? <2(L+1)%6? +40%In (8) ,
n

where we use the fact that ¢ € [0, L] and the inequality (x + y)? < 2(2? + y?). Plugging this into
the above derivation shows that ;11 ,+ — B¢+ > A for any ¢ € [0, L], where A is defined in the
statement of theorem. We use the above bound to show that

2
kr —kp—1 > qNo (BLwe — BL_1.0+) — 2eqN
> gNoA? — ¢28 13,



where the second term, involving e, takes care of the fluctuation due to our approximate computations
of k¢ and is simply bounded by the upper bound on k. Similarly, for any ¢ < L — 1,

L—1—¢ 52 L—1—t
Ket1 — Ke > qNg [2 Blw — 2 Bew Bet1,w+

L
+ 2 Z (2L717t \ 1)ﬂt,w* (ﬂ[+1,w* - Bé,w*) — 2€qN

t=0+2
L
= qN02 Z (2L717t \ 1)(6t,w* - 6(,11)*)(ﬁ€+1,u)* - ﬂf,w*) - QEQN
t=0+2

> 2L—Z—1qNOA2 _ q2L-‘r37

L
where the equality follows since 2£71=¢ =2 3~ (2E~1=t v 1), and subsequently, we note that
t=~0+2

Bt —Bew > Bog1,we —Bew+ > Aforallt > £+2. Hence, we can conclude that for Ny > %‘/N’
or equivalently, Ny > %’

qN0A2
2

forall ¢ = 0,1,...,L — 1. We subsequently show that under the condition on g assumed in the
theorem, with probability 1 — Z,

)

Ke41 — Keg >

2

Kij — E[KU|’LU*] < % )
for all ¢ # j. This implies that all random entries of K corresponding to different levels of hierarchy
in the ground truth tree are non-overlapping. Hence, one can simply use the arguments in the proof
of Theorem [I|to show that average linkage (or even single/complete linkage) recovers the planted
hierarchy. We complete the proof by deriving the concentration result of (8). From (3)), we observe
that, conditioned on w*, the entry K;; is a sum of /N — 2 independent random variables each lying in
the range [—1, 1]. Hence, a direct application of Bernstein’s inequality implies that

. f 4N? 4N? . n

Using the symmetry of K and the union bound, it follows that the above entry-wise concentration
holds for all 4 # j with probability at least 1 — . Finally, for ¢ > C % In (%) with C > 0

large enough, it is easy to verify that %qN0A2 is larger than the deviation obtained using Bernstein’s
inequality. The above argument leads to the claim of Theorem 2}

To verify the claim for fixed L and g, we note that, in this case, A is constant and Ny = ) (N).

Hence, using ¢ = CI%N for a large enough constant ¢ immediately leads to the exact recovery
guarantee and number of comparisons. O

A.4 Analysis of Passive Quadruplets Kernel based Average Linkage (4K-AL)

In the passive setting, we do not have the freedom of querying specific comparisons but have access
to only a pre-computed set of quadruplet comparisons Q C {(¢, 7, k, 1) : w;; > wy; }. Hence, we use
a variant of the kernel in (3)), which relies only on passively obtained comparisons.

N N

K = Z Z (I nee = Intineo) Tgrrnee = Liijneo) - 9

ki=1r=1
k<l

In principle, the above kernel extends the actively computed kernel (3)) by using all (J;’ ) pairs of (k, 1)

as references in comparison to only one used in (B). However, each term in the sum only contributes



when we simultaneously observe the comparisons between (7, r) and (k, ) and between (j, ) and
(k, D).

In the following, we assume that the model for obtaining passive comparisons is the one described in
Section 2.3 of the main paper. For every tuple (i, r, k,[), we assume that with probability p € (0, 1],
there is a comparison w;, 2 wy,; and based on the comparison either (i, 7, k,1) € Qor (k,1,i,r) € Q.
We also assume that the observation of the quadruplet comparisons are independent. Based on this
model, we define a set of i.i.d. Bernoullis {&;,x; ~ Bernoulli(p) : é,7,k,l suchthat: < r k <
I, (i,7) < (k,1)}, where we order the indices/ index pairs to avoid repeated counting of the same tuple.

