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Notations We recall the notations of the paper. We consider two datasets represented by matrices
X = [x1,...,%,)7 € R"%and X’ = [x},...,x,]7 € R" > The rows of the datasets are
denoted as samples and their columns as features. Let p = > | w;0x, and p/ = Zfz/l W0y
be two empirical distributions related to the samples, where x; € R? and x| € RY. We refer in
the following to w = [w1,...,w,]" and W’ = [w],...,w’,]T as to sample weights vectors that
both lie in the simplex (w € A,, and w’ € A,,/). In addition to them, we also introduce weights

for the features that are stored on vectors v € Ay and v/ € Ay . Finally, we let vec denote the
column-stacking operator.

We define the CO-Optimal Transport (COOT) problem as follows:

min Z L(Xi,kvX]/-,l)Tl';jﬂzﬁl = min (LX,X)®n*, 7", (D)
o €ll(w,w') ikl o ell(w,w’)
v ell(v,v') 155 TV ell(v,v’)

where L : R x R — R, is a divergence measure between 1D variables, L is the tensor of all pairwise
divergences between the elements of the matrices and I1(-, -) is the set of linear transport constraints:

(w,w') = {w|r > 0,71,y =w,7'1, =w}.

The rest of the supplementary is organized as follows. After the MNIST-USPS illustration (Section
2 of the main paper), Section [I] presents the proof of Proposition [T] from the main paper and the
computational complexity of calculating the value of the COOT problem as mentioned in Section
2.3 of the main paper. We provide the proofs for the equivalence of COOT to Gromov-Wassserstein
distance (Propositions 2 and 3 from the main paper and algorithmic implications discussed after
Proposition 3), InvOT and election isomorphism problem in Section [2] Finally, in Section 3] we
provide additional experimental results for heterogeneous domain adaptation problem and precise the
simulation details for the co-clustering task.

Illustration on MNIST-USPS task

We provide a comparison between the coupling matrices obtained using GW and COOT on the
MNIST-USPS problem from Section 2 of the main paper in Figure |1 and show the results of
transporting the USPS samples to MNIST and vice versa using barycentric mapping in Figures [2]and
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Figure 1: Comparison between the coupling matrices obtained via GW and COOT on MNIST-USPS.
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Figure 2: Linear mapping from USPS to MNIST using 7. (First row) Original USPS samples,
(Second row) Samples resized to target resolution, (Third row) Samples mapped using 7w, (Fourth
row) Samples mapped using ¥ with entropic regularization.
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Figure 3: Linear mapping from MNIST to USPS using 7w". (First row) Original MNIST samples,
(Second row) Samples resized to target resolution, (Third row) Samples mapped using 77, (Fourth
row) Samples mapped using ¥ with entropic regularization.
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1 Proofs from Section 2

1.1 Proof of Proposition 1

Proposition 1 (COOT is a distance forn = n/,d = d’). Suppose L=|-P,p>1, n=n',d=4d
and that the weights w,w’, v, v’ are uniform. Then COOT(X,X") = 0 iff there exists a permutation
of the samples 01 € S,, and of the features o9 € Sq, s.t, Vi, k X; j, = X:Tl(i)m)(k). Moreover, in
general for n # n', d # d' and potentially non uniform weights, it is symmetric and satisfies the
triangle inequality as long as L satisfies the triangle inequality COOT(X, X") < COOT(X,X') +
COoOT(X',X").

Proof. The symmetry follows from the definition of COOT. To prove the triangle inequality of
COOT for arbitrary measures, we will use the gluing lemma (see [1]]) which states the existence of
couplings with a prescribed structure. Let X € R"*4 X’ € R"' 4" X" ¢ R"" %" ass0ciated with
we A, veA,w eA v e A ,w' e Al v’ € A, Without loss of generality, we can



suppose in the proof that all weights are different from zeros (otherwise we can consider w; = w; if
w; > 0and w; = 1 if w; = 0 see proof of Proposition 2.2 in [2]))

Let (w§,77) and (7§, 73) be two couples of optimal solutions for the COOT problems associated
with COOT(X, X', w, w’, v, v’) and COOT(X’, X", w’, w" v’ v") respectively.

