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Abstract

Often, tasks are collected for multi-task learning (MTL) because they share
similar feature structures. Based on this observation, in this paper, we present
novel algorithm-dependent generalization bounds for MTL by exploiting the no-
tion of algorithmic stability. We focus on the performance of one particular task

and the average performance over multiple tasks by analyzing the generalization
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ability of a common parameter that is shared in MTL. When focusing on one
particular task, with the help of a mild assumption on the feature structures, we
interpret the function of the other tasks as a regularizer that produces a specific
inductive bias. The algorithm for learning the common parameter, as well as the
predictor, is thereby uniformly stable with respect to the domain of the particular
task and has a generalization bound with a fast convergence rate of order O(1/n),
where n is the sample size of the particular task. When focusing on the average
performance over multiple tasks, we prove that a similar inductive bias exists un-
der certain conditions on the feature structures. Thus, the corresponding algorithm
for learning the common parameter is also uniformly stable with respect to the do-
mains of the multiple tasks, and its generalization bound is of the order O(1/T),
where 7' is the number of tasks. These theoretical analyses naturally show that
the similarity of feature structures in MTL will lead to specific regularizations for
predicting, which enables the learning algorithms to generalize fast and correctly

from a few examples.

1 Introduction

Multi-task learning (MTL) has been proposed by Caruna (Caruna, |1993) to more effi-
ciently learn several related tasks simultaneously by using the domain information of the
related tasks as an inductive bias; therefore, it is superior to the traditional single-task
learning because it more efficiently learns the shared information among the multiple
tasks. Multi-task learning has achieved great success in machine learning for its appeal-

ing performances on a broad spectrum of applications (Wang et al., 2009; |Y. Zhang &



Yeung, 2010; T. Zhang et al., 2012} Pillonetto et al., 2010; Collobert & Weston, 2008}
Argyriou et al., 2008; |(Gong et al., 2014; X.-L. Zhang, 2015; |Chen et al., 2013).

There have been some notable theoretical justifications (Baxter, 2000; Ben-David
& Schuller, 2003; Ando & Zhang, 2005} [Maurer, 2006, 2009; Maurer et al., 2013; Mic-
chelli & Pontil, 2004) for the success of MTL. All of the theoretical justifications are
focused on the average performance over all of the multiple tasks and are independent
of the algorithms. However, as stated by Ando and Zhang (Ando & Zhang, 2005), in
practice, we are often very interested in the performance of some particular task in an
MTL problem. Comparing the performance of one particular task in the MTL setting
with that of the traditional single-task learning is both necessary and highly important.
However, such a comparison has remained elusive. In this paper, by providing novel
algorithm-dependent generalization bounds, we analyze the performance of one partic-
ular task as well as the average performance over all of the multiple tasks for the MTL
algorithms, which employ learning parameters to model the shared information among
tasks.

Although some of the previous results state that the tasks in MTL that are learned
jointly are “algorithmically related” because the tasks share a common optimal hypoth-
esis class (see, for examples, (Baxter, 2000; Ben-David & Schuller, 2003)), most of the
existing proof methods have been based on some measurements of the complexities of
the whole hypothesis class and are independent of any of the algorithms. Such measure-
ments include the VC-dimension (Shawe-Taylor et al., 1998} Vapnik, 2000), covering
number (P. Bartlett et al., 1997; [T. Zhang, 2002} D.-X. Zhou, 2003; Guo et al., 2002)

and Rademacher complexity (Koltchinskii, | 2001; P. L. Bartlett & Mendelson, [2003).



When the complexity measures of the VC-dimension or covering number were used,
as discussed in (Baxter, 2000; |Ben-David & Schuller, 2003j;|Ando & Zhang, 2005)), the
convergence rate obtained for the generalization bounds is of the order O(\/W)
with respect to n, which is the training sample size, and of the order O(\/W )
with respect to 7', which is the number of related tasks. If the Rademacher complexity
was used to measure the hypothesis class (see, for examples, (Maurer, 2006; Maurer
et al., [2013; [Maurer, |2009)), the obtained convergence rate is of order O(\/l/_n) with
respect to n and of order O(\/l/_T) with respect to 7'. These convergence rates are
slow because they are derived in such a way as to be dependent on the complexities
of the whole set of the predefined hypothesis classes and independent of any of the
algorithms. However, in this paper, we investigate the advantages of MTL by exploiting
the notion of algorithmic stability, and we take a step forward from previous studies,
where theoretical analyses are algorithm-independent, to derive algorithm-dependent
generalization bounds that have fast convergence rates of order O(1/n) with respect to
n, and of order O(1/T) with respect to 7.

We show that stability analysis (Bousquet & Elisseetf, 2002) is more suitable for an-
alyzing MTL. It can be used to illustrate that tasks in MTL can produce regularization.
Based on the observation that tasks in MTL are usually chosen because the correspond-
ing feature structures are similar, we prove that the algorithms of either one particular
task or the overall multiple tasks for learning a common parameter that is shared in
MTL are uniformly stable under certain conditions. Specifically, if a mild assumption
is made on the structure of the data matrix and if the loss function / is strongly convex,

the common parameter that is shared by the related tasks will be learned with a fast



convergence rate.

When we focus on the performance of one particular task instead of the average
performance over all of the tasks, the other tasks can act as a regularizer. Specifically,
if any feature vector of the focused task can be (approximately) reconstructed by the
observations of the other tasks, the algorithm for learning the common parameter, as
well as the predictor, will be uniformly stable with respect to the domain of the particu-
lar task and have an algorithm-dependent generalization bound with a fast convergence
rate with respect to the sample size of the particular task. When we focus on the aver-
age performance over multiple tasks, the multiple tasks can also generate an inductive
bias that will not vanish as the number of tasks goes to infinity. Such an inductive bias
will act as a regularizer for the optimization procedure. The algorithm for learning the
common parameter for multiple tasks is thereby uniformly stable with respect to the
domains of the multiple tasks, and the corresponding generalization bound has a fast
convergence rate with respect to the number of tasks. These analyses naturally show
that if the related tasks are chosen carefully, the tasks in MTL will produce biased regu-
larizers that are based on feature structures. MTL is therefore superior to the traditional
single-task learning.

We illustrate the uniform stability property for MTL algorithms by exploiting their
feature structures, which also provides a new insight into deriving the stability property
for learning algorithms. Previous methods have shown that many learning algorithms
exhibit a uniform stability relying on L, regularization (Y. Zhang, 2015} /Audiffren &
Kadri, 2013). However, our approach relies on more meaningful regularization, which

can be reformulated to have a specific regularization matrix. Such a meaningful regu-



larization matrix is based on feature structures and is conveyed from carefully collected
tasks. Consequently, the analysis is easy to extend to many existing learning algorithms,
such as the learning to learn (LTL) algorithms (Baxter, 2000; Maurer, [2009; Maurer et
al., 2013)). We provide the extension in the supplementary material.

