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1 Introduction and Notations

We will denote by z = (x, y) the couple features-label where x € R and y € {—1,1} and S = {z;}7,
a set of m training examples drawn from an unknown distribution D. We denote by m_ the number

m
of positives and m_ the number of negatives. Thus the rate of positives « is equal to -t Suppose
m

that x’ is a test instance, we recall that:

o dy = dm(X,x) = /(x — xX)TM(x — x/) if x is a positive instance,

o d=di(x',x) =dx' x) = V(x —x')T(x — x') otherwise.

We are considering the following optimization problem:

. 1
l\I/[nelél'*‘ 3 (1—-a) Z lpn(M, 24,25, 21) + o Z lpp(M, 2,25, 2;) | +
(xi,%;,Xx) (xi,%j,%X¢)
Yi=y;j FYr=—1 Yi=y; 7Yr=1
pIM-T)% (1)

Our loss function can thus be seen as :

(1—-a) xlpn(M,2z1,22,23) ify;=y; =1, yp = —1,

UM, (21,22,23)) = § a X lpp(M, 21,22, 23)] fyi=y;j=-1, yu=1,,
0 otherwise,

where fpN and fpp are defined by:

L gFN(M7Zi7Zj7Zk) = [1 —Cc+ dM(Xi7Xj)2 - d(xi7xk)2]+7



o lpp(M,2zi,2zj,2;) =[1 —c+ cl(x,-,xj)2 - dM(xi,xk)Q]Jr.

In the following, we will also suppose that for all x we have: ||x||o < K. Furthermore, we will denote
by Rs and R respectively the empirical risk of £ over the training sample S and the true risk. More
precisely, the empirical risk Rg is evaluated using a training set of size m which is used to build all

the triplets and the true risk R is its expectation over all the samples of size m, i.e. R = g Epm [Rs].

o d=du(x,x) =+/(x—x)TM(x —x') if x is a positive instance,

o d=di(x,x) =+/(x —x)T(x —x).

In the following, we will also use the following constraint on M :
Amax(M) < 1, where Apax is the largest eigenvalue of M.

Finally, due to the context of our study, i.e. imbalanced setting, o < 1/2. Thus, o < 1 — a.

2 Generalization Guarantees

The aim of this section is to provide some generalization guarantees on our loss function according
to the used loss function. Note that the following results give guarantees on the learned metric M
which aims to find a good compromise between achieving a low rate of False Negatives while keeping
a reasonable rate of False Positives.

2.1 Uniform Stability

In this section, we briefly restate the definition of stability and the generalization bound based on
this notion.

Roughly speaking, an algorithm is stable if its output, in terms of difference between losses, does
not change significantly under a small modification of the training sample. This variation must be
bounded in O(1/m) in terms of infinite norm where m is the size of the training set S i.i.d. from an
unknown distribution D.

Definition 1. [Definition 6 (Bousquet and Elisseeff, |2002)] A learning algorithm A has a uniform
stability in - with respect to a loss function £ and parameter set 6, with r a positive constant if:

VS, Vi, 1<i<m, sup|l(0s, Z) — ((0g:, Z)] < —,
Z m

where S is a learning sample of size m, Z = (z1,22,23) = ((X1,91), (X2,¥2), (X3,y3)) is a triplet of
labeled examples, 0g the model parameters learned from S, Ogi the model parameters learned from
the sample S* obtained by replacing the it" example z; from S by another example 2z} independent
from S and drawn from D. {(0g,x) is the loss suffered at x.

In this definition, S represents the notion of small modification of the training sample. The following
one aims to study the evolution of the loss function according to the label of the considered triplet.

Definition 2. A loss function £ is said to be ~y-admissible, with respect to the distance metric M if
(1) it is convex with respect to its first argument and (ii) the following condition holds:

VZ, 7' |6(M, Z) — M, Z')| < v,

where Z = (2, zj, z) and Z' = (2, 25, z},) are two triplets of ezamples.



2.2 Preliminary Results

We now introduce the results we need to derive our generalization guarantees:

Proposition 1. Let Xi,..., X,, be m independent random variables taking values in R and let
U= f(X1,..., Xm). If for each 1 < i < m, there exists a constant c¢; such that:

sup  |f(x1, e ) — f1, 2y o) < iy
T1,...TmER

then for any positive constant B, we have:

P[|[U —E[U]| > B] < 2exp (iéBZZ) .