We define:
1 1
S = midiag < ) 5, So = mjdiag ( > ™5

Then, it is easy to check that Sy € II(w, w”) and Sy € II(v, v") (see e.g Proposition 2.2 in [2]). We
now show the following:

* . 1 S U q: 1 v
COOT(X, X", w, ", v,v") £ (L(X,X") @ 51, 55) = (L(X, X") ® [midiag( - )m3], [} diag(;)m5])
ok S 33 1 S U 3: 1 v
< (LK, X) + LY, X)) @ [ diag (3], [} diag ()3
1 S 1: 1 S v 33 1 v
w8} + (L(X',X") @ [midiag( )], [ diag(—)m3]),

where in (*) we used the suboptimality of S7,.S5 and in (**) the fact that L satisfies the triangle
inequality.

= (L(X,X') ® [wjdiag( ], [ dia(

Now note that:
: 1 S v 3 1 v S 1z 1 S v 3 1 v
(L(X, X) @ [widiag()m3], [ridiag()ms]) + (L(X, X") @ [midiag(; )ms], [y ding(;)m3])

T eT5e i T k. oT0H T eTSe i T k.o
/ 1le 2€,j 1k,0 20l " 1i,et2e,j "1 k,07 20,1
E : L(XZ kaX ) n + § L 607 j,l)

!/ / !/

w v w v
i,7,k,l,e,0 € o i,7,k,l,e 0 € o
* 2 : 2 : "
— zk; 7"-Ueﬂ-lko"'_ 307 5,1 772637720l
i,k,e l,j,e,0

where in (*) we used:

27"26]: Z 50,1 -1, Zﬂ'lze: Zﬂ';k,ozl
J 7

/
6 1 O

Overall, from the definition of 77, 7} and 73, 75 we have:

COOT(X, X", w,w",v,v") < COOT(X, X', w,w',v,v') + COOT(X', X", w', w" v/ ,v").

For the identity of indiscernibles, suppose that n = n/,d = d’ and that the weights w, w’, v, v’ are
uniform. Suppose that there exists a permutation of the samples o1 € S,, and of the features o5 € Sy,
s.tVik € [n] x [d], Xix = Xin(i),ag(k)' We define the couplings 7%, ¥ supported on the graphs
of the permutations o1, o5 respectively, i.e 7° = (Id X 01) and 7% = (Id X 03). These couplings
have the prescribed marginals and lead to a zero cost hence are optimal.

Conversely, as described in the paper, there always exists an optimal solution of which lies
on extremal points of the polytopes II(w,w’) and II(v,v’). When n = n’,d = d’ and uniform
weights are used, Birkhoffs theorem [3] states that the set of extremal points of H(%, 17”) and
H(%, 17;1) are the set of permutation matrices so there exists an optimal solution (72, 7w?) sup-
ported on of, o¥ respectively with 02,07 € S, x Sy. Then, if COOT(X,X’) = 0, it implies that
>oin L(Xi ks X(’yé(l) UU(k)) =0.IfL=|-|Pthen X, = Xaé( ),0v () Which gives the desired result.

If n #n',d # d’' the COOT cost is always strictly positive as there exists a strictly positive element
outside the diagonal.

O

1.2 Complexity of computing the value of COOT

As mentionned in [4], if L can be written as L(a,b) = f(a) + f(b) — h1(a)h2(b) then we have that
L(X,X') @ w* = Cx,x/ — hi(X)wha(X')7,



where Cx x/ = XwlZ, + 1,,w'TX'" 5o that the latter can be computed in O(ndd' + n'dd') =
O((n+n')dd"). To compute the final cost, we must also calculate the scalar product with 7w that can
be done in O(n/?n) making the complexity of (L(X, X’) @ w*, w?) equal to O((n +n’)dd’ +n'?n).

Finally, as the cost is symmetric w.r.t 7*° ", we obtain the overall complexity of O(min{(n +
n')dd + n*n; (d + d')nn/ + d"?d}).

2 Proofs from Section 3

2.1 Equivalence between BAP and QAP

As pointed in [5]], we can relate the solutions of a QAP and a BAP using the following theorem:

Theorem 1. If Q is a positive semi-definite matrix, then problems:

e 10 = x4 37 o
S.t. AX e b, x Z O
maxxy g(x,y) = 3e"x+ 53¢y +5xQy (3)
Sl szb7Ay:b; XQ’ZO

are equivalent. More precisely, if x* is an optimal solution for @), then (x*,x*) is a solution for (B)
and if (x*,y*) is optimal for (3), then both x* and y* are optimal for (2).