By interpreting the function of some tasks in MTL as biased regularizers and by
proving that the learning algorithm is thereby uniformly stable, this work also attempts
to address an open question that was asked by Elisseeff and Pontil (Elisseetf & Pontil,
2003): “Is there a way to incorporate prior knowledge via stability?” Kuzborskij and
Orabona (Kuzborskij & Orabonal 2013) tried to address this open question by posing
a connection between hypothesis stability and hypothesis transfer learning, but they
failed to improve the convergence rate by exploiting the uniform stability. In this paper,
we illustrate that MTL has successfully incorporated prior knowledge into learning al-
gorithms and that the learning algorithms are therefore uniformly stable. Moreover, the

learning algorithms have fast convergence rates for generalization.

1.1 Related Work

There have been many results on MTL. We briefly summarize the related theoretical
studies. Baxter (Baxter, |2000) proposed the model of inductive bias learning and ex-
tended it to MTL problems. He provided generalization bounds by analyzing the VC-
dimension and covering number of the hypothesis class. MTL will benefit if the tasks
share a common optimal hypothesis class. To define a common optimal hypothesis
class produces an inductive bias. Many theoretical justifications for MTL have then

been followed by exploiting specific inductive biases.



Ben-David and Schuller (Ben-David & Schuller, 2003) offered a data generating
mechanism through which the relationships between the tasks are measured. Based on
the notion of task-relatedness, they provided a tighter generalization bound than that
provided in (Baxter, |2000) for MTL by also analyzing the VC-dimension. Ando and
Zhang (Ando & Zhang, |2005)) assumed that there was a common structure parameter
that is shared by all of the tasks. They then proved that the shared parameter can be re-
liably estimated when the task number 7" is large by using a covering number definition
different from that in (Baxter, 2000). The analysis is closely related to that of Baxter
(Baxter, [2000).

Maurer (Maurer, 2006) studied the linear MTL problem where a common linear op-
erator is chosen to preprocess the data matrices before learning multiple related tasks.
He provided a generalization bound by exploiting the Rademacher complexity and illus-
trated the advantages of MTL by employing a proper common linear operator. Maurer
et al. (Maurer et al., 2013) investigated the use of sparse coding and dictionary learning
in the context of MTL. They assumed that the task parameters are well approximated
by sparse linear combinations of the atoms in a dictionary and provided a generalization
bound by exploiting the Rademacher complexity to measure the hypothesis complexity.

Micchelli and Pontil (Micchelli & Pontil, 2004) provided a framework of vector-
valued functions and discussed their use in MTL. This approach can be theoretically
justified using the notion of task-relatedness discussed in (Ben-David & Schuller, 2003)).
Recently, trace norm regularization has been proposed and has become popular for MTL
(Argyriou et al., [2007; Pong et al., 2010). Maurer and Pontil (Pontil & Maurer, 2013))

exploited the Rademacher complexity method to provide excess risk bounds for MTL



problems that were regularized by the trace norm. Lounici (Lounici et al., 2009) con-
sidered the group lasso regularization for MTL and showed that under certain restricted
eigenvalue conditions, the effect of the number of predictor variables in the upper bound

of sparsity oracle inequalities could be negligible with respect to the number of tasks.

1.2 Main Contributions

The main results and contributions of this paper are summarized below:

1. We prove that the sample average stability is upper bounded by the Rademacher
complexity. Previous results have shown that the Rademacher complexity is up-
per bounded by functions of the VC-dimension or covering number. Thus, algo-
rithmic stability can be used to derive tighter upper generalization bounds than

the VC-dimension, covering number and Rademacher complexity.

2. To the best of our knowledge, we are the first to analyze the performance of indi-
vidual tasks in MTL. We thereby illustrate the superiority of MTL to traditional

single-task learning.

3. We prove that the algorithm of MTL is uniformly stable under mild conditions
and thereby provide algorithm-dependent generalization bounds. The generaliza-
tion bound of the algorithm for learning one particular task (or the focused task)
has a fast convergence rate of order O(1/n), where n is the sample size of the par-
ticular task. In addition, the generalization bound of MTL has a fast convergence

rate of order O(1/T"), where T is the number of the overall multiple tasks.

This paper is organized as follows. In Section II, we describe MTL, introduce the
algorithm stability and upper bound the sample average stability using the Rademacher
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complexity. In Section III, we present algorithm-dependent generalization bounds for
MTL. The proofs of our results are presented in Section IV. Finally, Section V concludes

the paper.

2 Preliminaries

In this section, we first set up an MTL problem in which the different tasks share a
common parameter, which can be viewed as an inductive bias. Then, we present the
notion of algorithm stability and show that, for the MTL problem, the stability is more
suitable for deriving generalization bounds than the complexity measures of the VC-
dimension, covering number and Rademacher complexity.

Let H denote a finite or infinite dimensional separable real Hilbert space with the

inner product (-, -) and norm || - ||, let R be the Euclidean space and let z = (z,y) €
H x {—1,+1} be a training example, where z denotes a feature vector (or observation)
and y represents the corresponding real-valued label. We denote S = {z1,...,2,} =
{(x1,11), -, (Tn,yn)} € (H x {—1,41})" as a training sample.

Let S; = {21,y 2tm, } = {(Te1,Y¢1)s - - (Tenys Yrny) } denote the training sam-
ple for the ¢-th task, and let ¢(y, h(x)) measure the loss that is incurred by predicting

h(z) when the true label is y, where h € H and H is a linear function clas (also

called hypothesis class). We analyze the following setting for MTL:

w1, wp,0 1

T nt
1 1
i - ‘g iy 97 i . 1
min tzz; nt i:E 1 (yt7 <'lUt + .’,Ut, >) ( )

where § € H is a common parameter that is shared by all of the tasks in MTL, with

1In this paper, H can also be a reproducing kernel Hilbert space.



which the tasks are related, and w;, € H,t = 1,...,T, are the predictors which are
specific for different tasks. Note that the predictor for the ¢-th task is hy = w; +60 € H
and that some constraints should be further placed on wy, or 6, or both, to make the
MTL in well-posed because there is a trade-off between w; and . Many different
constraints based on the inherent properties of MTL or the prior knowledge about its
specific applications have been therefore proposed. For example, the regularized MTL
(Evgeniou & Pontil, 2004) models 3", ||| to be small and 6 to be smooth; the trace
norm regularized MTL (Pong et al., 2010) also essentially forces w; to be small; the
multi-task feature learning algorithm (Argyriou et al., 2008)) employs a group sparse
constraint on w;. However, in this paper, we do not consider explicit constraints and
simply assume that w; and 6 in can be learned. The obtained results apply to all
the constrained MTL problems because the employed constraints will only shrink the
search space of the parameters to be learne

There are many interesting MTL problems that can be treated directly within our
setting (see, for examples, (Ando & Zhang, [2005; Evgeniou & Pontil, |2004; Chen et
al., 2009; Rai & Daume, 2010; J. Zhou et al., 2011} [Kumar & Daume, 2012; Lin et al.,
2012))). Not surprisingly, some potential MTL scenarios are outside of our setting, such
as (Liu et al.l |2009). However, our analyses can be easily extended to justify a much
more general form of problem (I)), where some but not all of the tasks share common

parameters. Then, we can discuss the models involving outlier tasks. And many other

2Note that for case where the constraints on wy,t = 1,...,T, and 6 are positive and convex, due to
the additive and non-negative properties of Bregman divergence as shown in Lemmal(T] the proof methods

provided in this paper can be easily extended to the constrained MTL problems to imporve the results.
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MTL scenarios are within the scope of our discussion. One example is MTL based on
coding schemes (Maurer et al., 2013).