It follows that |Q] = Y~ &4, and from Bernstein’s inequality, it follows that |Q| = O (pN*?)
i,r,k,l
with high probability. Using this notation, we may re-write the kernel function in (9) as

Kij =Y > amirt T suwn) = <)) Ty >wn) = Ty <)) -
k<l r#i,j

We now restate and prove the exact recovery guarantee for average linkage with the aforementioned
kernel.

Theorem 3 (Exact recovery of planted hierarchy by 4K-AL with passive comparisons). Let
€ (0,1)and A = _L252/4‘7 . There exists an absolute constant C' > 0 such that if Ng > £/ N

andweset
oL 1 N 2 2

then with probability at least 1 — 7, the 4K-AL algorithm exactly recovers the planted hierarchy using
at most pN* quadruplet comparisons, which are passively obtained based on the model described in
Section 2.3 (of the main paper).

In particular, if L = O (1), the above statement implies that even with g constant, 4K—AL exactly
recovers the planted hierarchy with probability 1 — 1 using O (N 2InN ) passive comparisons.

Proof. The upper bound on the number of comparisons follow by noting that |Q| is a sum of
N
((2) ) i.i.d. Bernoullis, and hence, the bound of pN* holds with probability 1 — I for p > =2 1n( ).

The proof for exact recovery has a similar structure as that of Theorem 2] the only difference being
that the analysis does not depend on a fixed reference pair. In particular, we can write the expected
entries of the kernel matrix in (9) as

E[K;] =Y > p*(2P(wir > wr) — 1) (2P (wjr > wir) — 1)
k<l r#i,j

1
=52 2 PBuce_siee Buce i,
k#l r#i,j
where £ is defined in (). As in the proof of Theorem 2| we show that E[K;] can take at most
L + 1 distinct values depending on the level EZC“ As before, we decompose the above summation
depending on £¢2, Eéf? and £i¢%, and also allow a fluctuation of (1 + ¢) with € = - to take care of
minor effects of ignoring cases such as k = [ or r = 4, j. We write the expectatlon in terms of the
clusters as

2L
(I1+e)
E[K;;| = 5 PNG D Burco(ig)—tiea(y.00)Beiee (7.6,) 1 (61 G1)
rk,l=1
1:|:e
( 2]VO Z Bt Gﬂt’—sx
s,t,t’=0
#{r 00, G,) = 1,095, Gr) = '}k, L £°* (G, G1) = s}
L
= (12 p’Ng2" ™ Y @F TV DB Bu#{r  £°(0,G,) = 1,05, Gr) = t'}
s,t,t'=0



The last step holds since every cluster G; is merged with (2L_1_S V 1) clusters at level-s, and hence,
#{k,1: flca(gk, Gg)=s}= QL(QL_l_s V).
We now compute x, = E[K;] where { = Eé;“. For, ¢ = L, that is, when ¢, j belong to the same
cluster, élca(i, G.) = flca (4, Gr) for every cluster. Hence,

L

kp = (1£ep? N2t Y~ @F v v g7
s,t=0

For E%a = ¢ < L, we have three possible cases as mentioned in the proof of Theorem (t=1t <),

(t > £0,¢ ={);and (¢t = £,t' > £). Decomposing the summation based on these cases and noting
that (t > ¢,t' = ¢) and (t = ¢,t' > ¢) lead to similar terms, we have

L -1 L
ke = (L£e)p”Ng2h=1 > (2517 v ) [Z b T1IEE 2 > (2F TV BB

s=0 t=0 t=(+1

for every £ = 0,1,..., L — 1. We now derive a lower bound on the separation x¢41 — ¢, which
depends on the observation that |r,| < % p? N3 for every £, and a lower bound on

ﬂt+1—s - 51&—3 2 IniIl ﬂr+1 - 57’

re|—L,L—1]
5 (r+1)§/v 20
= min — e~ /2dz
re[—L,L—1] ™
r5/\/§o

L6 e
Vro

The lower bound is larger than A stated in the theorem. Based on this bound and noting that