Proof. This proof follows the proof of Theorem 2.2 in [3J]. Let z* be optimal for (2) and (x*,y*)
be optimal for (3). Then, by definition, for all x satisfying the constraints of @), f(z*) > f(x).
In particular, f(z*) > f(x*) = g(x*,x*) and f(z*) > f(y*) = g(y",y"). Also, g(x*,y") >
maXx x st Ax=b,x>0 g(X7 X) = f(Z*)

To prove the theorem, it suffices to prove that
") = F(x) = g(x",y") @)
since, in this case, g(x*,y*) = f(x*) > f(z*) and g(x*,y*) = f(y*) > f(z").

Let us prove {@). Since (x*,y™*) is optimal, we have:

1 * * 1 * * *
Tly* —x*) + -x"Q(y" — x*)

0< * ®\ * ¥ T
< glx",y") — glx" x) = se .
0<g(x"y") =gy y") = 3¢ (x" = y") + 5y Q" —y").

By adding these inequalities we obtain:

(x" —y)"Qx" —y") <0.
Since Q is positive semi-definite, this implies that Q(x* — y*) = 0. So, using previous inequalities,
we have ¢ (x* — y*) = 0, hence g(x*,y*) = g(x*,x*) = g(y*,y") as required.

Note also that this result holds when we add a constant term to the cost function. O

2.2 Proofs of Propositions 2 and 3

We now prove all the theorems from Section 3 from the main paper. We first recall the GW problem
for two matrices C, C’:

GW(C,C',w,w')= min (L(C,C")®n® w°). 3)

wsell(w,w’)

We will now prove the Proposition 2 in the main paper stated as follows.
Proposition 2. Let L = | - |? and suppose that C € R"*" C' € R™ *"" qre squared Euclidean
distance matrices such that C = x1% + 1, xT — 2XXT C' = x’lz, + 1,,xT — 2X'X'T with

x = diag(XX"),x" = diag(X'X'""). Then, the GW problem can be written as a concave quadratic
program (QP) which Hessian reads Q = —4 » XX @ X'X'T.



This result is a consequence of the following lemma.
Lemma 1. With previous notations and hypotheses, the GW problem can be formulated as:

GW(C,C',w,w) = rrrl1(in : —4vec(M) vec(m®) — 8vec(m®) T Quec(w®) + Cte
meell(w,w’
with
M = xx'T — 2xwTX'X'T — 2XXTwx'T and Q = XX @, X'X'T,
Cte = Z % — x;|5wiw; + Z [x; — % [[3wiw’; — 4w’ xw'T X’
Proof. Using the results in [4] for L = | - |?, we have L(C,C’) ® 7® = cc.cr — 2Cw*C’ with

cc.cr = (C)*w1], + 1,w'"(C')?, where (C)? = (C} ) is applied element-wise.
‘We now have that
(CmoC,m®) = tr[m* " (x1F + 1,x7 — 2XXT)7w*(x'1], + 1,,x7 — 2X'X'T)]
= tr[(ﬂSTxlf +w'xT — 2T XXT) (7ox'1E, + wx'T — 2 X/ X'
wa/Tx/lz, + 7 TxxT — 2w Txw TX/X'T + wxTmx'1L, + w/xTwx'? —2w/xT s X'X'T
— 2T XX x/1T, — 2 T XX T wx/T 4 4 T XX T e XX
=tr [WSTXW’T(X’lz;, + 1,xT) + 7T xx'T + wxTwx'T — 27T xw'TX'X'T — ow'xT e X' X'

—2m T XX 7o x/1Y, - 27 T XX T wx'T 4 4 T XX T e XX,

= tr[w®

where in (*) we used:

1T T

tr(w'xT 7°x'17)) = r(x' 1L, w'x"7%) = tr(7® .

xw/Tln/x'

Moreover, since:
(T XX T 7ox'1L) = v (1L m* T XX T 7ox') = w(w! XX 7°x') = tr(w* T XX Twx'T)
and tr(w'x7 X' X'T) = tr(7wsTxw/'TX’X'T), we can simplify the last expression to obtain:
(CmeC,m%) = tr[m Txw T (x'1L, + 1, x7T) + 7T xxT + w'xTwx'T

— 4 T xw TX/ X — 4 T XX w4 4t T XX T e XX

Finally, we have that

T T

(Cm*C %) = tr[m* T xwTx'17, + T xw 1, x™" + 77 xx’
+ wxTwx'T — 4mTxwTX'X'T — 45T XX Twx'T + 47r5TXXT7rSX’X’T]

= tr[2w'x" wx'" + 2T xxT — 4 TxwTX'X'T — 4T XX Twx'T + 47r5TXXT7'rSX’X'T]
= 2wTxw'Tx' + 2(xx'T — 2xwTX'X'T — 2XXTwx'" 7°) + dtr(m* T XX 7o X' X'T).