Existing generalization bounds for MTL have relied on complexity measures such as
the VC-dimension, covering number and Rademacher complexity. The obtained bounds
are therefore dependent on the complexities of the predefined hypothesis classes and are
independent of the learning algorithms. However, in this paper, we will use the notion
of algorithmic stability other than the notions of VC-dimension, covering number and
Rademacher complexity to derive algorithm-dependent generalization bounds for MTL.
In particular, stability is a property of an learning algorithm, i.e., if two training sam-
ples are close to each other, a stable algorithm will output close predictors. There are
many versions of stability, such as the hypothesis stability (Kearns & Ron, 1999)), sam-
ple average stability (Shalev-Shwartz et al., |2010) and uniform stability (Bousquet &
Elisseeff, 2002). We will focus on the uniform stability, to which the other types of

stability are closely related.

Definition 1 (Uniform stability) An algorithm is uniformly stable (or [3 uniformly sta-
ble) with respect to the loss function { and a specific domain Z C H x {—1,+1} if the

following holds:
VS e Zm Vie{l,..,n},Vz=(x,y), 2 € Z,
|6(y, hs(x)) — Uy, hsi (x))| < B,
where hg is the hypothesis function that is returned by the learning algorithm when the

input training sample is S, and S° denotes the training sample S with the i-th example

z; replaced by an independent and identically distributed example z|.
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Note that, in this paper, we say an algorithm is uniform stable if the minimum value
of 3 converges to zero as the training sample size increases without limit.

To illustrate that stability is a more subtle notion than the VC-dimension, cover-
ing number and Rademacher complexity for deriving upper generalization bounds, we
will employ the sample average stability defined in (Shalev-Shwartz et al., 2010) and
show that it is upper bounded by the VC-dimension, covering number and Rademacher

complexity.

Definition 2 (Sample average stability) An algorithm is sample average stable (or
sample average stable) with respect to the loss function { and a specific domain Z C
H x {—1,+1} if the following inequality holds:
1
- > Esepn (5= 4=ttt y~Dn (U5 hisi (7)) — (g5, hs(2))]] < v,
i=1

where D denotes the distribution over the domain Z for generating the training example

Remark 1 Forany S,5" = {z},...,2.,} € Z", the relationship between the uniform
stability and sample average stability is shown by the following inequality:

1 n
ﬁ Z ESND",{zi,...,zg}ND" [E(y;7 hSi (ZL’;)) - f(yz/‘v hs(l";))]

i=1

< max [6(y, hs(x)) — Uy, hsi(z))] < B.

z=(z,y)€Z,ie{l,...,n}

Previous results show that the Rademacher complexity could be upper bounded
with respect to the VC-dimension and covering number, respectively. For example,
by combining Massart’s Lemma (Massart, 2000) and Sauer’s Lemma (Sauer, 1972),
it can be proven that the Rademacher complexity is upper bounded by a function of

12



the VC-dimension; Dudley (Dudley, 1967) showed that the Rademacher complexity is
upper bounded by a function of the covering number. Thus, the Rademacher complexity
method has the potential to derive tighter upper generalization bounds than approaches
based on the VC-dimension and covering number, and therefore, it has been widely
used to analyze generalization bounds.

We show that the sample average stability is upper bounded by the Rademacher

complexity, as follows.

Theorem 1 The sample average stability is upper bounded by Rademacher complexity

<2R((o H).

The Rademacher complexity R({ o H) is defined by

n

> oil(yi, ha(x:))

=1

1
MR(loH)=Eg, sup —
hs€H T

J

where H is the predefined linear hypothesis class, { o H denotes the set of compositions
of functions { and h € H, and o4, ..., 0, are the independent Rademacher variables

that are uniformly distributed on {—1, 1}.

See the proof in Section 4.2

Theorem [I] shows that the algorithm stability has the potential for deriving tighter
generalization bounds than the VC-dimension, covering number and Rademacher com-
plexity.

In contrast to the previous theoretical analyses of uniform stability derived from Lo
regularization, we propose a new method for proving uniform stability based on the
feature structures. We show that the learning algorithms for MTL are uniformly stable.

Details are presented in the next section.
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3 Main Results

In this section, we provide algorithm-dependent generalization bounds for MTL. These
results are based on the idea that when related tasks are learned at the same time, tasks
can function as regularizers for predicting.

Note that the related tasks for MTL are usually chosen because of the similarity in

their feature structures. We formulate the prior as the following assumption:

Assumption 1 If we focus on the j-th task, j € {1,...,T}, there exists a subset B =
{b1,....0n} C {11, g} — {251, - -, Ty, } Such that for any feature vector x
distributed from the j-th task, © can be reconstructed by B with a small reconstruction
error, i.e., v = Z;VZI a;b; +n, where a; € R, ||a|| < r, and n is a small error that
satisfies ||n|| < e. If we focus on the whole multiple tasks, for any task t,t = 1,...,T,
there also exists a subset By = {bt1,...,btn,} C {xt1,...,Zen, } such that for any
feature vector x distributed from any task, x can be reconstructed by B with a small

reconstruction error.

We note that Assumption [I]is very mild. If the feature space is of low-rank or the
data lies on a manifold, the assumption can be easily satisfied even for the traditional
single task learning problem. If the feature vectors are randomized, the assumption will
also hold if the sample size reaches the dimension of the feature vector.

Before presenting our main results, we introduce strongly convex loss functions:

Definition 3 (Strongly convex) A differentiable loss function ((y, h(x)) is c-strongly

convex if the following inequality holds for any two hypotheses h,h' € H:

(Ve(y, h(w)) = Ve(y, K (2)))" (h(z) = H'(x)) = c|h(z) = K ()],

14



where ¢ € R, and V{(y, h(x)) denotes the gradient of the loss function {(y, h(x)) with

respect to h(x).

Remark 2 The quadratic loss function ((y, h(x)) = (y — h(x))? is 2-strongly convex
and has been widely used in many scientific fields. Many other frequently used loss
Sfunctions, such as hinge loss and logistic loss, are only convex but not strongly con-
vex. However, in statistical learning theory, we often assume that h(x) is bounded, e.g.,
h(z) € [=U, U], where U is a positive constant. In this case, the loss functions may
be strongly convex. For example, the logistic loss ((y, h(x)) = log(1 + exp(—yh(z)))
is exp(—U) /4-strongly convex when h(zx) is restricted to the interval [—U, U], because
d*((y, h(x))/d*h(z) = exp(yh(z)) /(exp(yh(z)) + 1)* > exp(—U)/4. Note that
the strong convexity (Hazan & Kale, |2011) and strong smoothness are dual proper-
ties, strongly convex programming algorithms have many benign properties both on the
speed of optimization and the quality of generalization; see, for examples, (Hazan &

Kale| |2011; \Rakhlin et al.| 2012 \Tsianos & Rabbat, 2012 |Kakade & Tewaril |2009).