L
2l = Y (217175 v 1), we obtain
s=0

>

L
Kp — Kp_1 > p2N(Z]’)2L—1 Z(2L—s—1 v 1)(51178 _ ﬂLflfs)Q _ 6p2N3
s=0

> 2N3A2 o ])2‘2\]'2211-‘1-37

or+1P

which is at least z7=p?N3A% if N > 227:5, or equivalently, Ng > %\/ N. Similarly, for
{ < L —1, we have
L

H€+1 _ K[ > pZNgzL—l Z(ZL—l—S \/ 1) [2[4—1—2/3?_5 _ 2L_1_Zﬁ[+1—sﬁ€—s
s=0
L
+ 2 Z (2L_1_t V 1)6t75(65+175 - Bffs) - 6p2N3
t=0+2

L L
> p2N5)2L Z Z (2L—1—s v 1)(2L—1—t V, 1)A2 _ p2N22L+3
s=0t=042
_ p2N323L7[72A2 . p2N22L+3
p2N3A2
20+2

L
The second step follows by using 2 >_ (28717t v 1) = 2L"1=fand Bpy 15 — Br_s > A. The
t=~0+2
third step computes the summation, and the fourth holds when Ny > %\/N . Thus for every ¢, we
obtain a minimum separation

2073 A2
/-@g+1—w>2L+2pNA.



Following the proof idea of Theorem|[2} it only remains to show that the fluctuation of |K;; — E[K;]|
is less than half of this minimum separation for all 7 < j since, under this scenario, one can argue
that entries of K corresponding to different levels of the planted hierarchy are well-separated, and
hence, the planted hierarchy is exactly recovered by average linkage. Thus, to complete the proof, we
derive the following concentration inequality

P <|Kij ~B[K,;]| > \/2p2N51n< >\/2N2h ( >> ]\’[72 (10)

By union bound, it follows that with probability 1 — %, the above bound holds for all < j, whereas

setting p > C’ 74 / ln for C > 0 large enough ensures that the deviation is smaller than

i N3AZ To derlve (T0), we note that K;; — E[K,;;] = 3> > By isasumof (5)(N —2)
k<l r#i,j
random variables, where we use B, € [—1,1] to denote each term in the summation. One
can verify that B,,; has zero mean and its variance is smaller that p>. Moreover, each B, is
dependant on all (N — 3) random variables, {B,/x; : 7' # r}, and all (1;[ ) — 1 random variables,
{Bypry : (K',U') # (k,1)}. Hence, if we draw a dependency graph among these random variable, we
obtain a regular graph with the vertex degree of each node being (N + (J;' ) —4) < N?%. We use
the concentration technique described in Section 2.3.2 of Janson and Rucinski| (2002)), where the
key observation is that for any graph with maximum degree d, one can find an equitable colouring
with d + 1 colours, that is a colouring where all colour classes (independent sets) differ in size by at
most one. In the present context, it implies that one can split the set of random variables into at most

N
. 3
N? subsets, Cy, . ..,Cx2 such that each subset contains at most 7(2)1(\[2 ) <5 N variables that are

mutually independent. Hence, we can apply union bound followed by Bernstein’s inequality to write

N2

P(K,-Ellk)|>7n) <P || 3 Bul> %
s=1 | (rk.l)eC,

N2
< ZP Z Bryi| > #
s=1

(r,k,1)eCs
2
2 N= 2 T T
= 2o (‘pzmz ) <2 e (g V)

For = 4/2p?N5In ( N 4) \/2N2In <2N > the probability is smaller than 3%z, which results in
the conclusion of (T0).
To verify the claim for fixed L and é, we note that in this case, A is constant and Ny = Q (N).