The term 2w’ xw’T x’ is constant since it does not depend on the coupling. Also, we can verify that

cc,c does not depend on 7w° as follows:
(coo ) =Y i = x;l[3wiw; + D 1) — ) [3wiw)
i i

implying that:
(cc.or — 2CTCl mw®) = Cte — 4(xx'T — 2xwTX'X'T — 2XTXwx'T 7°) — 8tr(w* T XX 7o X' X'T).
We can rewrite this equation as stated in the proposition using the vec operator.

Using a standard QP form ¢”'x + $xQ'x” with ¢ = —4vec(M) and Q' = —4XX” @ X'X'"
we see that the Hessian is negative semi-definite as the opposite of a Kronecker product of positive
semi-definite matrices XX 7 and X'X'7". O



Using previous propositions we are able to prove the Proposition 3 of the paper.

Proposition 3. Ler C € R"*" C' ¢ R™ %" pe any symmetric matrices, then:
COOT(C,C',w,w' ,w,w) < GW(C,C',w,w).

The converse is also true under the hypothesis of Proposition In this case, if (7, w?) is an optimal
solution of (1), then both w5, 7° are solutions of (3). Conversely, if 7$ is an optimal solution of (),
then (w%, 72) is an optimal solution for (I) .

Proof. The first inequality follows from the fact that any optimal solution of the GW problem is
an admissible solution for the COOT problem, hence the inequality is true by suboptimality of this
optimal solution.

For the equality part, by following the same calculus as in the proof of Proposition[I} we can verify
that:

COOT(C,C/,w,w’,w,w') = min —2vec(M)%vec(r®)

7S eIl(w,w’)
— 2vec(M) T vec(w?) — 8vec(m*)T Qvec(w?) + Cte,

with M, Q as defined in Proposition [I]

Since Q is negative semi-definite, we can apply Theorem [I]to prove that both problems are equivalent
and lead to the same cost and that every optimal solution of GW is an optimal solution of COOT and
vice versa. O

2.3 Equivalence of DC algorithm and Frank-Wolfe algorithm for GW

Let us first recall the general algorithm used for solving COOT for arbitrary datasets.

Algorithm 1 BCD for COOT

1: Input: maxlt, thd

20wy WW/T,’/TE)O) — vl k0

3: while £ < maxlIt and err > thd do
Ty ¢ OT (v, v/, L(X, X") @ (), _y))
oy ¢ OT(w, W/, L(X, X") @7, _y))
err < ||m_yy — 7y llr
k< k+1

Nk

Using Proposition |3} we know that when X = C, X’ = C’ are squared Euclidean matrices, then
there is an optimal solution of the form (7*,7w*). In this case, we can set 77, = ﬂ-E}k) during the
iterations of Algorithm [T|to obtain an optimal solution for both COOT and GW. This reduces to
Algorithm [2] that corresponds to a DC algorithm where the quadratic form is replaced by its linear
upper bound.

Below, we prove that this DC algorithm for solving GW problems is equivalent to the Frank-Wolfe
(FW) based algorithm presented in [6] and recalled in Algorithmwhen L = | -|? and for squared
Euclidean distance matrices C’, C".

Algorithm 2 DC Algorithm for COOT and GW with squared Euclidean distance matrices

: Input: maxlIt, thd

7r(50) — ww'T

while & < maxIt and err > thd do
my ¢ OT(w, w', L(C,C") @ 7y, _ )
err < |7y — 7y llr
k<« k+1

SANEANE A L




Algorithm 3 FW Algorithm for GW [6]

1: Input: maxlIt, thd

2: 7O ww'T

3: while £ < maxIt and err > thd do
G« Gradient from Eq. §) w.rt. wf,

4
5: 71:5(k) +— OT(w, w, G)
6.
7

2i(T) < W _yy + T(7 () — 7,_y)) for 7 € (0, 1)
7*) < argmin(L(C, C') ® z(7), zx (7))
T€(0,1)
w('sk) «— (1- T(k))ﬂ'(skil) + T(k)'ﬂs(k)
9: err < || 1y — 7y llr
10: k+—k+1