In the following, we set Dg = R — Rg. We then introduce the two following lemmas, for which
the proof can be found in (Bellet et al. 2015) (see the proofs of Lemma 8.9 and 8.10 respectively).
However, note that results have been adapted to our context, i.e. for triplet based loss function. But
the proofs can be easily adapted.

Lemma 1. For any learning method of estimation error Dg and satisfying a uniform stability in

2
ﬁ, we have Eg[Dg] < &
m m

Lemma 2. For any parameter matric M using m training examples, and any loss function ¢
satisfying the y-admissibility, we have the following bound:

2% 2
Vi, 1 <i<m, |Ds— Dg| < 2= + =7,
m m

Using the above Proposition and the two Lemmas, we are able to get the following generalization
bound:

Theorem 1. Let § > 0 and m > 1. Let S be a sample of m randomly selected training examples
and let M be the learned parameter matriz from an algorithm with uniform stability . Assuming
m

that the loss function € is k-Lipschitz and v-admissible and let us denote by Rg its empirical risk.
With probability 1 — §, we have the following bound on the true risk R of our loss function £:

In(2/9)

R<Rs+22 1 (26 +27)
m 2m

2.3 Generalization Bound

We first prove that our function is k-Lipschitz according to the following definition.

Definition 3. A loss function £ is k-Lipschitz with respect to its first argument if for any parameters
matrices M and M, and for any triplets of labeled examples Z = (z1,22,23), we have:

(M, Z) — LM, Z)| < K||M — M| 7.

Lemma 3. We now show that our loss function { is k-Lipschitz with k = 4(1 — a) K?



Proof. We need to study two cases, according to the label of the triplets.

Case 1: y;=y; =1, yp = —1
[EM, Z) — (M, Z)| = (1—a)|[1 — c+dm(xi,x5)* — d(xi, %) = [1— ¢ + dwr (%0, %7) = d(xi, %)) 4,
1 —a)|dm(xi,%;)* — da (xi,%5)7),

1—a)|(xi —x;)" (M = M')(xi — %),

1= a)llx; — x;[3IM — M| 7,

(M, Z) — (M, Z)| < 4(1 — a)K?|M — M|+

(
(
(
(

where the second line uses the fact that the hinge loss is 1-Lipschitz, the third line uses the linearity
of the difference with respect to M, M’, the fourth line uses usual properties on norms and the last
line the fact that ||x|| < K.

Case 2: y;=y; = -1, yp =1
The proof is similar to the proof given in the previous case and leads to the following result:

UM, Z) — (M, Z)| < 4aK?|M — M| .
We conclude by taking the maximum of the three previous values. Thus k = 4(1 — o) K? O

Now, we have to prove that our loss function is «-admissible according to the definition

Lemma 4. The loss function £ defined by 15 y-admussible with respect to the distance metric M,
with vy = (1 — a)(1 — ¢+ 4K?).

Proof. Needless to say that the loss function £ is convex with respect to M as the sum of two convex
functions. Indeed, both of them are linear w.r.t. M and the maximum of two convex functions
remains convex.

Furthermore, because our loss function can be equal to zero for some labels of our triplets, we are
looking for the greatest value than our loss function ¢ can achieve.

Using our previous result, we can bound the first part ellpy by: (1 — a)(1 — ¢+ 4K?2) and the last
term ellpp by: a(l —c+ 4K?).
Finally:
VZ,Z (M, Z) —¢M, Z")| < max((1 — a)(1 — c+4K?),a(l — c +4K?)).
Thus, v = (1 — a)(1 — ¢+ 4K?).

O

Definition 4. A learning algorithm has a uniform stability in - where k is a positive constant, if
given any training set S we have:
Wi, sup [((M, Z) — (M, Z)| < =
A m
where M is the matriz learned with a training set S* which differs from S of only one example
(x; — x;).