Hence, using p = ¢ lnN

for a large enough constant ¢ immediately leads to the exact recovery
guarantee and the number of passive comparisons. [

A.5 Analysis of Quadruplets based Average Linkage (4-AL)

The proposed 4—AL algorithms estimates the relative similarity between two pairs of clusters. For
instance, let G, G2, G5, G4 be four clusters such that G, G, are disjoint and so are Gz, G4, we

define
T kneo — Likii5)eo
ENELAS) Uy 0y, . ll
(G17G2||G31G4 Z Z Z Z |G1HG2||G3HG4| ( )

2;€G1x;€EG2 x €G3 1€GY

Based on our model for passive comparisons, where ;i ~ Bernoulli(p) is the indicator for
observing tuple (i, j, k, 1), we may re-write the preference relation in (LIJ) as

51]’6’ ]I(w”>wm) H(w¢j<wk1))
W (G17G2HG37G4 Z Z Z Z |G1HG2||G3HG4| .

z,€G1 x;€G2 v €G3 1, €Gy




Subsequently, we use the above preference relation W to define a similarity function W in the
following way. Suppose that we have a disjoint partition G1, .. ., Gx of X and that we want to know
which clusters should be merged next. We define the similarity of clusters G;,, G4, p # g, as

K
Wo (Gp, GyllGr, G
W(Gp.Gy)= Y. Q(Kp(Kq—Hl) ) (12)
r,s=1,r#s

The underlying idea is that two clusters G, and G, are similar to each other if, on average, the pair is
often preferred over the other possible cluster pairs. The above similarity measure ¥, in conjunction
with the hierarchical clustering principle (Algorithm 1 in the main paper), results in the proposed
4-AL algorithm. Below, we restate and prove the exact recovery guarantee for 4—AL using passively
obtained quadruplet comparisons.

Theorem 4 (Exact recovery of planted hierarchy by 4-AL with passive comparisons). Let 1) €

(0,1) and A = %S’LQ‘SZ/“Z. Assume the following:

(i) An initial step partitions X into pure clusters of sizes in the range [m, 2m] for some m < %No.

(ii) Q is a passively obtained set of quadruplet comparisons, where each tuple (i, j, k, 1) is observed

independently with probability p > L max {ln N, 1 In (1> } for some constant C > 0.
mA2 m n

Then, with probability 1 — ), starting from the given initial partition and using |Q| < pN* number

of passive comparisons, 4-AL exactly recovers the planted hierarchy.

In particular, if L = O (1), the above statement implies that, when g is a constant, 4-AL exactly

NilnN
m

recovers the planted hierarchy with probability 1 — 1 using O ( ) passive comparisons.

Proof. The bound |Q| < pN* with probability 1 — % is derived similarly to the bound on |Q| in
Theorem 3] Hence, we only prove the exact recovery guarantee.

We first analyze the algorithm under expectation. Assume that at some stage of the agglomerative
iterations, we have a partition G'1, . . ., G of X'. Assume that the partition adheres to the ground truth,
that is, either each G, is a subset of a pure cluster or an union of several pure clusters that corresponds
to one of the nodes in the top L levels of the true hierarchy. Consider p, ¢,7,s € {1,..., K} such
thatp # g, r # s, £'°*(G,, G4) = £ and £'°*(G,., G) = {'. From the definition of Wg, we have

E[Wo (GGG Gl= Y 3 Y % p(2P(wi; > wy) — 1)

2:€Gp 2;€Gq w1 EG, 1,EG, |Gl 1Gal 1G] 1G]
Z Z Z Z pBe—r
il vt wict sict, |Gpl Gl |GH] |G|
= pBe—e -
Now, consider p,q,p’,q" € {1,...,K} such that p # ¢, p' # ¢, £"**(G,,G,) = ¢+ 1 and

0 (Gp,Gy) = L forsome £ € {0,1,...,L—1}. Thus, according to the planted model, one should
merge G, G, before G/, G4 We verify that this is indeed the case under expectation since

E[W(Gy, Gq)] = EW(Gy, Gy)]

K
1
=%k _D 2 F -E .G .
K(K —1) g;l [(Wo (Gp, Gl G, Gs)] — E[Wo (Gy, Gy |G, Gs)]
;";és
1 K
= I((T_l) ng:l pﬁfﬁ*lfﬂ’ca(G,.,Gs) - p/Bffglca,(G’mGs)
7’"755

> pA,
where the last step follows from arguments used in the proof of Theorem [3] which show that