The case when L = | - |2 and C, C’ are squared Euclidean distance matrices has interesting implica-
tions in practice, since in this case the resulting GW problem is a concave QP (as explained in the
paper and shown in Lemma |T] of this supplementary). In [7]], the authors investigated the solution
to QP with conditionally concave energies using a FW algorithm and showed that in this case the
line-search step of the FW is always 1. Moreover, as shown in Proposition [I] the GW problem can be
written as a concave QP with concave energy and is minimizing a fortiori a conditionally concave
energy. Consequently, the line-search step of the FW algorithm proposed in [6] and described in
Algorithm{3|always leads to an optimal line-search step of 1. In this case, the Algorithm[3]is equivalent
to Algorithm goven below, since 7(¥) = 1 for all k.

Algorithm 4 FW Algorithm for GW with squared Euclidean distance matrices
1: Input: maxlIt, thd
2: 70  ww'T
3: while k¥ < maxIt and err > thd do
4: G « Gradient from Eq. §) w.rt. mf,
iy < OT(w, W', G)
err < ||m_yy — 7y llr
k< k+1

RS

Finally, by noticing that in the step 3 of Algorithm [4|the gradient of @) w.r.¢ Tp_1) I8 2L(C,C") ®
7T'(Sk71), which gives the same OT solution as for the OT problem in step 3 of Algorithmlz], we can
conclude that the iterations of both algorithms are equivalent.

2.4 Relation with Invariant OT

The objective of this part is to prove the connections between GW, COOT and InvOT [8]] defined as
follows:

InvOTE X,X'):= min min (M, 7 p,
p( ) well(w,w') fEF, < ! >F

where (My);; = L(x;, f(x];)) and F,, is a space of matrices with bounded Shatten p-norms, i.e.,
Fp=A{P e R™*[|P[|, < kp}.
We prove the following result.
Proposition 4. Using previous notations, L = | - |?, p = 2, (i.e Fo = {P € R¥™*4 . ||P||p =
V/d}) and cosine similarities C = XXT,C' = X'X'T. Suppose that X' is w'-whitened, i.e
X" diag(w')X = I. Then, IvOT% (X, X"), COOT(C, C') and GW (C, C') are equivalent, namely
any optimal coupling of one of this problem is a solution to others problems.

In order to prove this proposition, we will need the following proposition:



Proposition 5. If L = | - |?, we have that

GW(C,C',w,w') = min c’vec(n®) + %vec(ﬂ's)TQvec(ﬂ's)

wsell(w,w’)

1 1 1
COOT(C,C',w,w') = mlllr(l )*CTVEC(TFS) + §CTV€C(7TU) + §vec( T Quec(w?).
s v ell(w,w’

with Q = —4C ® C’, ¢ = vec(Cw1Z, + 1, w'C’).

Proof. For GW, we refer the reader to [6, Equation 6]. For COOT we have:

COOT(C,C',w,w') = min (L(Cc,C)en", ")
wsell(w,w’),wvell(w,w’)
. 1 ! s 1 S v
= —(L(C,C ~(L(C,C’
WSEH(W,WI’I)I,E}UEH(W,W’) 2< ( ’ ) o . > 2< ( ) om . >
. ]- ! s 1 v S
= —(L(C,C ~(L(C,C’
wseﬂ(w,wr’r)l};}uel'[(w,w/) 2< ( ’ ) o, w > 2< ( ) om,m >

= min (Cwln/ +1,w'C 7 + %(Cwlz/ +1,w'C 7" —2(Cx°C’, 7").