For the sake of clarity for the following development, let us denote by Fg the objective function to
- . : 1

optimize over the training set S, i.e. Fg = 3 > xs g LML Z) 4 || M — S

To compute the constant of uniform stability, we first need the following technical lemma;:

Lemma 5. Let S be a learning sample, let Fis and Fgi be two objective functions with respect to two

samples S and S and let M and M be their respective minimizers. We also define AM = M — M
and recall that N(M) = p|M —I||%. For all t € [0,1], we have:

N(M) — N(M + tAM) + N(M") — N(M' — tAM)

< lj;g[?)m(m — 1)+ 1] x (41— a)K?) x | AM]|£.

Proof. Since /¢ (the hinge loss) is convex, so is the empirical risk and thus for all ¢ € [0, 1] we have
the two following inequalities:

Rgi(M + tAM) — Rgi (M, R) < tRgi(M') — tRgi(M).

and
Rgi(M! — tAM) — Rgi (M) < tRgi(M) — tRgi (M.

We get the second inequality by swapping the role of M and M*. If we sum these two inequalities,
the right hand side vanishes and we obtain:

Rgi(M +tAM) — Rgi(M) + Rgi (M’ — tAM) — Rg: (M*) < 0. (2)
By assumption on M and M’ we have:

Fs(M, R) — Fs(M + tAM)
Fgi(M') — Fgi (M’ — tAM)

< 0,
<

)

then, summing the two previous inequalities and using , we get:

Rgi (M + tAM) — Rg(M + tAM) — Rgi(M) + Rg(M)
+ M =T + M= I)[F — [M A+ tAM = I|[% — [M? = tAM —I|[3] < 0. (3)

We now focus on the first part of the previous inequality. For the sake of simplicity, let us set:

H = Rg(M + tAM) — Rgi (M + tAM) + Rgi (M) — Rg(M).

H < |R5(M + tAM) — RSi(M + tAM) + RSZ(M) - RS<M)| ,

1
Z E(M,zﬁ-,zg,z,lc)— Z M, zi, 25, 21.)

m3
24,25,2, €S 24,2§,2K €S

IN

Z (M +tAM, z;, 2, 21) — Z E(M—i—tAM,zzl»,zé,zé),

Zi,Zj,ZkES Zi,Zj,ZkGSl

where S and S' differ from the I-th example, i.e. Vi, j, k # 1, 2z = zzl», zj = zé» and z = z,lg.



We will now focus on the first difference in the previous expression, i.e. on:
l
E E(M,zl, J,zk) — E UM, 2, 25, 2k).
zi,25,2,ES! 2i,25,2k €S

This difference can be decomposed into two parts according to the value of the index ¢: when i =
and when i # [

o3 (M) — ML 2125, )

Jj=1k=1
m m m

+ZZZ< Ma Zi ]azk)_K(M7Ziazj7zk))
i#£l j=1 k=1

The first part of the decomposition is composed of m? terms that are at least not equal to zero. We,
thus have to work on the second part of the decomposition has it contains some terms that are equal
to zero. We will have to do this process two times as follows:
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All these sums are respectively composed of m?, m(m — 1) and (m — 1)? terms and the last (m — 1)3
terms are all equal to zero. Furthermore: m? +m(m — 1) + (m — 1)2 = 3m(m — 1) + 1, so that we
have to find a bound on the supremum of the difference:

[3m(m — 1)+ 1] sup (M, Z) — (M, Z") + (M + tAM, Z) — (M + tAM, Z')|.
z.7'



Thus, H can be upper-bounded by:

1
H < —5(m = 1) + 1] (sup [¢(M, Z) — (M +, Z") +{(M+tAM, Z) — (M + tAM, Z')|).

YA
We can then write:
1
H < —3(m — 1)+ 1] (sup (M +tAM, Z) — £(M, Z)| + (sup |[¢(M + tAM, Z’) — {(M+, Z’)|),
m A VAl
2t

< 3m(m —1) +1] x [AM[l7 x (4(1 - a)K?),

e
where the last lines uses Lemma [3] and properties on norms. Finally, we have :
. . 2t
N(M)—N(M+tAM)+N(M') - N(M' —tAM) < ——[3m(m—1)+1] x (4(1 — ) K?) x [ AM]
um
(4)
O
We are now able to prove the uniform stability of our algorithm.
Theorem 2. Let S be a learning sample of size m, the algorithm has a uniform stability in il
m
6
with k = — x (4(1 — oz)KQ)Q.
I
1
Proof. Let us set t = 3 in the result of Lemma [5| and we focus on the left hand side of this result.
We have:
2 i 2 1 i 2 1 i 2
fM) = IM =T+ M= I = 5 (M + M) =TI — [[5 (M + M) — 1|,
. 1 .
= [IM = 1fF + M = T[[f — S [M+ M - 1|7,
1 .
FM) = M =M.
Then, using Lemma [5, we get the following bound on [[AM||£.