3.1 Algorithm-Dependent Generalization Bounds

Instead of providing the most general analysis with the tightest possible generalization
bounds for the task predictors in MTL, we present the tightest possible generalization
bounds for learning the shared parameter 6 in (I)). Our purpose is to illustrate the main
benefit of MTL, which is that the shared parameter can be more accurately estimated.
Moreover, we focus on both the performance of one particular task and the average

performance over all of the multiple tasks.
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For the first time in the literature, we provide algorithm-dependent theoretical anal-
ysis for MTL by showing the property of uniform stability, which is upper bounded by
O(1/n) or O(1/T), for the learning algorithms of MTL. To upper bound the uniform
stability, we assume that the loss function /¢ satisfies the following Lipschitz-like con-
dition, which has been widely used (see, for examples, (Bousquet & Elisseeft], 2002;

Mohri et al.| [2012))):

Definition 4 A loss function ( is c-admissible with respect to the hypothesis class H
if there exists o € R, such that for any two hypotheses h,h' € H and any example

z € H x {—1,+1}, the following inequality holds:
|€(y. h(x)) = Ly, h'(2))] < o|h(z) — B (z)].

Proposition 1 Let focus on the j-th task in the multi-task learning problem ({I)). Let
Assumption hold that there exists a subset B C {x11,..., %70} — {Tj1,. .., Tjn}
such that for any feature vector x distributed from the j-th task, it holds that x+ =
Z;.V:l a;b; +n, where a; € R, ||| < 7, and 1 is a small error that satisfies ||n|| < e.
Let the loss function  be c-strongly convex and o-admissible. Then, the algorithm for
learning 6 is uniformly stable with respect to the domain of the j-th task. That is, for

any z; = (x;,y;) distributed from the j-th task, any (953_ and 0s, learned by algorithm

(1), given wj, the following inequality holds:

‘5 (yja <wj +95;,9:j>> — £ (95, (wy +95j,:vj>)‘ S, _ax o )<95; - 95j>$j>‘

z;=(;,;)

L or max{n; : t # j} 201\ > N 4¢O(e) N 207
- 2¢ n; njmax{n; :t#j} n; |’

where S; is the training sample for the j-th task, S]i- is the training sample of the j-th

task with the i-th example z;,i € {1,...,n;}, replaced by another independent and

16



identically distributed example z;, 05, denotes the shared parameter ) learned by algo-
rithm when the j-th task has the training sample S;, Z; denotes the domain of the
J-th task, and n; represents the training sample size of the j-th task.

For simplicity, let ¢ = 0, and we have

(v, (g 05,2, )) = € (35, (g + 05,,3,)|

< max a‘<05i—95,x’>‘
=< J
zj=(x;,y5)€Z; ! '

- 20%r? max{n, : t # j}

n;c
See the proof in Section 4.3
Note that n; denotes the training sample size of the j-th task. When we focus on the
j-th tasks, the sample sizes of the other tasks, which are {n; : ¢t # j}, should be fixed,
then the upper bounds in Proposition [I| will decrease quickly as the training sample size

of the j-th task is increased.

Remark 3 For simplicity, we will consider n = 0 (or ¢ = 0) in the remainder of the
paper. However, our results could be easily extended to the case of 1 # 0, as in the case
shown in Proposition |l We note that the upper bounds are independent of the number

N of representative observations B. Thus, we could increase N to obtain a small ||n||.

Remark 4 According to the proof method of Proposition[l} when we focus on one par-

ticular task, we interpret the function of the other tasks as regularizers. The proof of

Proposition 1| can be interpreted to rely on regularization \||T0||3, where ) is a regu-
larization parameter that is dependent on the training samples of the unfocused tasks,
and T, which is dependent on the representative observations B (defined in Assumption

[1), is referred to as the regularization matrix. More details are illustrated in the proof

17



of Proposition[I|and Remark 16. The superiority of MTL could therefore be explained

2, has been carefully

by the fact that a proper inductive bias, the regularization \||T'0
collected for the focused task. The algorithm for learning the parameter 0 is therefore
uniformly stable with respect to the domain of the focused task. As shown in Proposi-
tion|l} when we increase the training sample size n; of the j-th task, the upper bound

will decease fast with order O(1/n;).

Remark 5 Our analyses are different from the idea of regularizing a projected version
of the shared parameter in a new space, because the regularization matrix I', which
is constructed from the representative observations B is not necessarily a projection
matrix. Moreover, the regularization matrix I (or the representative observations B)

could be over-complete, for the construction of the observations x € H.

A generalization bound for learning 6 can be easily derived using the upper bound

of uniform stability presented in Proposition

Proposition 2 Let focus on the j-th task in the MTL problem (). Let Assumption
hold and = 0. Let the loss function { be c-strongly convex, o-admissible and upper
bounded by M. Let i1, ..., ur be probability measures on the domains of 'T' different
tasks. Let the set {n, : t # j} be fixed. For any learned 6 and any 6 > 0, given w;, with

probability at least 1 — 0, the following inequality holds:

nj

1
Byt (W5, (wj + 0, 25)) — — D (Wi (wy + 0, 25))
J =1

< 202r* max{n; : t # j} N (4027"2 max{n; : t # j} —|—M) [log 1/(5.
n;c c 2n;

18




See the proof in Section4.3]

Remark 6 Using the Rademacher complexity method, we can prove that the algorithm
for learning the shared parameter 0 has a generalization bound of order O <\ /1/ Zthl nt> ,
which could be tighter than the ordeﬂ O(1/n;) presented in Propositionwhen ny =
...=ngp =nandT > n. However, such a generalization bound is of order O (\/W )
with respect to the sample size n; of the j-the task and decreases far more slowly than

our bound presented in Proposition 2l when increasing the sample size n;.

Remark 7 Bousquet and Elisseeff (Bousquet & Elisseeff, |I2002) and Shalev-Shwartz
(Shalev-Shwartz et al., |2010) have proven that the generalization bound for learning
the predictor of a single task can be of order O(1/n), where n is the sample size of the
task. Their results apply to the focused task in MTL. However, their bounds strictly rely
on Lo regularization on the predictor, or 6, while our bound does not and thus is more

general.

Remark 8 The generalization bound shown in Proposition [2] is algorithm-dependent,
because it has been derived by interpreting some of the tasks in the MTL problem

as regularizers, which greatly shrinks the search space of the parameters to be learned.

Since there is an trade-off between w; and ¢, our results in Propositions (1|and {2 can
be easily extended to learn the predictor of the focused task by simply setting w; = 0

in the proof. Using the same proof method, we have the following theorem.