7 ell(w,w’),wv ell(w,w’) 2

Last equality gives the desired result. O

Proof of Propositio 7E] Without loss of generality, we suppose that the columns of C =
XXT C" = X’X'T" are normalized. Then, we know from [8, Lemma 4.3], that GW (C, C’)

and InVOTH ||2(X X’} are equivalent. It suffices to show that GW(C, C’) and COOT(C, C') are
equivalent. By virtue of Proposition [5|the Q associated with the QP and BP problems of GW and
COOT is Q = —4XXT @5 X’X’" which is a negative semi-definite matrix. This allows us to apply
Theorem|1]to prove that GW (C, C’) and COOT(C, C’) are equivalent. O

2.5 Relation with election isomorphism problem

This section shows that COOT approach can be used to solve the election isomorphism problem
defined in [9] as follows: let E = (C,V) and E’ = (C',V’) be two elections, where C' =

{c1,...,cm} (resp. C') denotes a set of candidates and V' = (v1,...,v,) (resp. V') denotes a set of
voters, where each voter v; has a preference order, also denoted by v;. The two elections F = (C, V)
and E' = (C', V'), where |C| = |C'|, V = (v1,...,v,), and V' = (v}, ..., v}), are said to be

isomorphic if there exists a bijection o : C' — C’ and a permutation v € S,, such that o(v;) = vy(z)
for all ¢ € [n]. The authors further propose a distance underlying this problem defined as follows:

d-ID(E, E) = d( ), )
( >52gfigegzglc>2 R

where S,, denotes the set of all permutations over {1,...,n}, II(C, C’) is a set of bijections and
d is an arbitrary distance between preference orders. The authors of [9] compute d-ID(E, E’) in
practice by expressing it as the following Integer Linear Programming problem over the tensor
Pijkl = Miijl where M € R™*™ N € R™**"

i Z Pi1,1,51p0s,, (ck) = posy, (c))
LZVELD

st. (N1, =1, V&, (N'1,), =1, VI (6)
(M1,,); =1, Vi,(M"1,,); =1, Vj
P < Nk,lypi,j,k’,l < [NE Vi ]ak l

D Pijki=1, Vi1 (7)

where pos,, (cx) denotes the position of candidate cy in the preference order of voter v;. Let us
now define two matrices X and X’ such that X; ;, = pos,, (cx) and X/, = pos,; (¢7) and denote



Decaf — GoogleNet

Domains Baseline CCA KCCA EGW SGW COOT
ny = 1
C—>W 30.47+6.90 13.37+7.23  29.21£13.14 10.214+1.31 66.95+7.61 77.74+4.80
W—C 26.53+£7.75  16.26+5.18  40.68+12.02 10.11£0.84 80.16+4.78 87.89+2.65
W—-W  30.63+7.78 13.42+1.38 36.7448.38 8.68+£2.36  78.324+5.86 89.11+2.78
W—A  30.214£7.51 12.4742.99 39.11+6.85 9.42+2.90  80.004+3.24 89.05+2.84
A—C 41.89+6.59  12.7942.95 28.84+6.24 9.894+1.17  72.004+8.91 84.21+4+3.92
A—W  39.844+4.27 19.95+23.40 38.16+19.30 12.32+1.56 75.8447.37 89.42+4.24
A—A 42.684+8.36  15.214£7.36  38.26+£16.99 13.63+2.93 75.53+6.25 91.84+2.48
C—C 28.58+£7.40 18.37+17.81 35.11+£17.96 11.05+£1.63 61.214+8.43 78.11+5.77
C—A 31.63+4.25 15.11+5.10 33.84+£9.10 11.844+1.67 66.26+7.95 82.11+2.58
Mean 33.61+5.77  15.2242.44 35.554+3.98  10.80%1.47 72.92+6.37 85.50+4.89
ng = 5

C—W 74.274+5.53  14.53+7.37 73.274+4.99 11.40%£1.13 84.00+3.99 85.53+2.67
W—C 90.27+2.67 21.13+6.85 85.004+3.44  10.60£1.05 95.204+2.84 94.53+1.83
W—W  90.934+2.50 15.80+£3.27 90.674+2.95 9.80+£2.60 95.40+£2.47 94.93+2.70
W—A  90.47£2.92 16.67+4.85 87.93+2.47 9.80+£2.68  95.404+1.53 95.80+2.15
A—C 88.33+2.33  15.73+4.64 83.13£2.84 10.404+1.89 84.47+5.81 91.47+1.45
A—W  88.40+3.17 13.60%6.25 87.27+2.82 11.874+2.40 87.87+4.66 93.00+1.96
A—A 86.201+3.08  14.07£2.93 87.00£3.48 14.07+1.65 89.80+2.58 92.20+1.69
C—C 75.93+4.83  13.13+2.98 70.47+£3.45 11.13+1.52 85.73+3.54 84.60+2.32
C—A 73.47£3.62  15.4746.50 74.13£5.42  11.204+2.47 85.07+3.26 87.20+1.78
Mean 84.254+7.01  15.57+2.25 82.10£7.03  11.144+1.23 89.21+4.64 91.03+3.97

Table 1: Semi-supervised Heterogeneous Domain Adaptation results for adaptation from Decaf
to GoogleNet representations with different values of n,. Note that the case n, is provided in the
main paper.

by wf, w¥ a minimizer of COOT(X, X', 1,,/n, 1, /n,1,,/m, 1,,/m) with L = | - | and by N*, M*
the minimizers of problem (6), respectively.