[min | Bes1 — Be > A, where 3 is defined in (3)) and A is in the statement of the theorem.
te[-L,L—1
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Chaining of the above argument shows that E[W (G, G,)] — E[W(G,/,G)] > pA whenever
0" (G, Gy) > 1'°*(Gp, Gy ). Under the assumptions stated in Theorem we later prove that with
probability 1 — 3,

pA

2

for every pair of clusters G, G’ formed during the agglomerative steps of the algorithm starting from
the given pure clusters of size in the range [m, 2m]. Based on and the above argument, it is
evident that W (G, G,) > W(G,, Gy ) whenever £'°*(G,, G,) > ('**(G,,,G ) and, in particular,
the cluster pair that achieves the maximum at any stage of iteration must be merged at the earliest

according to the planted hierarchy. This guarantees exact recovery of the planted hierarchy by the
algorithm.

|W(G,G") - EW(G,G)| < (13)

We now prove (I3). For this, we first state a concentration inequality that we prove later. Let
G1,G4,G3, Gy be four clusters, each of size in the range [, 2m], such that G, G4 are disjoint and
so are GGz, G4. Then

A AZm?
P (%(Gl,czlc&co CE[Wo(Ch, Gal|Ga. G)l| > 1’2) < 2exp (mw— va )
(14)

for some absolute constant C’ > 0. We wish to use (I4) to argue that with probabil-

ity 1 — 2, all clusters in the initial partition (assumed in the theorem) satisfy the condition

[Wo (G, G2||Gs, Gy) — E[Wo(G1,Ga||Gs, G4)]| < %. Note that we do not know how the
initial partition is achieved, but we can ensure that

P<3G17G27G37G4 -m S |G1‘> ‘G2|7 |G3|7 |G4| S 2m7

A
Wo(Ch, GallGs, Ga) — E[Wo(Gy, Gal| G, o)) > P )

2
2m
N\ /(N\ /N\ (N pAZm?
< _
o Z (Zl) (Zz) (ZS) <i4)2exp <2lnN ¢’
11,12,13,14=M

N 8m A2m2
< 2m* (e) exp(anN—p m )
m

C/
AQ 2
SC’”exp(9m1nN—p m >7

Cl

where C" > 0 is an absolute constant such that sup 2m*(-£)?™ < C”. The above probability is
m>1

C 1 1
InNV —In( — | ) for some constant C' > 0. Thus, with probability

mA2 m 7
1 — 3, we know that for every tuple of four clusters, obtained at initialization, W¢ deviates from its

mean by at most %. In fact, the same deviation also holds when we merge some of these clusters.

For instance, let Gy, GY, Ga, G5, G4 be part of a partition at some stage and suppose G, G are
merged. Then

bounded by 3 for p >

G
Wo(G1 UG, Ge||Gs, Gy) = |GlI+1|G’|WQ(G1’G2”G3’G4)
1
|GY| ,
+mwg( 1,G2|G3, Gy),
1

which is a convex combination of Wg computed at the previous stage. Hence, if each of them

deviates from its mean by at most %, then the convex combination after merging also deviates

from its mean by at most %. The same also holds for other instances of merging throughout

the hierarchy, which shows that with probability 1 — 7, at any stage of agglomeration, we have

[Wo(G,, Gyl|Gr, Gs) — E[Wo(Gp, Gyl|Gr, Gs)]| < % for any tuple of four clusters in the parti-

tion. Now, observe that W (G),, G,) is an average of several W, and so, holds.

11



We complete the proof of Theorem[d|by proving the concentration inequality in (T4)). Since w;; = wp
occurs with zero probability for any 4, j, k, (i # j, k # 1), we may write

[Wo(G1,G2||G3,Gs) — E[Wo(G1, Ga|G3,Gy)]