3 It is accepted in the machine learning community that the convergence rate of a generalization bound
is calculated according to the terms related to the hypothesis complexity, but not according to the terms
involving the confidence interval parameter § introduced by employing concentration ineqaulities. This

is why we claim that the convergence rate in Propositionis of order O(1/n;).
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Theorem 2 (Main result one) Under the conditions of Propositions [I| and [2| for any

z; = (;,y;) distributed from the j-th task, any predictor h;s, and h; i learned by
g

algorithm (1) for the j-th task, the following inequality holds:

|E<yj7 hj,S;. ('%)) E(%? h 3,5, (l’]))| < MaXy;=(z;,y;)€2; O ’<hj,S§ - hj:Sj7‘Tj>’

2
ormax{ngt#;j} 201 4cO(e) 201
< 2c (\/( n; ) + n; max{ns:t#j} T n; ) '

Let € = 0, and we have

[€Cus his; () = £(Y5 hysi (7))

< max O"<hj’sji_—hj’sj,$j>‘

(z,95)€Z;
< 202r? max{n; : t # j}

n;c
Moreover, for any predictor h; learned for the j-th task and any 6 > 0, with probability

at least 1 — 6, the following inequality holds:

EZj:(xmyj)N/tjE(yJ? ZE Yii» hi(254))

< 20%r* max{n; : t # j} N (4027~ max{n; : t # j} +M) log 1/(5'

n;c c 2n;

Remark 9 When focused on a specific task, we are interested in the problem of how
increasing its sample size affects its learning performance. Since the existing general-
ization bound of the empirical risk minimization (ERM) algorithm for single-task learn-
ing has the fastest convergence rate of order O(\/l/_n) Theorem 2| shows the benefit
of MTL over the traditional single-task learning by illustrating that the generalization
bound for learning the focused task in MTL is of order O(1/n) with respect to its sample
size n.
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Remark 10 The obtained generalization bounds in Proposition [2|and Theorem 2] have
fast convergence rates with respect to the sample size of the focused task. To derive
the fast convergence rates, we have concentrated on feature structures and ignored the
labeling information of the unfocused tasks, so no benefit is shown for any increase
in the other training sample sizes ny,t # j. However, in practice, large ny,t # 7,
will provide more labeling information that is useful to the focused task. We refer the

readers to the related work for more details.

When learning the shared parameter 6, we have shown that the algorithm can be
uniformly stable with respect to the domain of one particular task in MTL and that the
convergence rate with respect to the corresponding training sample size is fast. We now
show that the shared parameter ¢ can be estimated with a fast convergence rate with

respect to the number of the multiple tasks.

Theorem 3 (Main result two) Let S = {S),..., S} denote the training sample set
for MTL. Let Assumption [I| hold that for any task t,t = 1,...,T, there exists B, =
{bia,.. . e, Y C{x1ase s @rpg = {®ea, ..., T, } such that for any feature vector
x distributed from any task, x can be reconstructed by B with a small reconstruction
error, i.e., * = Zjv;l ajb; +n,|laf| < 7, and nis a small error that satisfies ||n|| <
€. Let also assume that 1 = 0. Let the loss function { be c-strongly convex and o-
admissible, and let ny = ny = ... = np = n, where n > 2. Then, the algorithm for
learning 6 by multi-task learning is uniformly stable with respect to the domains of all

the multiple tasks. Thus, we have

2072
ma Os — 0 L) < 7
Z:(xay)E{Zl}L(J.,,UZT} ’< S S >’ =T
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where Og denotes the 0 that is learned using sample S, S* represents the training sample
S with the i-th training example z;,1 = 1,...,Tn, replaced by an independent and
identically distributed one 2}, and {Z, U ... U Zr} denotes the joint domains of all the

multiple tasks.

See the proof in Section 4.4

Remark 11 Theorem[3)is based on the idea that multiple tasks can provide an inductive
bias that does not vanish when I’ goes to infinity. The inductive bias makes the learning

algorithm uniformly stable with respect to the domains of all the multiple tasks.

When focusing on the average performance over all of the multiple tasks, we show

that the generalization bound decreases fast as the number of tasks increases.

Proposition 3 When focusing on all of the multiple tasks, let Assumption |I| hold and
let 1) therein be 0. Let the loss function { be c-strongly convex and o-admissible, let
W1, - . ., by be probability measures on the domains of the multiple tasks and let n; =
ng = ... = np = n be fixed. Then, for any 0 that is learned using (1)) for MTL, and any

0 >0, given w,t = 1,....T, with probability at least 1 — 20, the following inequality

holds:
1 T
f Z Ezt:(xhyt)’vutg (yta <wt + 6, It>)
t=1
1 1 L 20’27“2 21H(1/5)
< T;ﬁj1£<yt’j7<wt+97xt’j>)+ T 2In(2/0) + M —

See the proof in Section 4.4
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Remark 12 The predictor hy = w; + 0,t = 1,...,T, has a two-part structure: one
part corresponds to the specific task in the set of multiple tasks, and the other part is
for the shared parameter 6. When focused on the multiple tasks, our statements (i.e.,
Propositions [2| and |3)) concern the shared parameter 6 but not the parameters that are
specific for different tasks. This strategy is natural because MTL has not shown any
benefit for learning knowledge that is specific to one particular task and is irrelevant
to the other tasks. The fast convergence rate for learning the shared parameter 0 is
a strong theoretical justification for the good performance of MTL, even though the
generalization ability of the overall predictor h,,t = 1,...,T, has not been exploited

explicitly.

Remark 13 When focusing on the performance of one particular task, we have derived
an algorithm-dependent generalization bound with a fast covergence rate with respect
to the predictor h; = w; + 0. When focusing on the average performance over multiple
tasks, we have only dervied an algorithm-dependent generalization bound with a fast
covergece rate with respect to the common parameter 0. This is because it is unreason-
able to claim that the MTL algorithm for learning w;,7 = 1,...,T" is uniformly stable

with respect to the domains of all the multiple tasks.

Remark 14 Increasing the number of tasks can be helpful for multi-task learning. To
obtain an intuitive understanding, consider an extreme case in which all of the tasks are
related and each task has an independently drawn sample of size one. Increasing the
number of related tasks is equal to increasing the number of the independently drawn
examples and will definitely help learn the related information. Proposition |3|provides
a theoretical guarantee for this intuition with a fast convergence rate of order O(1/T).
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Remark 15 To model the relationship between tasks, we have used a parameter 0 that
is shared by all of the tasks, as shown in ([I). However, based on the proof methods, our
analyses could be easily extended to a more general setting where only a few tasks share
some common parameters. For example, Maurer et al. (Maurer et al.| |2013|) proposed
a coding schemes model for MTL, where the task parameters are linear combinations
of the atoms in a dictionary (also called an implementation in coding schemes). In this
model, multi-task learning benefits when at least one atom is shared by some of the task
parameters. Our analyses show that the shared atom can be efficiently learned with a
fast convergence rate with respect to the training sample size or the number of tasks

that share the atom.

Different from previous results showing that most learning algorithms exhibit a uni-
form stability relying on L, regularization, we have illustrated the uniformly stable
property for MTL algorithms by exploiting feature structures. In our analyses, care-
fully collected tasks could provide biased regularization. Consequently, our approach
is easy to extend to many existing learning algorithms. We present the extensions to

learning to learn (LTL), as an example, in the supplementary material.

4 Proof

In this section, we present detailed proofs of the assertions that were made in previ-
ous sections. We begin by introducing the concentration inequalities, which play an

important role in proving generalization bounds.
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4.1 Used Tools

McDiarmid’s inequality (McDiarmid, 1998), which is known as the bounded difference

inequality, is widely used for deriving generalization bounds.

Theorem 4 (McDiarmid’s inequality) Let X = (xy,...,z,) be a sample set of inde-
pendent random variables and let X' be a new sample set with the i-th example x; in X
replaced by a new one . If there exists c1, ..., c, > 0 such that f : X" — R satisfies

the following conditions:
[F(X) = f(X)] <,

foralli € {1,... ,n} and any points x1, ... ,x,, x, € X. Then for any X € X" and

€ > 0, the following inequality holds:

PrEF(X) = f(X) > e} <exp (E_%iﬂ) >

where Pr{ A} denotes the probability that event A occurs.