As shown in the main paper, there exists an optimal solution for COOT(X, X’) given by permutation
matrices as solutions of the Monge-Kantorovich problems for uniform distributions supported on
the same number of elements. Then, one may show that the solution of the two problems coincide
modulo a multiplicative factor, i.e., w5 = ZN* and 7% = - M* are optimal since |C| = |C’| and
|[V| = |V'|. For ¢ (the same reasoning holds for 7w¥ as well), we have that

1 s %
(7 =4 n =l
*/4 , otherwise.

where v is a permutation of voters in the two sets. The only difference between the two solutions 7
and N* thus stems from marginal constraints (]§[) To conclude, we note that COOT is a more general
approach as it is applicable for general loss functions L, contrary to the Spearman distance used in
[9], and generalizes to the cases where n # n’ and m # m/.

3 Additional experimental results

3.1 Complementary results for the HDA experiment

Here, we present the results for the heterogeneous domain adaptation experiment not included in
the main paper due to the lack of space. Table[I]follows the same experimental protocol as in the
paper but shows the two cases where n; = 1 and n; = 5. Table2]and Table [3]contain the results for
the adaptation from GoogleNet to Decaf features, in a semi-supervised and unsupervised scenarios,
respectively Overall, the results are coherent with those from the main paper: in both settings, when
n¢ = 5, one can see that the performance differences between SGW and COOT is rather significant.



GoogleNet — Decaf
Domains Baseline CCA KCCA EGW SGW COOT
ny = 1

C—A 31.16£6.87  12.16£2.78  33.32+£2.47  7.00+2.11  77.16£8.00 83.26£5.00
C—=C 30.42+3.73  13.744+5.29  32.5849.98  12.47+2.81 76.63+8.31 86.21+3.26
W—A  37.68+4.04 15.79£3.71  34.58+5.71  14.32£1.77 86.68+1.90 89.95+3.43
A—C 35.95+£3.89  15.3248.18  40.16+17.54 13.21£3.49 87.89+4.03 90.68+7.54
A—A 36.89+£4.73  13.84+2.47 34.84£10.44 13.16£1.56 89.79+3.93 94.68%2.21
W—=W  32.056£4.63 19.89+11.82 36.26£21.98 10.00+2.59 84.214+4.55 90.42+2.66
W—=C  32.68+5.56 21.53£21.01 33.79+22.72 11.47£3.03 86.26+3.41 89.53+1.92
A—W  33.84+4.75 16.00£7.74  39.32+18.94 11.00£4.01 87.21+£3.67 91.53£5.85
C—oW  32.32+£7.76  15.58+7.72  34.05+15.96 12.894+2.52 81.84+3.51 84.84+5.71

Mean 33.674+2.45 15.98+2.81 35.43+2.50 11.73£2.08 84.194+4.43 89.01+3.38
ng =3

C—A 76.35+£4.15  17.47+£3.45  73.94+4.53  7.41£2.27  88.24+2.23 89.88+0.94
C—=C 78.94+3.61 18.18+3.44  69.944+3.51 14.1843.16 89.714+2.25 91.06+1.91
W—A  85.41£3.25 19.294£3.10  80.59+3.82  14.244+2.72 94.76+1.45 95.294+2.35
A—C 89.53+£4.05  23.18+7.17  80.59+6.30  13.88+£2.69 93.76+£2.72 94.76£1.83
A—A 89.76+£1.92  17.00+£3.11  83.71+£3.30 14.41£2.28 93.29+2.09 95.53£1.45
W—=W  86.65£5.07 21.88+4.78  84.656+3.67  9.94+£2.37 94.88+1.79 94.53+1.66
W—C  88.94+5.02 22.59+9.23  80.06£5.65 13.65+3.15 96.18+1.15 95.29+2.91
A—W  90.29£1.35 22.35£7.00  87.88%£2.53 13.88+£3.60 94.53£1.54 95.35£1.59
C—W  78.59+3.44 22.53+£13.42 80.12£2.95 11.59+3.25 89.29+1.86 89.59+2.22