1AM

IN

—Z _Bm(m—1)+1] x (1 — a)K?2) x [|AM] 7,
JAM[F < —[3m(m —1) +1] x (1 - a)K?).

To prove the uniform stability of our algorithm, it remains to find the value s such that:
K

VS, Vi, 1 <i<m, sup |[¢((M,Z) — {(M", Z)| < —.
Z

To do this, we use the fact that our loss function ¢ is k-Lipsichtz with k£ = (4(1 — a)K?) and our
upper-bound on ||[AM||£. It gives:

6(M, Z) — (M, Z)| < kl|AM]| 7,

2k%(3m? — 3m + 1)
pm?

IN



Finally:
VS, Vi, 1<i<m, sup|t(M,2Z) — (M, Z)| < —,
Z m

4(3m? —3m +1)
7

For the sake of simplicity, we will simplify this result in the following. Note that for all m > 1,

3m?—-3m+1 _ 3 12

w < —. Thus, our algorithm has a uniform stability in B Sith k= = x ((1- oz)KQ)Q.
m m m I

We can now apply Theorem [I] to our algorithm and get the following result:

with kK = x ((1— a)K2)2. O

Theorem 3. Let § > 0 and m > 1. With probability 1 — 6, we have the following bound on the true
risk R of our loss function £:

In(2/6
R <Rs+25 1 (26 4 29 2D
m 2m
with: 19
r=—x((1 —a)KQ)Q.
1
and
y=(1-a)(l—c+4K?).
Proof. The proof is consequence of Theorem [I| and Lemma O

3 Classification Guarantees - Proof

We now give a proof of the Theorem 3 provided in the paper.

Proof. We first begin with the FP rate. We can note the hinge loss can be a surrogate for the
indicator function as follows:

L g (xxp; ) <)} = Ldna gy )2 <dxxa)2y < [1+d(%,%0)* — daa(xi, %p)%]

We can recognize one of the term of our optimization Problem with the hyper-parameter ¢ = 0.
We recall that each labeled example is denoted as z = (x,y). Then, we have:

Rrp

IN

Es~pmE,p [1 + d(X, Xn)2 — dl\/[(X,Xp)Q]Jr X ]l{y:—l}

IA

ES’ND’"+1EZZ'7Z]',Z;€€S/ [1 + d(Xi, Xj)2 - dM(Xia Xk)2]+ ; X]l{yi:yj:—lyéyk}

IN

[0
Egopmt1Bag; z; 25 [a [1+ d(xi,%)* = dM(X“X’f)Q]Jr X Dy =—1 +

11—«

([1 + ClM(Xz‘,Xj)2 - d(xi,xk)2]+ X l{yiyjbﬁyk})} J

IN

1
]ES/NDm+1]EZi7zj,zk€S/ |:a (a [1 + d(Xi, Xj)2 _ dM(Xi, Xk)2:|+ X ]]'{yi:yj:—liyk}+

(1-a) [1 + dM(Xian)2 - d(Xi,Xk)2]+ X ]]-{yi:yjzlyéyk})} )
1

—R.
o

IA



The second inequality is obtained by the i.i.d. aspect of the expectation. The third inequality is due
to the fact that the second term in the sum is positive. Finally, one can note that the right-hand
side of the last inequality corresponds to a weighted version of the true risk with respect to the loss
used in Problem with ¢ = 0 and where we take an expectation over all the samples of size m + 1.
The result is obtained by combining the results of Theorems [3] and [T] over the true risk defined above.

The bound for the false negative can be obtained in a similar way. Using the same arguments, one

can show that: .

—

R.

R <
FN_1

Applying Theorems [3] and [I] to the above risk leads to the result. O
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