Note that McDiarmid’s inequality holds for independent random variables, which
are not required to be identically distributed. Combined with McDiarmid’s inequality,
the uniform stability of learning algorithms is used to develop generalization bounds
with fast convergence rates. The generalization bound derived using uniform stability

is as follows (Mohri et al., 2012):

Theorem 5 Assume that the loss function { is bounded by M. Let A be a [(3-stable
learning algorithm, S be a sample set with n i.i.d. random variables, and hg be the

hypothesized function that is output by the learning algorithm A when the input training
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sample is S. Then, for any 6 > 0, with probability at least 1 — 6, the following holds:

E.— (z,y gyahs ——Zgywhs xz

§ﬁ+(2nﬁ+M)\/%.

Proof sketch of Theorem 3 Let

n

1
O(S) = Efauyl(y, hs(x)) — = > Ly, hs(w:))
i=1

3

It can be proven that [®(S) — ®(S%)| < 28 + M/n and that Es®(S) < /3. Then,
Theorem [5]can be obtained using McDiarmid’s inequality.
To upper bound the uniform stability, we need to introduce the notion of Bregman

divergence (Mohri et al., 2012).

Definition 5 (Bregman divergence) Let ' : H — R be a convex function. For all

f,9 € H, we have
Br(fllg) = F(f) = F(g) = {f —9,0F(9)),
where 6 F'(g) denotes the subgradient of F' at g.

Detailed discussions about Bregman divergence can be found in (Mohri et al.,[2012).

Lemma 1 Bregman divergence is additive and non-negative. If F' = Fy + F5 and both

F1 and F, are convex, for any f,g € H, we have

Be(fllg) = Br (fllg) + Br(fll9)

and

Br(fllg) >0
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To prove that the learning algorithm of MTL has a fast generalization rate of order

O(1/T), we will use Hoeffding’s inequality (Hoeffding, |1963).

Theorem 6 (Hoeffding’s inequality) Let x4, ..., x, be independent random variables
with x; taking values in |a;, b;| for all i € {1,... ,n}. Then for any € > 0, the following

inequality holds:

- . —2¢?
PreE» z,— ) x;,>¢€ gexp( _ )
{ 121 ZZI } > i (b — a;)?

4.2 Proof of Theorem 1]

We show that the Rademacher complexity and algorithmic stability are closely related
by proving that the sample average stability is upper bounded by the Rademacher com-

plexity.
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Proof of Theorem(I] We have

1 n
~ > Bspr s [y hsi (x7)) = £y, hs (7)) ‘
i=1

1 n
- Z Egpr (o1t 3D L(Y5, hsi (7))

- ZESND” {z],...,2! }ND”€<y;7hS<x'lL>>‘

E Z ESND”,ZQNDE(:U; hSi (l’;))

i=1

1
_ﬁ Z ESND”,zl’.NDg(yga hs(l';))‘
i=1

1
= ﬁ Z ESNDnE(yZ-, hs((l]z)) - ESND",ZNDE(:% hs(l’))
=1

1 n
= |Egpn - ZZ:; U(yi, hs(z;)) — Esupn .nl(y, hs(z))

= |Egpn (% 26(%, hs(z;)) — E.pl(y, hs(@)) |

1 n
< Es|— > Uy, hs(w:) = Eenpl(y, hs(m))‘
i-1
1 n
< F — 14 i,hilfz' —EZ,\,K ,hl’
< Bysup 3 ) = Bty >>‘

1 o 1 ¢
< Egsup - Zﬁ(yi, h(x;)) — ES’ND”E Z€<y;7 h(x;»‘
i=1 i=1

heH

1< 1<
< Essup Eg |= >y, h(x:)) — =S 0y, h(a!]
< Egsup Es nz (i h(w:)) nz (> h(x))
<E r SU g 7,, xz - ‘g 17 i
s g L3t ) - LSt )

= Es.501,..,00 SUP |~

heH | T

E U’L Z/z, xl ‘
n

Zaz i b)) ﬂ(yg,hwgm‘

< 2ES O1,enyon SUP | —
heH

=2R((o H),
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where S = {z{,...,2.} ~ D". This completes the proof of Theorem O

4.3 Proofs of Propositions 1] and 2|

We first prove that when the loss function ¢ is c-strongly convex, the corresponding
ERM algorithm (1) for MTL will be uniformly stable with respect to the domain of a
particular task if a mild assumption on the data structure holds. Note that in the proof,
we will interpret the functions of some of the tasks as regularizers.

Proof Proposition|I| We prove that the algorithm for learning 6 is uniformly stable
with respect to the domain of the first task. For the other tasks, the same proof strategy
applies.

Let Sy = (z11,...,%1,n,) be the i.i.d. training sample for the first task. For any

given wy and any z; = (z1, y;) distributed from the first task, the following inequalities

hold:
s wn + 05, osesn)) = £ (1w, (on + 0y, spo1))|
S max E(yla <w1 + 051,...,ST7 wl)) -0 <y17 <wl + eSi,SQ,...,STa $1>> ‘
z1=(x1,y1)€21

< max o
(z1,y1)€21

(05150 = 05150, 50 71)| @

where 0g, g, represents the parameter that corresponds to the related information

T

among the tasks and is learned when the training samples are Sy, ..., S.

We will use the notion of Bregman divergence to derive an upper bound for

Zl:(xlyyl)ezl LyeesOT 19025-,0T )

Let B = (b1,...,bn) € {z11,...,T1ns } — {11, .., %1, } be the representative
observations defined in Assumption|[I|such that for any feature vector z distributed from
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the first task, x can be reconstructed by B with a small reconstruction error. Let

=

1 1
N(G) = ? — (ybj7 <wtj + 97 bj>) )
=1 M
where n,, is the size of the training sample S, , ¢; € {1, ..., T}, to which the example

(bj, ys,) belongs. Let

1 1
F(0) = Tzn_tzg(yt,ia<wt+9;xt,i>)- 3)

~~
Il
i
-
Il
—

Define V'(#) by

Then, V() is non-negative and convex, because { (b1, ys, ), - - - (bn, Yon )} C {2115+ 210y }
and / is convex.
Using the non-negative and additive properties of Bregman divergence, for any 2/

distributed from the domain of the first task, the following inequality holds:

sr); “4)

----------

where F, g, denotes F'() in (3) computed using the training samples S, . .., S.

To lower bound the right-hand side of inequality (4), we consider two different

forms of loss function: (i) ¢(y, h(x)) = {(y — h(x)) and (ii) {(y, h(z)) = L(yh(x)),

separately.
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When the loss function is of form (i), the following inequalities hold:

-----

N
1 1
= - <9sg,52 ..... st~ Us1sr0 > =0t (m, — (wr, + Os,.....50: b)) b]->
j=1
N

ntj
1 1
= Os,..80 — Osi g,,...50 T —ol (ybj — <"wtj + 0si 55,505 bj>> b;
=1
1L 1
=7 ]Z1 n—tj <951 ..... sy = Usi sy, 50,00 (yn, — (wi; + 05,50, b5)) bj>
1L 1
_? Z E <931 ..... St 03%,52 ..... ST 6£ (ybj - <wt + 651 S2,..ny St bj>> b]>
=1
N
1 1
i — 0 9 1 ,56
T ; ntj < Sl ----- ST S 52 ,,,,, ST (yb]

1Nc

2
Zf, n—t<95§,52 ..... sp — Osy,.., ST7bj>
j=1 "
c N 2
> O ) ,b<> , 5
_max{nt:t#l}szl<Sl’SQ ----- R ©)

where the first inequality holds because the loss function / is c-strongly convex.