~ GTTETE | 2, o L 3 (ol ~ PPl > )|

z;, €Gy x; EGQ €G3 x1€EGY

where &;;1; is the indicator of observing the comparison between (4, j) and (k, (). Note that each
term in the summation is a centred random variable in the range [—1, 1], and has variance bounded by
p. Let us denote each of them by B, and observe that they have dependencies among themselves.
We use the concentration technique of Janson and Rucinski| (2002). Consider the dependency graph
for these variables, which is a graph on s = |G ||G2||G3||G4| vertices and two vertices are adjacent
if they are dependent. Some of the vertices have degree |G1||G2| — 1 (dependent with other variables
with same k, 1), while other vertices have degree |G'3||G4| — 1. Let us denote the maximum degree
by d. One can find an equitable colouring for such a graph using (d + 1) colours, where equitable
denotes that all colour classes are of nearly equal sizes | 7 +1J or [ 737 |. Denoting the colour classes
by Cy,...,C4t1, wWe can bound the probability using the union bound and Bernstein’s inequality as

A
P (19061, GG, Ga) ~ BIWo(Gr, GG, Gl > 15

spA
=P ZBUM>L

i,5,k,l
d+1 spA
S ZP Z Bzgk:l > (dp+ 1)
(=1 (4,4,k,1)€C,
d+1 sr"(g"A‘)‘
16(d+1)2
< Z?exp _
— 2 _spA
=1 2p|Cel + 35 4(5+1)
The bound in ([E[) follows by first noting that |C,| < %, and then using the fact T +1 >

min{|G1||G2|, |G3||G4|} > m?. For the outer summation, we simply use (d + 1) < N? to
obtain the bound in
To verify the claim for fixed L and £, we note that, in this case, A is constant and Ny = € (N).

Hence, using p = % for a large enough constant ¢ immediately leads to the exact recovery
guarantee and the number of passive comparisons. O

B Details on the experiments

In this section we present some details on the experiments that are not included in the main paper
along with some additional plots and discussions.

B.1 Planted Hierarchical Model

Evaluation function. As a measure of performance we report the Averaged Adjusted Rand Index
(AARI) between the ground truth hierarchy C and the hierarchies C’ learned by the different methods.

Let C% and C’ ‘ be the partitions of X" at level ¢ of the hierarchies, then:
1 L
N _ L !
AARI(C.C) =1 Y ARI (c c )
ee{1,...,L}

where ARI is the Adjusted Rand Index (Hubert and Arabiel [1985), a widely used measure to

compare partitions. We use the average across the different levels C* and C’ ® to take into account the
hierarchical structure. The AARI takes values in the interval [0, 1] and the higher the value the more
similar the hierarchies are. AARI (C,C’) = 1 implies that the two hierarchies are identical. For all
the experiments we report the mean and the standard deviation of 10 repetitions.
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Figure S.1: AARI of the proposed methods (higher is better) on data obtained from the planted
hierarchical model with ¢ = 0.8, 0 = 0.1, L = 3, Ny = 30 and different sampling proportions p.
Best viewed in color.

Results. In Figure[S.T| we present supplementary results for the planted hierarchical model, that is
with p € {0.01,0.02,...,0.1,1}. Firstly, similar to the theory, SL can hardly recover the planted
hierarchy, even for large values of g. CL performs better than SL, which is not evident from the theory.
This suggests that a better sufficient condition might be possible for CL. We observe that 4K-AL,
4K-AL-act, and, 4-AL are able to exactly recover the true hierarchy for smaller signal-to-noise ratio
and their performances do not degrade much when the number of sampled comparisons is reduced.
Finally, as expected, the best methods are 4—AL~-I3 and 4-AL-IS5. They use large initial clusters but
recover the true hierarchy even for very small values of g.

13



B.2 Standard Clustering Datasets

Data. We provide some details on the datasets used in the paper. We evaluate the different approaches
on 3 different datasets commonly used in hierarchical clustering: Zoo, Glass and 20news (Heller
and Ghahramanil, [2005; [Vikram and Dasguptal, 2016). The Zoo dataset is composed of 100 animals
with 16 features (it originally contains 101 animals but we chose to remove the ‘girl’ entry since
we feel that it does not fit in a Zoo dataset). The Glass dataset has 9 features for 214 examples.
The 20news dataset is composed of 11314 news articles. Following |Vikram and Dasguptal (2016)
we pre-processed the 20news dataset using a bag of words approach followed by PCA to retain
100 relevant features. We randomly sampled 200 examples for hierarchical clustering. To fit the
comparison-based setting we generate the quadruplet comparisons using the cosine similarity:

e X X5)
o= (KX
T Ixall x|

where x; and x; are the representations of objects x; and z; and (-, -) is the dot product. Since
it is not realistic to assume that all the comparisons are available, we use the procedure described
in Section 2.3 in the main paper to passively obtain a proportion p € {0.01,0.02,...,0.1} of all
the quadruplets. Note that tSTE-AL and FORTE-AL are based on ordinal embedding methods that
use triplet comparisons of the form “object i is more similar to object j than to object k”, that is
w;j > Wk, rather than quadruplet comparisons. Nevertheless, we can use the same procedure than
for the quadruplets to generate the same proportion of triplets that we can use in tSTE and FORTE. To
the best of our knowledge, there does not exist ordinal embedding methods based only on quadruplet
comparisons.

Evaluation function. Contrary to the planted hierarchical model we do not have access to a ground-
truth hierarchy and thus we cannot use the AARI measure to evaluate the performance of the methods.
Instead we use the recently proposed Dasgupta’s cost (Dasguptal [2016) that has been specifically
designed to evaluate hierarchical clustering methods. Given a base similarity measure w, the cost of
a hierarchy C is

cost(C,w) = Z wij‘clca(xiaxj)’

T T;EX

where w; is the similarity between x; and x; and C lc“(xi, x;) is the smallest cluster containing both
x; and x; in the hierarchy. The idea of this cost is that similar objects that are merged higher in
the hierarchy should be penalized. Hence, a lower cost indicates a better hierarchy. A low cost is
achieved if similar objects (high w;;) are merged towards the bottom of the tree (small C lea (@i, x5)),
and vice-versa. Hence, a lower value of the cost indicates a better hierarchy. For all the experiments
we report the mean and the standard deviation of 10 repetitions.

Results. In Figures and we present supplementary results for the standard clustering
datasets. We note that the proportion of comparisons does not have a large impact as the results
are, on average, stable across all regimes. Our methods are either comparable or better than the
embedding-based ones. Our methods do not need to first embed the examples and thus do not impose
a strong Euclidean structure on the data. The impact of this structure is more or less pronounced
depending on the dataset. Furthermore, the performance of tSTE-AL and FORTE-AL depends on
the embedding dimension that should be carefully chosen. For example, on Zoo, the performance of
tSTE drops with increasing dimension. Similarly, on Glass, FORTE seems to perform slightly better
for larger dimensions. Unfortunately, in clustering, tuning parameters can be difficult as there is no
ground-truth.

B.3 Comparison-based datasets

The Car dataset (Kleindessner and von Luxburg, 2017) is composed of 60 different type of cars
and 6056 ordinal comparisons, collected via crowd-sourcing, of the form Which car is most central
among the three x;, x; and x;,?. These statements translate easily to the triplet setting: if x; is most
central in the set of three then we recover two triplets (j, 4, k) and (k, ¢, ). Then triplet comparisons
further translate into quadruplet comparisons by noticing that the triplet (i, j, k) corresponds to the
quadruplet (7, j,7, k). Overall we obtained 12112 comparisons that we used to learn a hierarchy
among the cars.
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Figure S.2: Dasgupta’s score of the different methods on the Zoo dataset with increasing embedding
dimensions for FORTE-AL and tSTE-AL. Best viewed in color.
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Figure S.3: Dasgupta’s score of the different methods on the Glass dataset with increasing embedding
dimensions for FORTE-AL and tSTE-AL. Best viewed in color.
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Figure S.4: Dasgupta’s score of the different methods on the 20news dataset with increasing embed-
ding dimensions for FORTE-AL and tSTE-AL. Best viewed in color.

The hierarchies obtained by 4K-AL, 4—-AL, FORTE-AL and tSTE-AL are attached to this sup-
plementary as png files. The names of the files are respectively cars.4K—AL.png, cars.4—AL.png,
cars.FORTE-AL.embedding_dimension.png and cars.tSTE-AL.embedding_dimension.png.
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