Mean 84.944+5.19  20.50+2.34 80.16+5.12  12.58+2.31 92.744+2.72 93.48+2.38
ng =25

C—A 84.20£2.65 18.60+3.75  84.33+2.33  6.40+1.27 92.13+2.61 91.93+2.05
C—=C 85.33£2.76  21.80+£5.91  78.60+2.74 13.47+2.00 91.33£2.48 92.27+2.67
W—A  95.13£2.29 31.00£9.67  91.93+2.82 14.67+1.40 96.13+2.04 96.40+1.84
A—C 91.67£2.60 21.80+4.35  85.33+3.27  13.40+3.63 95.47+1.51 94.87+1.27
A—A 93.20£1.57  23.33+£4.66  89.67+1.98 13.27+2.10 95.33+1.07 95.00+1.37
W—=W  95.00£2.33 23.80£5.48  92.13+1.78  11.20+2.58 96.47+1.93 96.67+1.37
W—C  95.67£1.50 28.27£9.71  87.67%£3.79 14.27+£3.19 97.67+1.31 96.93+2.25
A=W  92.13£2.36 22.67+£3.94  89.20+3.14 11.67+2.50 93.60+1.40 94.27+2.11
C—W  84.00+3.45 20.40+4.31  82.53+£3.56 11.07£3.70 90.20£2.23 92.40£1.69

Mean 90.70+£4.57  23.52+3.64  86.82+4.26 12.16£2.37 94.26+2.42 94.53£1.85

Table 2: Semi-supervised Heterogeneous Domain Adaptation results for adaptation from
GoogleNet to Decaf representations with different values of n;.

GoogleNet — Decaf
Domains CCA KCCA EGW COOT

C—A 11.30+4.04  14.60+8.12  8.20£2.69  25.10+11.52
C—=C 13.35+4.32  17.75+10.16 11.904+2.99 37.20+14.07
W—A  14.55+10.68 25.05+£24.73 14.554+2.05 39.75+17.29
A—C 13.804+6.51  20.70£17.94 16.00+2.44 30.25+18.71
A—A 16.90+10.45 28.95+30.62 12.70£1.79 41.65+16.66
W—=W 14.50+£6.72  24.05£19.35  9.556£1.77  36.85+9.20
W—=C 13.15+4.98 14.804+8.79  11.40£2.65 30.95+17.18
A—W 10.85+4.62  14.40£12.36 12.70£2.99 40.85+16.21
C—W  18.254+14.02 25.90+25.40 11.30£3.87 34.05+13.82
Mean 14.07£2.25  20.69+5.22  12.03+2.23 35.18+5.24

Table 3: Unsupervised Heterogeneous Domain Adaptation results for adaptation from GoogleNet
to Decaf representations.
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3.2 Complementary information for the co-clustering experiment

Table ] below summarizes the characteristics of the simulated data sets used in our experiment.

Data set nxd g x m  Overlapping Proportions
D1 600 x 300 3 x3 [+] Equal
D2 600 x 300 3 x3 [+] Unequal
D3 300 x 200 2x4 [++] Equal
D4 300 x 300 5x14 [++] Unequal

Table 4: Size (n x d), number of co-clusters (g x m), degree of overlapping ([+] for well-separated
and [++] for ill-separated co-clusters) and the proportions of co-clusters for simulated data sets.

4 Initialization’s impact

We conducted a study regarding the convergence properties of COOT in the co-clustering application
when the 74, 7, and X, are initialized randomly over 100 trials. This leads to a certain variance in the
obtained value of the COOT distance as expected when solving a non-convex problem. The obtained
CCEs remain largely in line with the obtained results even for different random initializations.

Data set Characteristics

Runtime(s) BCD #iter. (COOT+X,.) BCD #iter. (COOT) COOT value
D1 4.724+6 21.5+£24.57 3.16+£0.37 0.46+0.25
D2 0.64+0.81 9.77+£11.53 3.440.58 1.354+0.16
D3 0.95+1.55 8.47+11.11 3.01+0.1 2.5240.24
D4 6.27+5.13 33.15423.75 4.2140.41 0.06+0.005

Table 5: Mean (& standard-deviation) of different runtime characteristics of COOT.
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