31



When the loss function is of form (ii), similar to (5), the following inequalities hold:

Bn(Osi s,....5011051,....57) + By (0,50 110si 5. 50)

1L 1
=— <esg,52,...,sT —0Us,,....575 - Z n_(% (g, (wi, + 05,570, b)) bj> Y,

=1 4
| N
_ <951,...,ST _ 95{.7527.”&7 7 Z —c% ( <wtj + 95;’,52,..,,ST, bj>> bj> Yo,
j= 1
N
1 Yo,
- T Z E <QS1,. 8 95'1 ,52,...,5T) of (yb <wt + 851’ ST bj >) bj>
j=1 """
N
1 Yo,
—Ey <9517' Sr = Osi s, 505 01 (yb <wtj + 95{,5‘2...,ST7b]’>> bj>
=1 "M
1

N

1

e O (A R RO Ty
=11

—ol (ybj <wt]- + 95{,82,...,ST7 bj>> bjybj>

1< ¢ )
= T ntj < 81,82, 051 """ St bjybj>
c N
> 0 i -0 b > 2.
= max{nt ot 3& ]_}T ;< 51,52,...,5" S1,..,879 Y5 ybj
N
¢ 2
- Z <QS{»527--~75T - 9517---7ST7 b]> . (6)

max{n; : t # 1}T =
Note that for any z{ ;,i = 1,...,ny, distributed from the first task, using , and

(6), we have the following inequalities:

N
¢ <9 , y b->2

,,,,,
,,,,,

< Bry, s (0sis,.. ,sTH@sl 1)+ Brg o Osisell0si 5, 50)

(. 0Fs,, . s7(0s,..,s,) = 0and 5Fs§,s2,...,sT(95;‘,52,..A,ST) =0)

1
_an

+4 (yll,z'7 <U}1 + 051,---,ST7 C(”/1,z>) -/ (yi,iv <w1 + ‘95{,52,..,,5717 xll,z>> }

{f <y1,i, <w1 + 95§,527,,,,5T, $1z>> -/ (yu, <w1 + 951,...,ST7 901z>)

o

< — i - i
=T <’<951,52,...,ST 9517~~’ST7‘/E171>

+ ’<651,...,ST - 95’{,52,...,ST7:E,1,Z'> ) (7)
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By Assumption |1} for any z, we have z; = Z;\le a;b; +n, where a; € R, j =

1,...,N,|le]| <rand |n| < e. Thus,

= Zaj <‘951 ..... Sp — 95; So,..., sTab‘>
..... ST’T]>

N N
< Z Oéjz' Z <GS1 ..... Sp — 051 S, S b; > —+ O(e)
J=1 j=1
N
s Z<051 ~~~~~ sr —Osis,., STab'> + O(e). (8)

Combining (7) and (8], we have

c N ,
0 - 9 1 b >
max{nt it 7é 1}T ]Z:; < S15-5T 51,52,...,87>

N
201 Z 2 O(e)
= ny T’ -1 <951 """ St esi S22 0 > + T’

This gives

N 2
Zj:l <951 ,,,,, St — 051 ,S2,...,57) b'>

2
max{n¢t#1} 201 4cO(e) Ploid
S 2c (\/< ni ) + n1 max{ns:t#1} + ni > :
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<9S1 ----- ST_QS;SQ ..... ST,IE1>‘Z

2
rmax{n¢:t#1} 207 4cO(e) 207
S 2c (\/( ni > + n1 max{n:t£1} + n1 ) :

Thus, the inequalities hold:

max ‘ﬁ (yla <U)1 + 931 77777 ST7$1>) — ¢ (yla <U)1 + ‘95{,82 ,,,,, St £L'1>)‘

z1=(z1,y1)EZ

< max U‘<95‘1 ..... st — Usis,,... ST71U1>’
z1=(x1,y1)€EZ

L or max{n; : t # 1} \/(207’)2 N 4cO(e) 207

- 2c nymax{n; : t # 1}

This statement concludes the proof of Proposition 1] 0

Remark 16 Comparing the proof method of Proposition 11.1 in (Mohri et al., |2012)
with our above proof method of Proposition|l} the term N (0) in the above proof intrin-

sically functions as a regularizer for optimizing F(6). When we focus on the first task,

F(0) in the above proof can be rewritten as

F(G) = nlLT Zlg (yLi, <1U1 + 9,[L’17i>) + R1(9) -+ RQ(@),

where
1 1
Ri() =N(6) = = ol (s o, +6.07)),

1
Ry =V (0) — ang;e Yia, (w1 + 0, 21,))
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and both of them are positive and convex. Thus, we can interpret the function of the
unfocused tasks as regularizers. In the proof of Proposition|l} we used R1(0) = N(6)
as regularization to obtain the upper bound of uniform stability. If we replace R:(0) by
* Zjvzl % (0, bj)Z, the proof procedure and result of Proposition |l| remain the same,
which means that we have not used the labeling information of the unfocused tasks
in the proof (as discussed in Remark [I0) and that Proposition [I| relies on the simple
form regularizer 7 z;vzl % (8, b;)*. Note that we have written T Zjvzl % (0,b,)* =
A|T0|3 in Remark [}

Proof of Proposition[2] According to Proposition [T} we have proven that the algo-

rithm for learning 6 is uniformly stable with respect to the domain of the first task and

that
2.2 : ;
5 < 20%r max{nt.t%]}'
n;c
Thus, Proposition [2]is proven by combining Proposition[I]and Theorem [5] O

4.4 Proofs of Theorem [3and Proposition

The proof method of Theorem [3]is similar to that of Proposition[I] The key idea is that
every training sample S;,¢t = 1,..., T, independently contributes to an inductive bias.
Proof of Theorem 3| Similar to (2)), for any ¢ € {1,...,T} and any z = (z,y)

distributed from any of the multiple tasks, we have

[€(y, (wi, Bs, ) — £y, (e + Osi, ) |

< max o |(fgi — Os, )|,
T 2=(x,y)E{Z1U...UZT} |< S S >|

where g represents the parameter that is corresponding to the related information
among tasks and is learned for MTL using the training sample set S = {5, ..., Sr},
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and S’ represents the training sample S with the i-th training example z;,i = 1,...,Tn,
replaced by an independent and identically distributed one 2.

Let By = (bi1,.--,bin,) € {xp1,..., 20}t = 1,...,T, be the representative
observations for the ¢-th task defined in Assumption [I]such that for any feature vector
x distributed from any task, x can be reconstructed by B; with a small reconstruction

error. Let

t

14 (yb,«,,ja <wt + 97 bt,j>) )

S|

NT(Q) = % Z

t=1 " j=1

where y;, . denotes the label for the observation b; ;. Let

11 &

FO) = 5D~ Y (e e+ 0,205)
t=1 1

Then, we have

F(0) = Nr(0) + Vr(0),

where Vr(0) is the sum of some prediction losses of examples and therefore is non-
negative and convex. Using the non-negative and additive properties of Bregman diver-

gence again, for any z; ; distributed from any of the multiple tasks, we have

B (Osi

95) + BFsi (951 HQS§>

> By (0si||0s) + By, (0s]0s:). 9)
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Similar to the proof in (3] and (6], we have the following inequalities

By, (0s:

1 T 1 Ny
[ <Hsz — Qs, T Z E Z Y4 (ybt,]., (wt + GS; bt,j>) bt,j>
t=1  j=1
1 X N
- <es — s, Z - Z 60 (s, ,, (wy + Osi, by 5)) bt,j>

Os) + Bn(0s]|0s:)

TREARR..

=7 Z ” Z (Os — Osi, 0L (Yo, ;» (we + 05, b)) big — 0 (Yo, ;» (we + Osiy b)) i j)
t=1 j=1

1 L.

=y — Ogi — Os,b;)" . (10)

T ; n jzl J

Note that for any z;;,t € {1,...,T},i € {1,...,n}, distributed form the ¢-th task,

according to (9) and (I0), we have

1 T c Ny )
= > - > (05 — 05, by )
t=1 ~ j=1
< Br(0s:(|fs) + Br, (s, [|0s;)

(" 6Fs(fs) = 0 and 6 Fg:(fg:) = 0)

1

= 5 {é (yt,ia (wt + Ogi, $tz>) — L (?Jt,i, <wt + s, 9€m>)
nT

+0 (5 (we +0s,275)) — £ (Yhi, (wr + Osi, x4,)) }

ag
< T (| (Osi — Os, e3) | + | (Os — Osi, ") |) -

Then, we have

o (| (s — Os,24) | + | (Os — Os:, x“>|).

According to Assumption [I| and the assumption that = 0, for any z distributed
from any of the multiple tasks, we have x = Zjv;l ay bt =1,...,T, where oy ; €
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R,j=1,..., Ny, ||| = \/thlat] < r. Thus, it holds that

1 T
(fgi — Os,z) = Zesl Os, )
t:l
T N
:_Zzat] 951_087[)15])
t=1 j=1

(Using Cauchy-Schwarz inequality)

T Nt T Nt
SEND 5 LMD D) N
t=1 j=1 t=1 j=1
T N,
<= 30 (s — 05,y
\/T t=1 j=1
Therefore, we have
T Nt T N
) > (O — b, by ) < T > (0si — 0s,b0y)
t=1 j=1 T t=1 j=1
Thus,
T N,
20T
DN (s —bs,b)° < —=.
=1 j—1 VT

Now, we are ready to upper bound max,—_(; ,)e{z,u..uz,} |(0s — Osi,

max |(0s — Ogi, x)|

z=(z,y)e{Z1U..UZr}
1 T
T Z <6S - 95i7 I’t)
t=1

= max
z1=(21,y1)€21,....27=(2T,y7)EZT
T N

= max E E thj esi,bt7j>

.... t=1 j=1

r T Nt

T t=1 j:1

200 20712

r
< X = .
VT VT T

This concludes the proof of Theorem 3]
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Remark 17 The term Nr(0), which is defined according to the feature structures of
T tasks, in the above proof intrinsically functions as a regularizer. Note that our proof
method of Theorem 3| can be easily extended to the case where some but not all the tasks
contribute to producing the regularizer (or the case where some but not all the tasks
share common parameters). For example, let the reconstruction property described in

Assumption|l| hold when focusing on T' tasks, let denote their indices by T and let

N
1 1
Npi(0) = T Z n ZE (ybuw (wy + 0, btvj>) :

teT  j=1
Then, we can prove that

20712

. max ‘ [(0s — Osi, 7)| —
Z:($,y),zt$i:($t’i,ytyi)EUSGTZS,tET,ZG{l,...,n} CT

Proof of Prposition[3l The proof method is similar to that of Proposition 2] How-
ever, there are some differences, e.g., the sample in Proposition [2] are i.i.d.; while the
samples for multiple tasks are not i.i.d.. Note that the examples of one particular task
are i.i.d..

Let

T
1
O(S) = su — E. —imonl (Yo, (we + 0,2
( ) GebII)’ (T; (@e,yt)~p (yt< t t>)

T n
1 1
_TE:EEZ“%mQW+9me>, (11)
t=1  j=1
where H' denotes the active hypothesis class of the learning algorithm, which is the set

of all the possible outputs of the shared parameter ¢, and

Xt(St) = Sup (EZtZ(xt,yt)N,U«tg (yta <'UJt + 9, ﬂft>) .

OcH'
1 n
—EE:f@mer+@wa>'
j=1
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Then, X;(S1), ..., X7 (St) are independent random variables, and

B(S) < % gxt(st).

We have that

1 n
XS] < 8D By 2 1 (s e+ 0,20)) = £ (g (w4 6,05))] < M.

Jj=1

Using Hoeffding’s inequality, we have

< —2¢?
<exp| ———+].
i B
Let exp (;{jj > = ¢, where § > 0. Then, we have
2
. 2M 1;(1/5)' (12)

Thus, with probability at least 1 — ¢, the following holds

T T
1 1
(D(S) S f t_g 1 Xt(St) S Esf t_g 1 Xt(St) + €

T
1 9M21n (1/9)
— Bs; ;Xt(st) IR

According to (Pinelis, |1994), with probability at least 1 — ¢, we have |6 — Es,0g, || <

20r\ /2n1n(2/5). We now upper bound EsL 37 X,(S,). With probability at least
T 2at=1

cT
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1 — &, we have

T
1
EST ; X:(Sh)

<

Combining (T1), and (I3)), we can conclude that Proposition [3 holds.

1 T

= Fs— Z sup (E.,pl (Ye, (wy + 0, 24))

T~ pem

1 n
—EE:g@mKwr+a$mﬂ>

j—l

_ZEStaSUP ZJ] yt]7<wt+9$t9>)

ocH' TV

—ZEgtasup ZO'] (0, 5)

cH' N

—ZEStUsup ZUJG Es,0s,, 2 )

fecH' T
E :Uﬂjta

7=1

— Z Es, sup —||9 Eg,0s,||

5 Conclusions

(13)

0

In this paper, we utilized two inductive biases for MTL to derive algorithm-dependent

generalization bounds from a uniform stability point of view. One inductive bias is

that the tasks share common parameters. The other one is that the feature structures

of all tasks are similar.

Our analyses justify the claim that the common parameter

can be learned with a fast convergence rate. When focusing on one particular task in

MTL, the algorithm for learning the shared parameter has a generalization bound with
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a fast convergence rate of order O(1/n), where n is the sample size of the particular
task. When focusing on the average performance over multiple tasks, the corresponding
algorithm has a generalization bound of order O(1/T"), where T is the number of tasks.
Moreover, our analyses offer an insight into the advantages of MTL over the traditional
single-task learning by showing that tasks could function as regularization, which is a
carefully chosen inductive bias and enables MTL to generalize efficiently from a few
examples.

We conclude with an open question. It would be valuable to investigate the fast con-

vergence rate of order O(1/nT’) for learning the common parameter ¢ in MTL problem
(1.
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